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Abstract 

Extracellular vesicles (EVs) are membrane enclosed biological nanoparticles 
released by cells. In the past two decades, EVs have gained a lot of attention due to 
their role in numerous biological processes. However, their small nature 
complicates isolating them from biological fluids with cumbersome techniques, 
such as ultracentrifugation. Acoustic trapping is a technique that uses ultrasonic 
standing waves to isolate particles from their surrounding fluid. In this way, acoustic 
trapping can be used to isolate EVs. This thesis describes the development of a new 
acoustic trapping platform, the Multinode Acoustic Trap (MAT). MAT is designed 
to have higher throughput and capacity than previously reported acoustic trapping 
platforms. The faster processing by MAT facilitates the study of EVs, and MAT-
isolated EVs and their function was further explored in this thesis, mainly through 
mass spectrometry based proteomics.  In Paper I, it was shown that MAT was 
capable of operating at 30 times higher throughput and displayed 40 times higher 
seed particle capacity than previous systems. We demonstrate that the platform can 
isolate extracellular vesicles from urine samples and generates sufficient amount of 
material for RNA and mass spectrometry analysis. In Paper II, MAT was used to 
isolate platelet derived EVs (PEVs) from plasma samples to investigate differences 
between pathogen-activated platelets and endogenous activation. Complement 
proteins and IgG3 were found to be enriched in pathogen-activated PEVs. We 
demonstrate that the MAT produces functionally intact EVs, and that PEVs have 
immunomodulatory effects. We also show that bacterial M1 protein from 
Streptococcus pyogenes binds to PEVs and can be transported with them, a 
previously unknown mechanism that could contribute to systemic responses during 
diseases such as sepsis. In Paper III, MAT was used to isolate EVs from small 
volumes of septic mouse plasma. We demonstrate that EVs during sepsis exhibit 
changes in their proteomes, with an emphasis on leukocyte migration. We show that 
the MAT gives fast and easy access to the EV proteome and provides information 
that cannot be obtained from plasma alone. The small volumes required also means 
that MAT is suitable for handling biobanked samples and can therefore be used to 
provide additional information from already collected samples. Finally, Paper IV 
explores the feasibility of combining acoustic trapping with immunoaffinity-based 
separation, in order to access different subpopulations of EVs. CD9-positive EVs 
were separated from other EVs by means of functionalized silica beads. Compared 
to just incubating the beads in plasma, utilizing an acoustic trap gave access to two 
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populations of EVs rather than just the CD9-positive ones. Processing with the 
acoustic trap was also faster, and the enriched proteins derived from seed particle-
bound EVs were more related to CD9, indicating an enrichment of EVs defined by 
the chosen antibody. As a whole, this thesis broadens the applicability of acoustic 
trapping as a tool for isolating EVs, and demonstrates the usefulness of the technique 
through the subsequent analysis of the isolated EVs to reveal new aspects of their 
biological function.  
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Populärvetenskaplig sammanfattning 

Alla våra celler skickar ut små membranbundna partiklar som kallas för 
extracellulära vesiklar. Under de senaste 20 åren har man upptäckt att de spelar 
viktiga roller i biologiska funktioner. Bland annat hjälper de celler att kommunicera 
med varandra, kan transportera och leverera biologiska ämnen, och är en viktig del 
av immunsystemet. Eftersom det har visat sig att de är involverade i många 
funktioner, har forskning på extracellulära vesiklar ökat kraftigt de senaste åren, 
men det är fortfarande mycket som man inte vet.  
 
Extracellulära vesiklar är mycket små, vilket gör det svårt att isolera och studera 
dem. De flesta är under 100 nanometer i storlek, vilket är ungefär 500 gånger mindre 
än bredden på ett hårstrå. Det tar därför lång tid att isolera och rena dessa partiklar 
med hjälp av konventionella metoder som centrifugering, vilket försvårar 
forskningen. Det behövs därför andra metoder för att underlätta forskning på 
extracellulära vesiklar.  
 
I denna avhandling används en akustisk fälla för att isolera och rena upp vesiklar. 
Den akustiska fällan använder sig av ultraljud i små flödeskanaler för att manipulera 
partiklar i vätskan. Genom att matcha ljudvågens frekvens till kanalens 
resonansfrekvens, kan en stående våg bildas i kanalen. Partiklar i den stående vågen 
kommer då att röra sig mot specifika punkter där trycket är som lägst. Om även 
ljudfältet är utformat så att det är starkast i en viss punkt, kan partiklar hållas fast i 
den punkten, och en akustisk fälla formas. Genom att låta ett biologiskt prov passera 
genom fällan, kommer partiklarna i provet fastna i fällan och koncentreras, medan 
vätskan passerar förbi. På så sätt används den akustiska fällan för att rena upp 
vesiklar från kroppvätskor som blodplasma och urin.  
 
I detta arbete beskrivs utvecklingen av en ny typ av akustisk fälla. Den nya fällan 
har kraftigt ökad flödeshastighet och kapacitet jämfört med föregående system, 
vilket används för att enkelt rena upp vesiklar ur större volymer. Vesiklarna studeras 
sedan främst genom masspektrometri för att analysera vad för typ av proteiner de 
innehåller och således vilka funktioner de fyller. Bland annat undersöks vesiklarnas 
roll under infektion. Detta görs genom att titta på vesiklar från blodplättar som 
stimuleras med ett bakteriellt protein och vesiklar från möss med bakteriell sepsis. 
Det visades att bakteriella proteiner kan binda till och transporteras med vesiklarna. 
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Vidare visades att vesiklarna spelade en roll i att attrahera immunceller under 
infektion.  
 
Slutligen utforskades också möjligheten att kombinera den akustiska fällan med 
antikroppsinfångning, vilket skulle göra det möjligt att rena upp vesiklar som har 
proteiner som matchar antikroppen som valts. Detta skulle underlätta forskning på 
specifika typer av vesiklar, eller vesiklar som kommer från en viss typ av cell, vilket 
vidare skulle bredda användningsområdet för tekniken. Förhoppningsvis kan en 
ökad förståelse av vesiklarnas roll i olika sjukdomstillstånd på sikt leda till bättre 
behandlingar för patienter. 
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 Introduction 

Cells release biological nanoparticles called extracellular vesicles (EVs) into their 
surroundings. Interest in EVs has grown rapidly in the last 20 years as they have 
been shown to play an integral role in many biological processes. To study EVs and 
understand their function, they must first be effectively isolated from their 
surrounding environment. However, because of their small size, isolating EVs with 
traditional centrifugation approaches is challenging, which limits their study. Thus, 
there is an unmet need for faster and more efficient techniques for isolating EVs to 
facilitate further research.  
 
This thesis explores the use of acoustic trapping, a technique that utilizes ultrasonic 
waves in microchannels, as a tool for isolating extracellular vesicles EVs. The first 
aim was to design and develop a new acoustic trapping platform with higher 
throughput and capacity than previous systems, to make sample processing and EV 
isolation faster. The second aim was to utilize the acoustic trap in order to study the 
function and protein content of EVs using mass spectrometry-based proteomics, 
with a focus on infectious diseases and sepsis. This gives access to a sub proteome 
based on proteins found in EVs and therefore provides additional information in 
biomolecular signalling.  
 
This thesis is divided into chapters aimed at explaining key concepts related to the 
work presented in Paper I-IV. It begins with an introduction to extracellular 
vesicles (EVs), their biological roles and traditional isolation methods. Next, 
microfluidic concepts are introduced followed by the use of ultrasound in 
microchannels, referred to as acoustofluidics. The concept of acoustic trapping is 
then explained, along with a detailed description of the acoustic trapping platform 
developed in this thesis. The mass spectrometry-based proteomics used to analyze 
EVs in this thesis is then described. Finally, sepsis and the role of EVs in this 
complex condition are discussed.  
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1.  Extracellular Vesicles 

Extracellular vesicles (EVs) are membrane enclosed particles released by cells into 
their surroundings. EVs were for a long time considered to be a way for cells to 
dispose of unwanted components1 and were consequently understudied. However, 
EVs have gained a lot of attention in the last two decades and research into EVs and 
their function has grown exponentially2. We now know that most cells release EVs 
and they have been found in virtually all biofluids, including blood, urine, 
cerebrospinal fluid (CSF), breast milk, seminal fluid and amniotic fluid1.  

EVs are traditionally categorized into three main groups: exosomes (30-100nm), 
ectosomes or microvesicles (100-1000 nm), and apoptotic bodies (50-5000 nm), 
depending on their mechanism of origin3. Exosomes are formed in a multivesicular 
body (MVB) in the cell and released to the surrounding by fusion of the MVB with 
the plasma membrane. Microvesicles are formed through direct budding of the 
plasma membrane. Apoptotic bodies are formed as a result of membrane budding 
during programmed cell death4.  However, since EVs are most often studied in cell 
culture media or biofluids, where their origin is not directly observed, it can be hard 
to classify EVs in this way. Without specific markers of subcellular origin, a more 
useful categorization is based on the properties of EVs, referring to size range, 
surface markers or cell type and conditions from which the EV originated5. 
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Figure 1: Formation of extracellular vesicles. Microvesicles are formed through budding of 
the cell membrane. Exosomes are released through the fusion of a multivesicular body 
(MVB) with the cell membrane. Figure created with Biorender.

Since EVs are generated from cells, their contents can reflect cellular processes and 
the state of the parent cell. This enables a type of liquid biopsy, where information 
about specific cells and tissue can be gained by analyzing their EVs from biofluids 
such as blood, urine and CSF6–8. EVs have been shown to contain various bioactive 
molecules, such as proteins, lipids, microRNA (miRNA) and non-coding RNA, 
cytokines and membrane proteins5,9–12. They can act as messengers, shuttling around 
their cargo and delivering to specific cell types and tissues. Because of this, the 
biological functions of EVs are broad and complex and have been shown to include
cell-cell communication, immune regulation, inflammation, coagulation, 
homeostasis, response to infection and tumour growth and spread9. Additionally, 
EVs could be used for therapeutic purposes by loading them with specific cargo11,13, 
and there have been trials to explore their use in vaccination14,15. Given the wealth 
of biological functions that EVs influence, it is necessary to understand EVs to 
understand the biology of an organism as a whole. 
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Figure 2: Schematic cross section of an extracellular vesicle. The vesicle is composed of a 
lipid bilayer and contains a wide range of membrane proteins and bioactive molecules. 
Figure created with Biorender.

In order to study EVs, it is often necessary to isolate them from their supernatant. 
However, this is often easier said than done. EVs are very small, which makes them 
hard to separate by a traditional centrifugation approach. In addition, EVs often have 
to be extracted from a complex biological matrix, further complicating isolation. It 
is therefore necessary to have good isolation techniques to facilitate the study of 
EVs. The next section outlines the most common traditional isolation techniques.

1.1 Traditional Isolation Techniques
Ultracentrifugation (UC) has been the most widely used method for isolating EVs. 
This is because UC is a relatively simple and flexible technique, and most 
laboratories have access to an ultracentrifuge. Like traditional centrifugation, 
particles are separated based on their density and hydrodynamic size. However, due 
to the small size of EVs (~100 nm), very high g-forces (100 000 – 120 000 x g) are 
required for a long period of time, typically around one hour, for small EVs to 
sediment. This procedure needs to be repeated each time the sedimented EVs are 
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washed, a procedure necessary to remove background supernatant. This ultimately 
leads to many hours-long and laborious isolation protocols. One advantage of UC 
is that successive centrifugation steps can be used to isolate subpopulations of 
EVs16, increasing flexibility in EV isolation. However, the high forces involved may 
induce EV coalescence, which can lead to erroneous conclusions about size and 
biochemical properties of a population17. Additionally, protein aggregates, such as 
Tamm-Horsfall protein in urine12,18, can be co-isolated and contaminate the final 
sample. 
 
Precipitation can be used to quickly separate EVs from the supernatant and 
dramatically lower the needed centrifugation force and time. In precipitation, 
additives, often polymers, are added to the biofluid to reduce the solubility of EVs4. 
This causes the EVs to form aggregates, which are then much easier to separate 
using centrifugation. There are commercial precipitation kits available for purchase, 
however these tend to require incubation times of several hours. The main advantage 
is then that it is less labour intensive than UC, and the sample is not subject to 
extreme forces16. However, the addition of additives may reduce the purity of the 
collected EV fraction. Additionally, comparative studies have found that 
performance varies across isolation kits and biofluids19,20. The International Society 
for Extracellular Vesicles cautioned against their use in their latest position 
statement5. 
 
Size-exclusion chromatography (SEC) is a method that has gained popularity in the 
last decade21. In SEC, a chromatographic column is used to separate EVs based on 
physical and biochemical properties. A column is packed with porous beads and 
sample is passed through the column. Small particles, such as free protein, can 
migrate into the pores in the column, while larger particles such as EVs cannot. The 
retention time in the column is therefore dependent on particle size, with larger 
particles eluting before smaller ones. By selecting columns with certain pore sizes, 
it is possible to separate EVs around a certain size. There are commercially available 
columns that are aimed towards isolating EVs of different sizes. EV isolation on a 
SEC column can be done in as little as 15 minutes, with intermediate specificity and 
recovery5. This is significantly faster than UC, however the columns are typically 
single or 5-times use. Additionally, the sample volume must match the column, and 
there is a need to know which size of EVs one is aiming for, risking skewed results. 
There is also a risk of EVs clogging SEC columns, especially ones aimed at isolating 
smaller EVs16. 
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2.   Microfluidics 

In our everyday world, inertial forces dominate over viscous forces. When we scale 
down a fluidic system, the behaviour of fluids changes from what we are used to. 
The surface area to volume ratio increases, which means that surface dependent 
effects become more influential. Likewise, effects that depend on the bulk become 
less influential. Most notably, flow goes from turbulent to laminar, moving in 
parallel layers that do not mix with each other, save for diffusion.  Flow resistance 
in microfluidic channels is typically so high compared to the momentum of the fluid 
that it stops moving almost immediately when a force is no longer applied. To put 
it simply, fluids start behaving more like honey and less like water.  
 
There are several benefits of scaling down fluidic systems. Volumes are greatly 
reduced, requiring less reagents and generating less waste. Reaction times are faster 
as the distance a reagent needs to diffuse is reduced. The flow is laminar, making 
flow predictable with computational models and allows for better control of sample, 
analytes and reagents. For example, this enables the generation of stable 
concentration gradients in microfluidic cell culture systems22 and predicted flow 
behaviour for varying flow rates in acoustofluidic systems23. Additionally, the 
smaller sizes are better suited for probing samples at cellular and subcellular size 
scales. Because of these various benefits, many different microfluidics-based 
techniques have been developed for isolating EVs and are outlined briefly at the end 
of this chapter.  
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2.1 Flow at the Microscale

2.1.1 Laminar Flow

Whether or not flow in a particular channel will be turbulent or laminar can be 
estimated with the Reynolds number (Re)24,25. Reynolds number is a dimensionless 
quantity and is calculated by comparing the inertial and viscous forces:

Where is the density, v is the velocity, d is the characteristic dimension of the 
fluidic channel and  is the viscosity. If the Reynolds number is low, the viscous 
forces dominate the inertial forces and flow will tend to be laminar. Typically, flow 
goes from turbulent to laminar when Re is less than 200026. The acoustic trapping 
platform used in Paper I, II and III has an Re of 1.9 during standard operation, 
which falls clearly within the laminar regime. 

Figure 3: Schematic illustration of laminar and turbulent flow lines in a fluidic channel.
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2.1.2 Parabolic Flow Profile

When an incompressible, viscous and uniform fluid, often referred to as a 
“Newtonian fluid”, flows with laminar flow through a channel, the flow velocity 
profile will be parabolic. This is because there will be a no-slip boundary condition 
at the channel wall that arises from viscous interactions between the wall and the 
fluid27. The flow velocity will be highest in the center of the channel and decrease 
to zero at the channel wall, resulting in parabolic flow profile, also known as 
Poiseuille flow28. This also means that particles that are suspended in a fluid will 
move at different velocities and therefore have different retention times according 
to their proximity to the walls.

Figure 4: Parabolic flow profile inside a microfluidic channel. Flow velocity is greatest in 
the center of the channel and slowest near the walls due to viscous interaction between the 
fluid and channel walls.
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2.1.3 Fluidic Drag 

When a fluid moves relative to a particle, the particle will experience a drag force 
in the direction of fluid movement. When flow is laminar the drag force  can be 
calculated using Stokes law25 

 
 

 
Where  is the viscosity of the fluid, r is the radius of the particle and v is the velocity 
of the fluid. The drag force on a particle scales with the radius of the particle, but 
many other external forces, such as magnetic, electric and acoustic radiation forces 
scale with the volume of the particle. This means that smaller particles are harder to 
actively manipulate and instead tend to move along with the fluid flow. For many 
microfluidic isolation techniques, this puts a size limit to how small particles it is 
possible to manipulate.  

2.2 Microfluidic Isolation Techniques 

Because of the benefits of scaling down fluidic systems outlined earlier in this 
chapter, numerous microfluidics-based techniques have been developed for 
isolating EVs. These include mechanical filtering29–31, functionalized surfaces32–34, 
hydrodynamic focusing35,36, deterministic lateral displacement (DLD)37,38, 
viscoelastic separation39,40, magnetophoresis41–44, dielectrophoresis45,46 and 
acoustophoresis18,47–49. These microfluidic devices have by nature low volumetric 
throughput. In the above mentioned techniques, the throughput is typically a few 
microliters per minute, excluding any potential time for incubation or labelling. The 
low throughput is not inherently a problem, if the sample volume requirements are 
small. It does, however, slow down processing time and put an upper limit on 
feasible sample volume, which can be problematic when there are problems getting 
sufficient material for downstream analyses.  
 
For a detailed overview of these techniques, the reader is referred to the review 
article by Havers et al.50 (Paper V). A table summarizing the performance, adapted 
from Havers et al., is provided in Table 1. The acoustic trapping platform developed 
in Paper I operates at several hundred microliters per minute, which is matched 
only by certain mechanical filtering devices. However, the mechanical filtering 
device reaching the highest volumetric throughput does not have a mechanism for 
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eluting EVs, instead cells are grown on top to study EV uptake51, which makes it 
unsuitable for other downstream analyses. The field of acoustofluidics and acoustic 
trapping is explained further in the following chapter.  
 

Table 1: Summary of EV isolation techniques. Reprinted and adapted from50. 

Technique 
Separation 
property 

Throughput 
( L/min) 

Recovery Purity Sample type 

Ultracentrifugation Size, density - Med Low  

Precipitation 
Size, surface 
markers - High Low Plasma, serum, urine 

SEC Size - Med Med  

Mechanical 
filtering Size 25 - 1000 Low-High Med-High 

Plasma, urine,  

cell culture medium 

Functionalised 
surfaces Surface marker 0.05 - 14 Med High 

Cell culture medium, 
urine, serum, plasma 

Hydrodynamic 
focusing Size 4.5 - 23 Med Med 

Plasma, cell culture 
medium 

DLD Size < 15 Med Low 
Purified urine exosomes, 
serum, urine 

Viscoelastic 
separation 

Size 3 Med Low 
Purified cell culture 
media EVs 

Acoustophoresis Size, density, 
compressibility 

0.1 - 500 Low-High Med 
Whole blood, plasma, 
urine, cell culture 
medium 

Magnetophoresis Surface marker 0.8 - 3 Med-High High 
Whole blood, plasma, 
cell culture medium, 
urine  

Dielectrophoresis Size, charge 3 Med-High Med Purified EVs 
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3.  Acoustofluidics 

In 1866, August Kundt gave the first report of using acoustic standing waves as a 
means of manipulating particles52. He noted that dust in a tube collected at certain 
locations in the tube when sound was applied, and by changing the frequency of the 
sound, it was possible to move the particles to specific locations in the tube. 
Likewise, it is possible to use acoustic standing waves in microfluidic channels to 
manipulate particles, a practice referred to as acoustofluidics. Interest in 
acoustofluidics has grown thanks to its promising potential in lab-on-a-chip devices 
and biomedical research. A series of 23 papers outlining the field, theories and 
experiments was published by the Royal Society of Chemistry, and the series was 
later compiled and summarized as a book in 201553. This chapter aims to explain 
acoustofluidic concepts and relate them to acoustic trapping.  
 

3.1 Standing Waves 

Sound waves are mechanical waves that propagate through a medium. When a 
sound wave coincides with another wave, the two waves will be superimposed. If 
the waves have the same frequency and amplitude, a standing wave will form. One 
way to generate two matching sound waves is to include a reflecting layer in an 
acoustic device. When a sound wave meets with a medium of different acoustic 
contrast, part of the wave will be reflected, and part of the wave will be transmitted. 
The ratio between the reflected wave and the incident wave depends on the 
difference in acoustic impedance between the media, and is given by 
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Where pr and pi are the pressure amplitudes of the reflected and incident waves 
respectively, and are the acoustic impedances of the two different media,  is 
the density and c is the speed of sound in the medium. If there is a large difference 
in acoustic impedance, most of the acoustic wave will be reflected. Gases, such as 
air, typically have much lower acoustic impedance than solids, and so very little of 
the acoustic energy is lost to the surrounding air. This is utilized by including a layer 
of air underneath the ultrasonic transducer when designing acoustic trapping devices
and is discussed further in the next chapter. 

A standing wave is not moving in any direction, rather points along the standing 
wave will experience a constant fluctuation in the pressure field. The areas in the 
standing wave with the highest pressure amplitude are referred to as the pressure 
antinodes, and the areas with lowest pressure amplitude are referred to as the 
pressure nodes. 

Figure 5: A standing wave is formed inside a channel when the reflected wave interferes 
with the incident wave, generating pressure nodes and antinodes.

3.2 Primary Acoustic Radiation Force

Particles suspended in an acoustic field will experience acoustic radiation forces as 
a result of sound scattering off the particle. The first analysis of particles in acoustic 
fields was done by King in 193454. Later, Yosioka and Kawasima expanded the 
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work to include compressible particles55. Their work was summarized and 
generalized by Gor’kov, describing an acoustic potential based on the monopole and 
dipole scattering coefficients56. The primary radiation force of a plane standing 
wave on a particle much smaller than the wavelength is the result of a gradient in 
the acoustic potential , and is given by57 
 
 

 

 

   and    

 and    

 
Where a is the radius of the particle, is the monopole scattering coefficient,  is 
the dipole scattering coefficient,  and  are the compressibilities of the medium 
and particle, respectively,  and  are the pressure and velocity field time 
averages, and   and  are the densities of the medium and particle respectively.  
 
The direction of the radiation force will be dependent on the particle’s density and 
compressibility in relation to the surrounding medium. We can introduce the 
acoustic contrast factor  to predict whether a given particle will migrate to the 
pressure node or the antinode. For a 1D planar wave, the acoustic contrast factor 
can be expressed as57 
 

 

 
If the acoustic contrast has a positive value, the particle will migrate to the pressure 
node, and if it is negative, the particle will migrate to the antinode. Cells, EVs, 
polystyrene and silica particles typically have positive acoustic contrast in aqueous 
solutions, and so move towards the pressure node. Lipid particles typically have 
negative acoustic contrast and move towards the pressure antinode. 
 
If the sound field is localized, which is common practice for acoustic trapping 
devices, the particles will also experience a lateral radiation force as part of the 
primary radiation force. This arises from the fact that the sound field has the highest 
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energy density above the transducer, and the energy density diminishes rapidly 
outside the transducer region58. The radiation force in the lateral direction is 
responsible for retaining particles against a flow, thus enabling particles to be held 
in place over the transducer. In an acoustic trap, particles with positive acoustic 
contrast will migrate to and be held in the pressure node of the standing wave. In 
the pressure node (z = 0), there is no pressure variation and so the monopole 
scattering coefficient will not contribute to the radiation force, and the retention 
force on a particle in the direction x of fluid flow, can be expressed as59 
 

 

 
Where  is the angular frequency and  is the wavenumber. In the pressure node, 
only the dipole scattering coefficient will contribute to the retention force. 
Therefore, the particle density in relation to the surrounding medium will determine 
if a particle can be retained or not. By tuning the density of the medium, it is possible 
to achieve selective trapping of particles59. Since the dipole scattering coefficient is 
dependent on the density ratio between the particle and the medium, dense particles, 
such as silica, will experience a much higher retention force than less dense 
particles, such as polystyrene, and can therefore tolerate much higher drag forces 
before being carried away with the flow60.  
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Figure 6: Primary radiation force on particles in an acoustic standing wave. Particles with 
positive acoustic contrast experience force both vertically towards the pressure node and 
horizontally towards where the acoustic field is strongest. 

3.3 Secondary Acoustic Radiation Force 

Particles in suspension in an acoustic field will not only experience a primary 
radiation force, but also a secondary radiation force that arises from sound scattering 
between particles in suspension. These interparticle forces are sometimes referred 
to as Bjerknes forces, after his pioneering work studying the force between a pair of 
bubbles61. The interparticle forces were further studied by Crum62, Weiser et al.63

and Groschl64. More recently, Silva et al. presented a solution to the secondary 
radiation force65. The interparticle force between two spheres will depend on their 
monopole and dipole scattering coefficients, their sizes, and the angle between the 
particles in relation to the incoming acoustic wave. However, by only considering 
particles very close to the pressure node, and angle of /2, which is likely for 
particles held in an acoustic trap, the interparticle force, FIP, can be simplified to66
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Where as and ap are the radii of the source and probe particle respectively, Eac is the 
acoustic energy density, and are the dipole scattering coefficients for the 
source and probe particle respectively, and d is the interparticle distance. What this 
expression tells us is that the interparticle force is highly dependent on the distance 
between particles, and so is only significant when particles are very close together. 

Figure 7: Interparticle radiation forces on two particles perpendicular to the direction of 
sound propagation, in the pressure node of an acoustic standing wave.
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3.4 Acoustic Streaming

The acoustic field will not only create forces on the particles in suspension, but also 
the media itself. These forces result in streaming rolls across different length scales 
in the fluidic channel. Classically, three different streaming rolls have been 
described: Schlichting, Rayleigh and Eckart streaming. Schlichting streaming is 
submicron flows within the viscous boundary layer67, and arises from dissipation of 
energy in the viscous boundary layer as flow velocity goes to zero at the no-slip 
boundary. Rayleigh streaming is wavelength scale rolls68, and is driven by 
Schlichting streaming. Eckart streaming is container scale rolls69 and arises from 
dissipation of acoustic energy in the bulk of the medium, inducing a fluid jet from 
the transducer region70. 

Figure 8: Representation of streaming in acoustofluidic systems. A) Eckart streaming 
arising from a fluid jet created by the dissipation of acoustic energy in the medium. B) 
Schlichting streaming (grey region) in a viscous boundary layer of thickness v, and Rayleigh 
streaming (white region) outside the viscous boundary layer. Adapted from 70 with 
permission from the Royal Society of Chemistry. 

In addition to the acoustically driven streaming, thermal streaming also occurs when 
heat dissipates from the ultrasonic transducer into the fluidic channel. Streaming 
arising from a temperature gradient in the channel has been shown to have a large 
impact on streaming velocity71. Thermal effects have also been shown to influence 
streaming patterns qualitatively and drive a transition from boundary driven to bulk 
driven streaming72. In the case of a conventional acoustic trap with a single pressure 
node, the temperature gradient from the transducer results in four streaming rolls 
horizontally over the transducer73, Figure 9. Particles that are below a critical size 
will follow the streaming fluid motion and not focus to the pressure node, which is 
discussed further in the next chapter.
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Figure 9: Thermoviscous streaming over an ultrasonic transducer in an acoustic trapping 
capillary. A) Acoustic streaming pattern in an acoustic trap, visualized with 490 nm 
particles. Four streaming rolls are present over the transducer area (outlined in yellow). 
Figure adapted from 74 with permission from the Royal Society of Chemistry. B) Modelled 
streaming velocities in the plane of the pressure node when considering both thermal and 
viscous effects. C) Streaming velocities in the plane of the pressure node considering only 
viscous effects. The simulated velocity is much lower when disregarding thermal effects. 
Adapted with permission from 73. Copyright 2021, Acoustical Society of America. 
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3.5 Acoustic Trapping 

In acoustic trapping, a localized standing ultrasonic wave is generated inside a 
fluidic channel. Particles that are denser and less compressible than the surrounding 
fluid in the vicinity of the trap will migrate to the pressure node where they can be 
retained against flow. In this way, particles and cells can be enriched in the acoustic 
field75. Since the particles are held in place, it is possible to perform washing and 
cell staining by switching the buffer that flows past the trapped cluster76–78. Acoustic 
trapping has been shown to be gentle to cells, and it is even possible to culture cells 
while they are suspended in the trap78. 

There is however a limit to how small particles it is possible to capture in an acoustic 
trap. This is because the radiation force on a particle scales with the volume of the 
particle, whereas the fluidic drag force scales with the radius of the particle. As 
particle size decreases, the radiation force decreases faster than the drag force and 
at a certain size, particles will be carried along the streaming vortices and not collect 
into a particle cluster in the pressure node. The cut-off size for streaming dominated 
motion varies between systems but typically occurs around 2 m for water-based 
systems and frequencies in the low MHz range79. However, by pre-loading the trap 
with larger particles, referred to as seed particles, it is possible to circumvent the 
size limit, which was first demonstrated by Hammarström et al.74. Since then, seed-
particle enabled acoustic trapping has been used to capture sub-micron particles 
such as bacteria and extracellular vesicles from plasma, urine, cell culture medium 
and CSF 18,47,74,80–83. It has also been integrated with downstream analyses such as 
RNA analysis and mass spectrometry based proteomics, demonstrating the 
usefulness of acoustic trapping in biological studies48,49,81,82,84,85. It is currently not 
fully understood to which extent the nanoparticle trapping observed in a seed 
particle cluster is due to interparticle forces or hydrodynamic effects around the seed 
particles, but most likely, both effects play a role. 
 
Acoustic trapping has many benefits as an EV isolation tool, such as gentle forces, 
few manual steps, and ability to handle small sample volumes, which is important 
as it enables the use of bio banked samples and does not consume large amounts of 
precious sample. However, acoustic trapping is a non-specific technique, isolating 
EVs from the entire population in the sample, which can limit its use in studies on 
specific EVs. Paper IV combines acoustic trapping with immunoaffinity based 
isolation, by using functionalized beads as seed particles, to allow for isolation of 
subpopulations of EVs. Additionally, the throughput and capacity of acoustic traps 
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can be limiting when it is needed to process larger, more dilute samples, such as 
urine. This may lead to multiple trapping runs being pooled to achieve sufficient 
signal18, which slows down sample preparation and limits the usability of acoustic 
trapping. In Paper I, a new acoustic trapping platform designed for higher 
throughput and capacity was developed, and it is described in more detail in the 
following chapter. 

Figure 10: A) Schematic of acoustic seed particle trapping of nanoparticles. Large seed 
particles are held in place in an acoustic standing wave over a transducer. Green 
nanoparticles are enriched in the seed particle cluster. B) Fluorescence image of acoustic 
seed particle trapping. Green fluorescent nanoparticles (500 nm) are enriched in a cluster 
of seed particles (12 m). White dashed lines indicate the transducer area. 
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4.  The Multinode Acoustic Trap 

The multinode acoustic trap (MAT) is a scaled-up version of an acoustic trap, 
designed for increased throughput and capacity. It comprises a glass capillary that 
has a cross-sectional area 20 times larger than previous single-node systems. 
Additionally, it is actuated to generate ten pressure nodes along the height of the 
channel, instead of one in single node systems. The multiple trapping clusters in the 
MAT increases the maximum capacity of the trap, and the increased area of the 
channel allows for higher volumetric throughput while keeping the drag force on 
the trapped particles lower than the acoustic retention force. This significantly 
shortens processing time when using the MAT. In Paper I, it was shown that MAT 
has 40 times higher seed particle capacity, as compared to conventional single-node 
systems. Additionally, standard operating flowrate for EV isolation in the MAT is 
500 L/min, which can be compared to the standard operating flowrate of 15 L/min 
for single-node systems. Although recent advancements with silica seed particles 
have shown a significant improvement in throughput for single-node systems60, the 
increased capacity in the MAT allows for more sample to be processed before the 
trap saturates, which is particularly useful when more biological material is needed 
for downstream analyses. The increased flow rate also makes it feasible to process 
larger volumes in the MAT, widening the range of applications that the technology 
can be used for.  
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Figure 11: Size comparison of cross section of a MAT and a conventional single-node
trapping capillary. The standing wave in the MAT generates 10 pressure nodes where 
particles can be retained, as compared to one for single-node capillary.

4.1 Design and Fabrication

The MAT consists of a borosilicate glass capillary (4 x 2 x 50 mm3) mounted on a 
piezoelectric transducer (pz26) (2 x 7 x 0.4 mm3) with UV-curing glue. The 
transducer in turn is soldered to the circuit board over a layer of air backing. The air 
backing provides a high mismatch in acoustic impedance, reflecting energy back 
into the transducer and minimizing energy dissipating into the circuit board. The 
capillary is further secured by gluing directly to the circuit board. This is important, 
since otherwise the only joint fastening the capillary in place would be the soldering 
joints between the transducer and circuit board, which are easy to break when 
handling the device. Additionally, the glue serves to dampen the acoustic field 
outside the transducer region, making it easier to collect particles in a single cluster 
above the transducer, and not collect in acoustic hotspots axially throughout the 
capillary. The transducer is diced from a larger piezoceramic plate and kerfed 9 
times in the length direction. Kerfing the transducer has shown to improve 
performance through the suppression of lateral resonance modes86, which assists in
achieving an efficient resonator87,88. Heat-shrink tubing is used to connect to the 
capillary and a Luer-lock allows for easy integration with other fluidic components. 
A temperature sensor (PT1000) is glued next to the transducer to allow for 
monitoring the temperature during operation, which is especially important when 
handling biological samples, Figure 12. 
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Figure 12: Picture of a MAT. A glass capillary is mounted on a transducer. The transducer 
is actuated by a function generator, allowing control of the sound field above the transducer. 

During operation, the MAT is actuated with a function generator, allowing control 
of the sound field in the device. To retain a stable particle cluster, it is important that 
the transducer is actuated at the resonance frequency of the fluidic capillary. The 
resonance frequency will change depending on the buffer in the capillary, the 
temperature, and how many seed particles are being held in the field. It is therefore 
necessary to monitor the resonance frequency and update the actuation frequency 
accordingly. This is done through a tracking software developed by Hammarström 
et al.86. The frequency is periodically swept in a small range around the previous 
actuation frequency and the power is recorded. The actuation frequency is then set 
to where the maximum power was recorded, until the next frequency sweep is made. 
This allows for continuous and stable operation, even when biological samples such 
as plasma enter the trapping region. 



38

Figure 13: Schematic cross section of the MAT over the transducer area.

4.2 Extracellular Vesicle Isolation

A standard EV isolation protocol starts with loading polystyrene seed particles into 
the trap. Excess seed particles are then washed away and the biological sample 
containing EVs is loaded into the trap and EVs collect in the seed particle clusters. 
The supernatant is then washed away with clean buffer, while the EVs remain held 
in place in the trap. The sound is then turned off and the enriched and washed EVs 
can be eluted and collected together with the seed particles.
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Figure 14: Illustration of EV isolation procedure using MAT. Seed particles are first loaded 
into the trap. Sample containing EVs is then allowed to flow through the trap, where EVs 
will be enriched in the seed particle clusters. The EVs are then washed with clean buffer to 
remove the supernatant and proteins not associated with EVs. Finally, the sound is turned 
off and the EVs eluted.

The elution volume can be reduced by letting the seed particle cluster sediment 
closer to the end of the tube, before being dispensed, thus reducing the volume 
needed to flush out the cluster. A sedimentation time of 10-15 seconds is usually 
enough for most particles to reach the end of the tubing. This is particularly useful 
when a high concentration of EVs is needed, such as for the immunoblot studies in 
Paper II, where the elution volume was reduced from 130 L to 25 L.
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5.  Proteomics 

The term “proteome” was first coined by Marc Wilkins89 as an analogue for the 
genome. The proteome refers to the complete set of proteins, including post-
translational modifications found in an organism at a given time. Proteins drive the 
fundamental biology of organisms, and an understanding of protein functions and 
interactions is therefore crucial for understanding biology. Proteins are often studied 
at an individual level, which provides valuable information of the function of a 
specific protein. However, since proteins in an organism are involved in many 
interactions with other proteins, isolating proteins outside the organism may miss 
important interactions. A more holistic understanding can be gained by studying 
changes in the proteome. This could be especially valuable when trying to elucidate 
complex processes, such as the pathophysiology during sepsis.  

5.1 Mass Spectrometry Based Proteomics 

One way to measure the proteome is by mass spectrometry (MS), which is a 
technique for measuring the mass-to-charge ratio (m/z) of ions. Molecules, such as 
peptides, are ionized and accelerated in an electric field. The velocity of the ions 
will depend on their m/z, allowing for separation of ions based on their m/z. This in 
turn generates an m/z spectrum, which can be used to analyze the ions that entered 
the mass spectrometer. In the last decades, MS has emerged as a powerful tool for 
analyzing proteins samples90. MS can be split into two main categories, top-down 
and bottom-up. Top-down refers to the study of intact proteins, while bottom-up 
refers to the study of proteins digested into peptides. It could be assumed that 
measuring intact proteins would be preferable when analyzing a protein sample. 
However, there are several issues with measuring intact proteins. For example, 
proteins are large and complex molecules, making them harder to separate on a 
chromatographic column. Intact proteins are more difficult to ionize evenly in the 
mass spectrometer and they generate highly complex spectra, making data analysis 
harder. Additionally, the high molecular weight of proteins makes it more difficult 
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to accurately measure them, as instruments often perform better at measuring 
smaller units. As a result, bottom-up proteomics has become the most commonly 
used method for complex samples. For all studies in this thesis, bottom-up 
proteomics through liquid chromatography tandem mass spectrometry (LC-
MS/MS) has been used. 

5.1.1 Preparing Protein Samples Before Entering the Mass Spectrometer

Before entering the mass spectrometer, the proteins in a sample are first cleaved into 
peptides by enzymatic digestion. A common enzyme to use for this end is trypsin, 
as it generates easily ionized peptides of a suitable length. Trypsin has been used for 
protein digestion throughout all studies in this thesis. After digestion, the peptides 
are separated on a reverse phase liquid chromatography (RP-LC) column, coupled 
directly to the mass spectrometer. Peptides are loaded on the column and 
subsequently eluted based on the hydrophobicity of the peptides by perfusing the 
column with a gradient of hydrophilic/hydrophobic solvent91. The separation has 
two main benefits. First, it reduces the number of analytes entering the MS at any 
given time. Second, the retention time on the column provides information about 
the hydrophobicity of the peptide which may aid in its identification. Once the 
peptides reach the end of the column, they are ionized using electrospray ionization 
(ESI), a technique which received the Nobel prize in chemistry 200292. Finally, the 
ionized peptides enter the mass spectrometer where their m/z is measured. The 
peptides can be measured using data-dependent acquisition or data-independent 
acquisition, which are outlined below. 

Figure 15: Flow chart of the main sample processing steps for MS analysis used throughout 
this thesis.
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5.1.2 Data-dependent Acquisition 

In data-dependent acquisition (DDA), also known as shotgun MS, the injected 
peptides are scanned by the mass analyzer in full scans (MS1). However, the MS1 
spectrum is not sufficient for confident identification of a peptide sequence, as there 
are usually many possible amino acid combinations for each detected m/z peak. 
Therefore, it is necessary to further fragment the peptides and measure m/z of the 
fragments, generating an MS2 spectrum. Fragmentation is done in a collision cell, 
where the sample is collided with an inert gas, a process known as higher-energy 
collisional dissociation (HCD)93. In DDA, the top number of precursor ions 
(typically 15) detected for a given MS1 scan will be selected for fragmentation and 
MS2 acquisition. Peptide detection in DDA is therefore relatively stochastic and 
there is a chance that low abundant ions will not be detected. It also makes 
quantification more difficult. The acquired spectra are compared against an in-silico 
digestion of a FASTA file to generate possible peptide sequences. A FASTA file is 
a text-based format to store biological sequence data, such as amino-acid sequences 
of proteins. Any protein sequence present in the FASTA file can therefore be 
digested in-silico and theoretically detected. In order to assess the false discovery 
rate (FDR), a decoy sequence is also included, which typically consists of the 
peptides sequences in reverse. If a peptide from the decoy sequence is detected, it is 
known to be a false positive. By counting the number of peptides from the decoy 
sequence that are detected and comparing it to the number of peptides detected with 
the original sequence, the FDR can be estimated94.  
 

5.1.3 Data-independent Acquisition  

Data-independent acquisition (DIA) is a technique designed to provide more 
comprehensive and unbiased analyses of complex biological samples95. In DIA, all 
peptides are fragmented, collecting data on all detectable peptides. This can be done 
through the selection of a mass window, typically around 25 m/z, and fragmenting 
all precursor ions within this mass range to create MS2 spectra for all ions96. The 
mass window then shifts sequentially to cover a pre-determined mass range e.g. 400 
– 1200 m/z, often with a small overlap between windows. In this way the entire 
mass range is scanned systematically, and all ions fragmented. The result is a more 
unbiased detection of peptides and more accurate quantification. DIA generates 
highly complex MS2 spectra, as it contains spectra from all precursor ions within 
the mass range, which can make interpretation challenging. Sequential Window 
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Acquisition of all Theoretical Mass Spectra (SWATH-MS) is a DIA technique that 
utilizes targeted data analysis to achieve higher reproducibility and quantification 
accuracy from DIA data97. This is done through the use of a pre-recorded spectral 
library, which contains fragmentation patterns for peptides98. Spectral libraries are 
traditionally generated from the ion spectra of multiple DDA runs. The spectral 
library can then be used to deconvolute information from a DIA run. The implication 
is then that a peptide must first be detected using DDA to be included in a spectral 
library, before the peptide can be measured using DIA. This could be an issue if 
certain peptides are in low abundance or otherwise difficult to measure using DDA. 
However, deep learning algorithms have recently been used to predict spectral 
libraries from a FASTA file, removing the need for DDA runs to create spectral 
libraries. These predicted libraries have been shown to perform as well as 
experimentally validated libraries99–101. This also comes with the added benefit of 
being able to detect any peptide belonging to a protein provided in the FASTA file, 
at least theoretically. 
 
 
 

 
 

Figure 16: Overview of the SWATH-MS method. All precursors with m/z within the given 
isolation window will be fragmented. The isolation window is systematically swept across 
the entire mass range. Reprinted from Gillet et al. 201297. 
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6.  Sepsis 

Sepsis is defined as a life-threatening condition caused by a dysregulated host 
response to infection leading to organ dysfunction102. It is currently a major cause 
of mortality and is estimated to contribute to 19% of deaths worldwide103. Sepsis 
can be caused by a variety of different pathogens104, among them gram-negative 
bacteria, such as E. coli, and gram-positive bacteria, such as S. pyogenes. Hallmarks 
of sepsis include dysregulated systemic inflammation, dysregulated hemostasis and 
organ damage. Quick diagnosis and treatment are important for improving outcome, 
with mortality increasing for every hour without treatment105,106. The severity of 
sepsis is assessed using the Sequential Organ Failure Assessment (SOFA) score, 
which evaluates different organ systems on a 0-4 point scale102,107. An increase in 
the sofa score of 2 or more in the context of an infection indicates sepsis. Calculating 
a SOFA score relies on several laboratory measurements and can therefore be 
challenging in an emergency care setting. Over the past four decades, more than 120 
treatment trials for sepsis have been unsuccessful108. One reason is the heterogenous 
nature of the condition, caused by the complex and systemic host response. The host 
response is highly variable and depends on several factors such as pathogen, site of 
infection, and time elapsed since infection109,110. Preclinical studies in infection 
models have shown that sepsis causes systems-wide changes in the proteome of 
several organs and cell systems108. These changes also depend on the type of 
treatment administered, in addition to previously mentioned factors108,111,112. The 
variability of the disease, combined with lack of markers to accurately predict if an 
infection will progress to sepsis or categorize patients into homogeneous subgroups, 
makes performing clinical intervention trials difficult. As a consequence, national 
efforts have been initiated to coordinate the collection and annotation of clinical 
samples113. 
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6.1 Platelets in Sepsis 

Platelets are relatively small (~1.7 m) cell fragments that are produced by 
fragmentation of megakaryocytes114,115. They circulate the blood stream in numbers 
between 150 000 to 400 000 per L116, and one of their main functions is to maintain 
hemostasis by preventing bleeding in case of vascular damage. In addition to 
hemostasis, platelets also play a role in inflammation and immune response and are 
therefore key players during sepsis. For example, platelets bind lipopolysaccharide 
(LPS) from gram negative bacteria such as E. coli, and activated platelets can trap 
bacteria in fibrin-rich clots as well as kill them directly117–120. Additionally, platelets 
can modulate inflammatory response and mediate leukocyte recruitment121. The 
excessive inflammatory response during sepsis mediates systemic activation of the 
endothelium, increasing vascular permeability and vascular leakage, which result in 
hypotension and decreased oxygen supply to organs122. The activated endothelium 
promotes systemic platelet activation and aggregation, which can result in 
disseminated intravascular coagulation (DIC) and the consumption of platelets123. 
The consumption of platelets can lead to low platelet count, known as 
thrombocytopenia, and is correlated with poor prognosis in sepsis patients124. 
 
Platelets are a major source of circulating EVs, and studies have shown that platelet-
derived microvesicles make up 70-90% of circulating microvesicles125. 
Interestingly, platelet-derived EVs (PEVs) have shown immunomodulatory effects 
by transfer of bioactive cargo to leukocytes and endothelial cells126. Levels of 
circulating PEVs have also been shown to increase during sepsis127. Lower levels of 
circulating PEVs have been correlated with thrombocytopenia and mortality during 
sepsis, indicating that PEVs play a protective role during sepsis128. In Paper II we 
study PEVs released from platelets activated by either thrombin or bacterial protein 
to investigate changes in PEV function that might occur during bacterial infection. 

6.2 Extracellular Vesicles in Sepsis 

Sepsis has been shown to induce large changes in the EV population, which have 
been associated with inflammation, bacterial clearance, organ damage and 
apoptosis10. The exact role of EVs during sepsis is however complex, with both pro- 
and anti-inflammatory effects and pro- and anti-apoptotic effects. This indicates that 
the role of EVs changes throughout the course of sepsis and depends on patient 
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heterogeneity, pathogen, and what cell type the EV originated from. Therefore, EVs 
may contain so far unexplored molecular signals relevant for disease progression, 
that is normally not detectable when analyzing only the raw plasma. Notably, EVs 
can be extracted from biobanked plasma samples, which allows opportunities to 
extract new molecular information from already collected samples, which would 
otherwise be obscured by the large dynamic range in the plasma proteome. To make 
this feasible, there is a need for EV isolation techniques that are fast, simple, can 
handle small sample volumes and can be interfaced with proteomics, 
transcriptomics and metabolomics. Acoustic trapping lends itself as an excellent 
candidate to fulfill these needs, which is demonstrated in Paper III, where acoustic 
trapping is used to isolate EVs from small volumes of septic mouse plasma. 
Increasing the understanding of EVs would in turn increase the understanding of the 
biological processes occurring during sepsis, which may ultimately lead to better 
treatments and better outcomes for patients.  
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7.  Immuno-acoustic Trapping 

Acoustic trapping is a non-specific method and will isolate EVs from the entire 
population of a sample. Since the majority of circulating EVs in plasma originate 
from platelets125, a large portion of the isolated EVs in an acoustic trap will be 
platelet derived. This might obscure the role of less abundant EVs from different 
cell types and hinder the study of their role in immune response and disease 
progression during sepsis. Immunoaffinity based isolation can be used to add 
specificity to EV isolation. In immunoaffinity isolation, antibodies targeting specific 
proteins are coupled to large beads or surfaces. EVs possessing the target protein 
can bind to the antibody and be separated from the rest of the sample129–131. This can 
also be used to isolate EVs originating from a specific cell type, since EVs often 
express the same surface protein as their parent cell132. 
 
In Paper IV, immunoaffinity isolation is combined with acoustic isolation by using 
antibody coated particles as seed particles in an acoustic trap, a technique referred 
to as immuno-acoustic trapping. After isolation of the general EV population in the 
acoustic trap, EVs that are bound to the antibodies can be separated from non-
specific EVs through sedimentation of the seed particles. One trapping run therefore 
generates two fractions of EVs, one based on antibody isolation, and one based on 
acoustic isolation. In addition, many positive aspects of the acoustic trap are 
retained, such as rapid processing, small volume requirements and gentle handling. 
Immuno-acoustic trapping can therefore be used to isolate specific EVs and 
facilitate the study of EVs from specific cell types and less abundant EVs. The 
antibody used for isolation could easily be changed to target a specific marker of 
interest, allowing researchers to tailor the isolation to their needs. This broadens the 
possibilities of acoustic trapping as an EV isolation tool and facilitates further 
studies of EVs. 
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Conclusions and Outlook 

This thesis broadens the application area of acoustic trapping as an EV isolation 
tool. The higher throughput in the MAT shortens processing times and allows for 
effective processing of dilute samples. The higher capacity allows for more sample 
volume to be processed effectively, which is particularly useful for less sensitive 
assays. The feasibility and usefulness of acoustic trapping as an EV isolation tool is 
demonstrated in the included papers, through numerous successful downstream 
analyses. The integration of acoustic trapping with MS-based proteomics 
demonstrated easy access to the EV proteome, and thus provided information that 
was not available from the original sample alone. This expands the information that 
is available from a biological sample by analyzing both the original sample, and the 
isolated EVs. Additionally, the combination of immunoaffinity-based isolation with 
acoustic trapping gives the option of specificity in the isolation of EVs. The small 
volume requirements of acoustic trapping make it suitable for processing biobanked 
samples, enabling further studies on large cohorts where samples have already been 
collected.  
 
New insights into the function of EVs provided by advancements in EV isolation 
techniques may open new research possibilities for complex conditions such as 
sepsis. This could be achieved through the processing of biobanked plasma samples 
from sepsis patient cohorts to further map out the effects and the function that EVs 
play during disease progression. If clinically relevant signals for diagnosis of sepsis 
and categorization of patients into subgroups can be found in EVs, one could 
envision a future where acoustic traps are present at emergency departments of 
hospitals. A plasma sample could then be collected and processed in the acoustic 
trap to provide access to isolated patient EVs within minutes, allowing earlier 
diagnosis and saving precious time.  
 
Studies on EVs are of course not limited to sepsis and could be applied to the study 
of other diseases, such as cancer and Alzheimer's disease, or studying biological 
processes in healthy organisms. Combined, the results outlined in this thesis will 
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hopefully facilitate such further studies on EVs and their role in health and disease. 
Ultimately, this may benefit society by leading to better treatments and outcomes 
for patients.  
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Summary of Papers 

The papers included in this thesis investigate the development and use of acoustic 
trapping as a tool for isolating extracellular vesicles. Paper I describes the 
development of the MAT and shows it is suitable for MS analysis. Paper II utilizes 
the MAT to investigate differences in platelet-derived EVs depending on the mode 
of activation. Paper III utilizes the MAT to study EVs during gram-positive and 
gram-negative sepsis. Finally, Paper IV combines the use of immunoaffinity-based 
isolation with acoustic trapping, to allow specificity in EV isolation in an acoustic 
trap. This chapter provides a brief summary of the included papers, in chronological 
order. 
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Paper I - Multinodal acoustic trapping enables high 
capacity and high throughput enrichment of extracellular 
vesicles and microparticles in miRNA and MS 
proteomics studies 

Paper I investigated the feasibility of scaling up an acoustic trapping platform in 
order to increase capacity and sample throughput. A new acoustic trap, referred to 
as a Multinode Acoustic Trap (MAT) was fabricated and studies examining its 
performance were carried out. We demonstrated that the MAT displayed a 40-fold 
increase in seed particle capacity compared to conventional acoustic trapping 
systems. We also demonstrated that the trap could enrich 500 nm polystyrene 
particles at flowrates up to 2000 L/min. The MAT was then used to isolate EVs 
from urine samples at 500 L/min, which can be compared to the typical flowrates 
of 15-25 L/min for previous acoustic traps. We demonstrate that the MAT has 
capacity for enough material for downstream RNA analysis from a single run, and 
there is no need to pool several trapping runs, as has been done in previous studies. 
Further, we showed that MS analysis produced clear distinction between the protein 
content of the isolated EVs and the original urine sample, and that the MAT did not 
induce large variations in the samples. The MAT could therefore facilitate further 
research into EVs, by providing a relatively simple and rapid method of isolating 
EVs from urine.  
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Figure 17: A) Schematic of the MAT. A glass capillary is glued to an ultrasonic transducer to 
generate a standing wave inside the capillary. B) Schematic of seed particle clusters in the 
MAT as viewed from above. C) Schematic of seed particle clusters as viewed from the side. 
Reprinted from 82.

Figure 18: Photographs of particles in the trap. The seed particles used were 12 m polystyrene.  
A) Brightfield image of seed particle clusters viewed from the top. B) Brightfield image of seed 
particle clusters viewed from the side. C) Fluorescence image of seed particle clusters enriched 
with 500 nm fluorescent polystyrene particles viewed from top. White dashed lines indicate the 
transducer area. D) Fluorescence image of seed particle clusters enriched with 500 nm 
fluorescent polystyrene particles viewed from the side. Blue dashed lines indicate capillary walls. 
The transducer is at the top of the picture. The curved edges of the capillary make the clusters 
appear more smeared close to the walls. Reprinted from 82.
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Paper II - Phenotypic characterization of acoustically 
enriched extracellular vesicles from pathogen activated 
platelets 

In Paper II, platelet derived EVs were isolated from plasma, using the MAT, and 
characterized. Platelets were stimulated with either thrombin, M1 protein from S. 
pyogenes or negative control (HEPES buffer) to study differences in EVs depending 
on the mode of platelet activation. The protein content of the EVs was assessed 
using MS proteomics. It was demonstrated that EVs derived from pathogen-
activated platelets contained similar cargo to physiologically activated platelets, 
both containing platelet membrane proteins, granule proteins, cytoskeletal proteins, 
coagulation factors and immune mediators. However, complement proteins and 
IgG3 were significantly enriched in EVs from pathogen-activated platelets. 
Additionally, bacterial M1 protein was found to adhere to or be packaged within 
platelet derived EVs and transported with them. This mechanism was previously 
unknown and could contribute to systemic inflammation and platelet activation 
observed during infectious diseases such as sepsis. Finally, the acoustically isolated 
EVs were functionally intact and upon addition to whole blood exhibited pro-
inflammatory effects and stimulated formation of platelet-neutrophil complexes, 
neutrophil activation and cytokine release. Collectively, this revealed novel aspects 
of pathogen-mediated platelet activation and demonstrated that the MAT was 
suitable for isolating EVs from plasma samples.   
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Figure 19: Illustration of sample processing steps. Platelet rich plasma from healthy donors 
was stimulated with either HEPES buffer, Thrombin or M1 protein. The platelets were then 
removed by centrifugation and the released platelet derived EVs were isolated using 
acoustic trapping. The EVs were analyzed using high-sensitivity flow cytometry, mass 
spectrometry, transmission electron microscopy (TEM), immunoblots and functional assay 
by stimulation of whole blood. Reprinted from 84.
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Paper III – Proteomic profiling of acoustically isolated 
extracellular vesicles from blood plasma during murine 
bacterial sepsis 

In Paper III, the MAT is used to isolate EVs from small volumes of plasma from 
experimental sepsis mouse models infected with either gram-positive pathogen (S. 
pyogenes) or gram-negative pathogen (E. coli).  The proteomes of EVs and the 
plasma are characterized using MS-based proteomics. It was demonstrated that 
analyzing the EVs expanded the observable proteome in plasma, and that EVs 
displayed an emphasis on cellular processes and signalling compared to plasma. We 
showed that systemic bacterial infection altered EV and plasma proteomes 
differently, with a predominant effect on leukocyte migration in EVs and 
metabolism in plasma. Additionally, comparing the two bacteria showed a stronger 
effect on inflammation and neutrophil degranulation in S. pyogenes infection and a 
stronger effect on metabolism in E. coli infection. In summary, we show that the 
MAT gives easy access to the plasma EV proteome, which provides additional 
information of ongoing biological processes not observed in plasma alone. 
Additionally, the small volumes required makes it suitable for handling biobanked 
samples and therefore make use of already collected samples.  
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Figure 20: Illustration of sample collection and processing steps. Mice were infected with 
S. pyogenes or E. coli, and control mice were administered PBS. 18 hours post infection, 
mice were sacrificed and blood, liver and spleen collected. EVs were isolated from the 
plasma using acoustic trapping. 
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Paper IV – Immunoaffinity coupled acoustic trapping: 
Towards extracellular vesicle subpopulation 

In paper IV, we investigated the feasibility of combining immunoaffinity-based 
isolation of EVs with acoustic trapping, in order to enable selective isolation of EVs 
within an acoustic trap. Silica microparticles were functionalized with anti-CD9, to 
target the very common EV surface marker CD9. The silica particles were 
subsequently used as seed particles in an acoustic trap, to isolate EVs from plasma. 
After elution from the trap, acoustically enriched EVs could be separated from EVs 
bound to the seed particles through a quick centrifugation. This generated two EV 
subpopulations, acoustically isolated and immuno-acoustically isolated EVs. 
Nanoparticle tracking analysis (NTA) confirmed particles in the exosome size 
range. TEM images showed EVs in both subpopulations, with the immuno-
acoustically isolated population containing almost exclusively CD9-positive EVs. 
Proteomic profiling showed a large overlap in the protein content between the 
subpopulations. Protein interaction networks of uniquely detected and significantly 
abundant proteins between the groups showed clear interaction with CD9 in the 
immuno-acoustically isolated group, and no interaction with CD9 in the acoustically 
isolated group. Comparing immuno-acoustic isolation with standard 
immunoaffinity isolation through incubation with functionalized beads showed that 
the immuno-acoustic group had more and stronger interactions with CD9. 
Processing in the acoustic trap was performed in 8 minutes, while the functionalized 
beads were incubated 90 minutes for immunoaffinity isolation. This paper 
demonstrated that selectivity can be achieved in an acoustic trap through 
functionalized seed particles, while retaining positive aspects of using acoustic 
trapping for EV isolation, such as fast processing, small volume requirements, and 
gentle forces.  
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Figure 21: Illustration of immunoaffinity-based EV isolation methods used. In 
immunoaffinity isolation, functionalized beads are incubated with a plasma sample and then 
separated through centrifugation. In immuno-acoustic isolation, functionalized beads are 
used as seed particles in an acoustic trap. EVs from the entire population are enriched in 
the acoustic trap, and after elution they can be separated into two subpopulations through 
sedimentation of the seed particles.  
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ABSTRACT: We report a new design of an acoustophoretic trapping device with significantly
increased capacity and throughput, compared to current commercial acoustic trapping systems.
Acoustic trapping enables nanoparticle and extracellular vesicle (EV) enrichment without
ultracentrifugation. Current commercial acoustic trapping technology uses an acoustic single-
node resonance and typically operates at flow rates <50 μL/min, which limits the processing of
the larger samples. Here, we use a larger capillary that supports an acoustic multinode
resonance, which increased the seed particle capacity 40 times and throughput 25−40 times
compared to single-node systems. The resulting increase in capacity and throughput was
demonstrated by isolation of nanogram amounts of microRNA from acoustically trapped urinary
EVs within 10 min. Additionally, the improved trapping performance enabled isolation of
extracellular vesicles for downstream mass spectrometry analysis. This was demonstrated by the
differential protein abundance profiling of urine samples (1−3 mL), derived from the non-
trapped versus trapped urine samples.

■ INTRODUCTION

Extracellular vesicles (EVs) are small, membrane-enclosed
particles that are released by cells and contain a wide range of
bioactive molecules. These include proteins, lipids, and genetic
information, often in the form of mRNA and non-coding RNA.
EVs act as cell−cell messengers, shuttling around these bioactive
molecules and help in regulating cellular function.1 Additionally,
the content in EVs reflects the state of the parent cell and can
therefore be used to assess the health and disease of the
organism as a whole.2,3 As such, there is great interest in the
study of EVs, which requires improvedmethods for isolating and
enriching these vesicles.
The current gold standard for EV isolation is differential

ultracentrifugation (UC), which is a laborious and time-
consuming method that often requires large sample volumes.
Additionally, ultracentrifugation frequently gives inconsistent
results across studies due to the use of different rotors and
variations in the protocols.4−8 Finally, the very large forces
involved in UC may coalesce vesicles and form vesicle
aggregates9 as well as coprecipitate larger protein complexes,
e.g., Tamm−Horsfall proteins in urine.10

To overcome the problems with ultracentrifugation, many
microfluidic devices for EV isolation and enrichment have been
developed. These include nanoscale deterministic lateral
displacement (nano-DLD),11 immunoaffinity-functionalized
microstructures or beads,12,13 dielectrophoresis (DEP),14

viscoelastic separation,15 surface acoustic waves (SAW),16 and
acoustic trapping.17 Microfluidic approaches rely on the

deterministic laminar flow profile and have the benefit of
working with much smaller sample volumes as compared to UC.
Microfluidic devices have by nature a low throughput compared
to conventional techniques. In the aforementioned methods for
EV isolation, the flow rate is typically a few microliters per
minute, without including any potential labeling or incubation
time. This is inherently not a problem, as the volumes required
for analysis can be quite small. It does however put an upper
limit to the sample volume due to processing time. In the case of
dilute samples like urine or cell culture medium, where larger
volume needs to be processed, microfluidic approaches
commonly fail.
Acoustic trapping is a promising technology for isolating and

enriching EVs. It offers a gentle, label-free, non-contact way of
capturing and retaining particles against a flow by generating a
strong localized ultrasonic standing wave inside a microfluidic
channel. The standing wave creates a stationary pressure node in
the center of the channel, which can capture particles down to a
few microns by the primary acoustic radiation force.18,19 The
first demonstration to capture particles in the 100 nm range was
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reported by Hammarström et al.,20 utilizing scattered sound
interaction from preloaded seed particles. Isolation of
extracellular vesicles from blood plasma using acoustic seed
particle trapping was first demonstrated by Evander et al.17

Numerous mass spectrometry-based proteomics studies have
investigated EVs,21 and recently, Rezeli et al. were the first to
demonstrate mass spectrometry-based proteomics data derived
from microparticles isolated by acoustic trapping, although
limited by the minute analyte amounts isolated by the trapping
unit.22 Later, Ku et al. demonstrated the use of acoustic trapping
to enrich EVs from biological fluids such as plasma, urine, and
conditioned media for microRNA analysis. TEM images also
verified an intact EVmorphology after the acoustic processing.23

More recently, a SAW-based approach has also demonstrated
the trapping of nanoparticles by means of scattered sound
interaction with particles in a packed bed.24 Later, this system
also reported EV isolation from cell culture supernatant at a
throughput of 100 nL/min, indicating potential for significant
scalability.25

In this paper, we present a novel, scaled-up acoustic trapping
device with significantly increased throughput and capacity as
compared to previously reported systems. The new device
comprises a piezoelectric transducer and a glass capillary with a
cross-sectional area 20 times larger than the capillary in the
acoustic trapping system in the aforementioned studies. The
capillary is actuated at a multinode resonance instead of the
standard single-node resonance, generating nine trapping nodes
instead of one. This enables more particles to be retained in the
trapping zone, thus increasing the capacity of the device.
Furthermore, since the ability to retain particles in the trap is
dependent on the shear stress induced by the fluid flow, the
larger capillary cross section allows for higher flow rates without
the increased shear stress on the trapped particles. This now
enables rapid, label-free processing of milliliter-sized samples,
facilitating the acoustic isolation of EVs from dilute biological
samples. In this paper, we therefore demonstrate that acoustic
trapping using bulk actuation is scalable. Quantitative
proteomics analysis revealed enrichment of distinct proteome
patterns associated with the trapped urine samples compared to
non-trapped urine, paving the way for future studies interfaced
to MS-based proteomics or RNA sequencing analysis.

■ THEORY

Radiation Forces. The theory behind acoustic radiation
forces has been described by Gorkov,26 Whitworth et al.,27

Crum,28 Weiser et al.,29 and Groschl.30 Briefly, in acoustic
trapping, a standing ultrasonic wave is generated inside a
channel and will exert radiation forces on particles in proportion
to the energy density in the resonator and the size of the particles
as well as the particle density and compressibility relative to the
surrounding medium. For a spherical particle in an ideal fluid,
and if the wavelength is much larger than the particle, the
magnitude of the force is equal to the average impulse flux
through any closed surface of the sphere.26 The primary
radiation force (PRF) of a plane standing wave on a particle with
a radius much smaller than the wavelength is given by31
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where a is the radius of the particle, f1 and f 2 are the monopole
and dipole scattering coefficients, respectively, κp and κ0 are the
compressibilities, ρp and ρ0 are the densities of the particle and
the medium, respectively, and pin and vin are the pressure and
velocity field time averages. For a one-dimensional planar wave,
the expression is simplified to
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where Eac is the acoustic energy density, k is the wavenumber,
and Φ is the acoustic contrast factor. The acoustic contrast
factor indicates how a given particle behaves in a sound field. If
the contrast factor has a positive value, the particle migrates
toward the pressure node. If the factor has a negative value, the
particle migrates toward the pressure antinode (Figure 1).

As part of the PRF, particles will also experience a lateral
radiation force due to the fact that the sound wave is localized to
the transducer region and the acoustic energy density diminishes
rapidly outside the transducer area.32 The acoustic energy
density gradient in the lateral direction (axial direction of the
capillary) is perpendicular to the standing wave direction.33 The
lateral radiation force is given by
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Lastly, particles will also experience an interparticle radiation
force that arises from sound scattering between particles in
solution, commonly called secondary force.30 If the incident
wave is a plane wave, the secondary radiation force on two
identical particles at a distance d in a pressure field p is given as

Figure 1. Summary of the acoustic radiation forces on particles with the
positive acoustic contrast factor in an acoustic trap. The axial forces
push particles into the nodal plane. Lateral forces, caused by the
acoustic energy density gradient, push particles toward the center of the
acoustic field and enable particle retention against the flow. Secondary
forces become relevant when particle distances are small and cause
particle aggregation. Illustration inspired by Hammarström et al.20
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Trapping Unit. The trapping unit consists of a borosilicate
glass capillary (2 × 4 × 50 mm3) (Vitrocom) with connecting
tubings, glued to an ultrasonic transducer (Pz26, Meggitt) and a
temperature sensor (Pt100, Jumo) mounted on a printed circuit
board (PCB), see Figure 2a. The sample is run through the
capillary and a localized ultrasonic standing wave is generated
inside the capillary in the region of the ultrasonic transducer.
The transducer is actuated at a channel resonance of 4.4MHz.

This results in a standing wave with nine trapping nodes along
the height of the channel (Figure 2b,c). Particles are collected in
these nodes and retained against the flow in the channel,
enabling isolation, enrichment, buffer switching, and washing of
the particles. Submicron particles can also be enriched in the
trap by the secondary acoustic force by first loading the trap with
large seed particles that interact with nanoparticles in close
proximity. Using this method, particles of around 100 nm have
been captured.20

The resonance frequency is dependent on the speed of sound
in the medium and is therefore sensitive to temperature
fluctuations and particles collecting in the trap. To compensate
for small changes in the resonance frequency, a frequency
tracking software developed by Hammarström et al.34 was used
to continually update the signal generator frequency to match
the resonance frequency of the trapping capillary. Briefly, the
software periodically scans a frequency range around the
resonance peak andmeasures the transducer impedance spectra.
The software subsequently sets the output frequency to match
the impedance minimum until a new scan is made.

■ EXPERIMENTAL SECTION

Measuring Trapping Capacity. The capacity of the trap
was measured for five different actuating voltages (7, 9, 11, 13,
and 15 Vpp). A solution containing 12 μm polystyrene particles
(Sigma-Aldrich) was run through the trap at 500 μL/min until
the trap was saturated with particles. The capillary was then
washed with 2 mL of Milli-Q water to remove any non-trapped
particles. The retained particle cluster was then extracted by
turning off the ultrasound and flushing the channel with 3.5 mL
of Milli-Q at 5000 μL/min. Triton-X (0.1%) was added to the
solution to mitigate particles sticking to the wall. Following
vortexing and sonication, the solution was transferred to a BD

Trucount tube and run through a cytometer (BD FACS Canto
II) to count the number of particles.

Measuring Throughput and Trapping Efficiency. The
trapping efficiency of 500 nm polystyrene particles (PS) was
measured at five different flow rates (100, 200, 500, 1000, and
2000 μL/min). The trap was first loaded with a seed particle
cluster containing 12 μm polystyrene beads, and excess particles
were washed away with 2 mL of Milli-Q at a flow rate matching
the sample flow rate. Five hundred microliters of a solution
containing fluorescent nanoparticles (Fluoro-Max 500 nm,
polystyrene, Thermo Scientific) was then aspirated through the
trap, followed by rinsing with 2 mL of Milli-Q to remove
untrapped nanoparticles. The seed cluster, along with trapped
fluorescent nanoparticles, was collected by turning off the
ultrasound and flushing with 3.5 mL of Milli-Q at a flow rate of
5000 μL/min. The fluorescence intensity of the collected sample
was then measured as the average reading from the trapped
sample, aliquoted in four wells, using a 96-well plate reader
(FLUOstar Omega, BMG Labtech, Germany) and compared to
the input sample to calculate the trapping efficiency.

Capturing Extracellular Vesicles from Urine Samples.
We investigated the device’s capability of capturing EVs from
urine samples. Urine from a healthy donor was centrifuged at
2000g for 10 min (Eppendorf Centrifuge 5702) to remove
cellular debris, to prevent clogging the trap, and the supernatant
was collected. The trap was mounted vertically, with the outlet
pointing downward. The system was primed with Dulbecco’s
phosphate-buffered saline (PBS), followed by loading the trap
with seed particles (12 μm polystyrene). Different volumes of
urine (1, 2, or 3 mL) were run through the trap at a flow rate of
500 μL/min to capture EVs. The trap was then rinsed with 1 mL
of PBS to wash away the urine supernatant. Finally, the
ultrasound was turned off and the cluster was allowed to
sediment for 5 s to get closer to the exit before it was recovered in
a volume of 250 μL of PBS at a flow rate of 5000 μL/min.
The samples were then analyzed either by nanoparticle

tracking (NTA) (NanoSight LM14C, Malvern Panalytical,
U.K.) or by chip-based capillary electrophoresis (Agilent 2100
Bioanalyzer System, Agilent). The NTAmeasurements assessed
the size distribution and concentration of particles in the
samples. The samples that were analyzed in the bioanalyzer were
first treated with 0.5 μg/μL ribonuclease (RNase) to remove any
free RNA, thus ensuring that any detected RNA originated from
inside vesicles. Vesicle-borne RNA was then extracted using
Norgen’s Single Cell RNA Purification Kit, following the
protocol for “Total RNA purification from Plasma or Serum”.
The RNAwas eluted with 10 μL of elution buffer provided in the
kit. One microliter of this solution was then loaded into an

Figure 2. (A) Three-dimensional schematic of the acoustic trapping device. A glass capillary is attached to a piezoelectric transducer. The transducer is
soldered to a circuit board for electronic interfacing and controlling the sound wave. (B)Model of the trapping device viewed from the top. Particles are
trapped over the transducer. (C)Model of the standing acoustic wave inside the channel viewed from the side. Particle clusters are shown, collected in
the nine nodes created by the standing wave.
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mRNA Pico Chip and analyzed in the bioanalyzer to give the
length distribution and concentration of RNA in the sample.
Capturing Extracellular Vesicles for Mass Spectrome-

try. To further assess the trap and to observe if there are clear
differences in protein content between the trapped and non-
trapped samples, the urine samples were analyzed using mass
spectrometry. One, two, or three milliliters of urine was
processed in the acoustic trapping unit following the protocol
as above. The trapped and washed EVs from the acoustic trap,
along with a triplicate of the non-trapped sample were lysed
using a Bioruptor Plus (Diagenode) using 20 cycles (30 s on and
30 s off) using the low setting. The proteins in the samples were
then prepared for quantitative data-independent acquisition
mass spectrometry (DIA-MS) using trypsin double digestion.
One hundred μL of each sample, along with 4.6 μL of a 10 M
urea and 50 mM ammonium bicarbonate (ABC) solution and 2
μL of 0.5 μg/μL sequencing grade trypsin, (Promega) was
mixed and incubated at 37 °C for 30 min. The urea-ABC
solution (45.4 μL) was added and the samples were incubated at
room temperature for 30 min. The cysteine bonds were reduced
with 0.5 μL of 500 mM tris(2-carboxyethyl)phosphine (TCEP)
(at 37 °C for 60 min) and then alkylated with 1 μL of 500 mM
iodoacetamide (at room temperature for 30 min). The samples
were diluted with 250 μL of 100 mM ABC to a urea
concentration below 1.5 M, and 2 μL of trypsin was added for
protein digestion (at 37 °C for 16 h). The samples were acidified
to a pH of 2−3 using 10% formic acid and the peptides were
purified using SOLAμ HRP reverse phase columns (Thermo
Scientific). The peptides were dried in a SpeedVac (miVAC
DUO) and reconstituted in 2% acetonitrile and 0.2% formic

acid. The peptide content in each sample was measured using a
spectrophotometer (DeNovix, DS-11 FX+) to ensure an equal
amount of peptides from each sample (0.5 μg) was injected into
the mass spectrometer.

Liquid Chromatography Tandem Mass Spectrometry
(LC-MS/MS). The peptides were analyzed using data-depend-
ent mass spectrometry analysis (DDA-MS) and data-independ-
ent mass spectrometry analysis (DIA-MS) on a Q Exactive HFX
(Thermo Scientific) connected to an EASY-nLC 1200 (Thermo
Scientific). The peptides were separated on a Thermo EASY-
Spray column (Thermo Scientific 50 cm column, column
temperature 45 °C) operated at a maximum pressure of 800 bar.
A linear gradient of 4−45% acetonitrile in aqueous 0.1% formic
acid was run for 50 min for both DDA and DIA. For DDA
analysis, one full MS scan (resolution 60 000 for a mass range of
390−1210 m/z) was followed by MS/MS scans (resolution
15 000) of the 15 most abundant ion signals. The precursor ions
with 2 m/z isolation width were isolated and fragmented using
higher-energy collisional-induced dissociation at a normalized
collision energy of 30. The automatic gain control was set as 3e6
for full MS scan and 1e5 for MS/MS. For DIA, a full MS scan
(resolution 60 000 for a mass range of 390−1210 m/z) was
followed by 32 MS/MS full fragmentation scans (resolution
30 000) using an isolation window of 26m/z (including 0.5m/z
overlap between the previous and next window). The precursor
ions within each isolation window were fragmented using
higher-energy collisional-induced dissociation at a normalized
collision energy of 30. The automatic gain control was set to 3e6
for MS and 1e6 for MS/MS.

Figure 3. Pictures of particle clusters captured and retained in the multinodal acoustic trap. The flow rate in all pictures is 500 μL/min. (A) Bright-field
image of the seed particle clusters viewed from the top. (B) Seed particle cluster viewed from the side. (C) Fluorescence image of a seed particle cluster
enriched with 500 nm fluorescent polystyrene particles, viewed from the top. White dashed lines indicate the transducer. (D) Seed particle cluster
enriched with 500 nm fluorescent polystyrene particles, viewed from the side. Blue dashed lines indicate the capillary wall. In both (B) and (D), nine
clusters of particles can be seen stacked vertically above the transducer. The transducer is located at the top of the picture. The curved edges of the
capillary cause optical distortions close to the wall, making the clusters appear more smeared.
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Mass Spectrometry Data Analysis. MS raw data were
converted to gzipped and Numpressed mzML using35 the tool
MSconvert from the ProteoWizard, v3.0.5930 suite.36 All data
analyses were stored and managed using openBIS.37 DDA data
acquired spectra were analyzed using the search engine X!
Tandem (2013.06.15.1-LabKey, Insilicos, ISB),38 OMSSA
(version 2.1.8),39 and COMET (version 2014.02 rev.2)40

against an in-house compiled database containing the Homo
sapiens and S. pyogenes serotype M1 reference proteomes
(UniProt proteome IDs UP000005640 and UP000000750,
respectively), yielding a total of 22 155 protein entries and an
equal amount of reverse decoy sequences. Fully tryptic digestion
was used allowing two missed cleavages. Carbamidomethylation
(C) was set to static and oxidation (M) to variable
modifications, respectively. Mass tolerance for precursor ions
was set to 0.2 Da, and for fragment ions to 0.02 Da. Identified
peptides were processed and analyzed through the Trans-
Proteomic Pipeline (TPP v4.7 POLAR VORTEX rev 0, Build
201403121010) using PeptideProphet.41 The false discovery
rate (FDR) was estimated with Mayu (v1.7) and peptide
spectrummatches (PSMs) were filtered with protein FDR set to
1% resulting in a peptide FDR > 1%.
The DIA data were processed using the OpenSWATH

pipeline.42 For DIA data analysis, spectral libraries from the
above DDA data set were created in openBIS using SpectraST
(version 5.0, TPP v4.8.0 PHILAE, build 201506301157-
exported (Ubuntu-x86_64)) in TPP.43 For DIA data analysis,
raw data files were converted to mzXML using msconvert and
analyzed using OpenSWATH (version 2.0.1revision: c23217e).
The retention time (RT) extraction window was±300 s, andm/
z extraction was set at 0.05Da tolerance. RTwas calibrated using
iRT peptides. Peptide precursors were identified by Open-
SWATH (2.0.1) and PyProphet (2.0.1), using a false discovery
rate of 1% at the peptide precursor level and 1% at the protein
level, and TRIC44 for reducing the identification error. The
resulting DIA data sets were analyzed using Jupyter Notebooks
(version 3.1.1).

■ RESULTS AND DISCUSSION
Multinode Acoustic Trapping. The multinodal trapping

unit can be seen in Figure 3. The trap showed nine distinct
trapping nodes where seed particles (12 μm polystyrene) were
enriched and retained against the flow (Figure 3a,b).
Fluorescence imaging showed that it was also possible to
capture and enrich smaller fluorescent particles (500 nm)
(Figure 3c,d). It should be mentioned that pictures A, B, C, and
D in Figure 3 were all taken of different clusters.
Performance Testingwith Polystyrene Beads.To assess

the trapping capacity of the device for different levels of input
power, the ability of the multinode trap to retain seed particles at
different actuation voltages was investigated. Increased power
should increase the strength of the acoustic field but can also
introduce problems with overheating. The system displayed
increased trapping capacity with increasing voltage over the
transducer (Figure 4), which is in agreement with the higher
acoustic energy density in the trapping region at elevated
voltage. However, the system saturated at around 860 000 seed
particles (12 μm polystyrene) while operating at a flow rate of
500 μL/min (Figure 4). Compared to the commercial single-
node AcouTrap system, which has a maximum capacity of
20 000 identical particles (data provided by AcouSort AB),45

this corresponded approximately to a 40-fold increase in the
seed particle capacity of the system.

The throughput and trapping efficiency of the trap was
evaluated by trapping fluorescent 500 nm particles at varying
flow rates, with the trapping efficiency being defined as the
percentage of input particles that are caught in the trap. The
results from the throughput and trapping efficiency measure-
ments can be seen in Figure 5. The large capillary allows for

faster flow rates without increasing the drag force on the trapped
particle clusters and without decreasing the time for the particle
to migrate to the pressure nodes compared to a smaller capillary.
The device was able to hold a stable seed particle cluster and trap
submicron particles by the particle scattered sound interaction at
flow rates of up to 2000 μL/min. The trapping efficiency
decreased with the increase of the flow rate, with the highest
average efficiency of 28% at 100 μL/min and the lowest of 9.5%
at 2000 μL/min. The drop in trapping efficiency was expected as
an increased flow rate increases the flow velocity of the particles
and therefore decreases the time window for a given particle to
be caught in the trap.
A high flow rate is a major advantage, as it allows for the rapid

enrichment of particles and vesicles from larger sample volumes.
It is clear that even though the multinode trap did not display a
trapping efficiency higher than 28%, the high throughput still

Figure 4. Capacity of the acoustic trap (actuated at voltages ranging
from 7 to 15 Vpp) asmeasured by the amount of 12 μmpolystyrene seed
particles that could be retained simultaneously at a flow rate of 500 μL/
min. The standard deviation is displayed as error bars (N = 3).

Figure 5. Trapping efficiency of the acoustic trap, as measured by the
recovery of 500 nm fluorescent polystyrene particles, over a range of
flow rates. The voltage was kept constant at 11 Vpp for all flow rates. The
standard deviation is displayed as error bars (N = 3). The increasing
flow rate decreases the trapping efficiency.
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enables a rapid capture of particles/vesicles per unit time. This is
highly useful for samples with a more dilute concentration of
particles, for example, urine. An alternative to the multinode
system presented herein could be multiple single-node trapping
regions in series; however, the benefits of using a larger single
trapping zone with multiple nodes become evident in the vastly
increased flow rate offered. Furthermore, a system with multiple
parallel trapping capillaries could possibly match the throughput
of the multinode system, but the increased complexity in terms
of driving electronics and associated costs of multiple trapping
units as well as electronic circuitry makes it a less attractive
alternative.
A flow rate of 500 μL/min was considered a good

compromise between throughput and trapping efficiency and
was chosen as the operating flow rate for further experiments
with biological fluids.
Extracellular Vesicles from Urine Samples. After the

trapping performance had been evaluated with 500 nm PS
beads, we investigated the potential for trapping extracellular
vesicles from the urine samples, using the optimized settings
from above. Urine from a healthy donor (1, 2, and 3 mL) was
processed in the trap and the particle content was evaluated
using nanoparticle tracking analysis (NTA; Figure 6a,b), and the
vesicle RNA content was measured using an Agilent mRNA Pico
Chip in a bioanalyzer (Agilent 2100 Bioanalyzer System)
(Figure 6c,d).
The NTAmeasurements showed a clear peak of EVs at 89 nm

(Figure 6a), and the amount of trapped EVs increased with
increasing input sample volume (Figure 6b). On average, 0.86 ×
109 EVs were trapped from 3mL of urine. It can be observed that
the sizes of the captured EVs were within the exosomal size
range. The increase in trapped EVs was however not
proportional to the input volume. Increasing the input sample
from 1 to 3 mL only yielded a 45% increase in trapped EVs. An

explanation for this could be that the trapping efficiency of
particles might not be constant over time and we hypothesize
that the system displays a higher trapping efficiency for the first
fraction of a sample passing through the trap and as the seed
trapping cluster fills with particles, the trapping efficiency drops
correspondingly.
Further, Figure 6c illustrates the results of the bioanalyzer,

with a peak in EV-derived RNA sequences at about 200
nucleotides in length, and Figure 6d gives the total amount of
extracted RNA. As expected, processing a larger sample yielded
an increased amount of intravesicular RNA. It should be noted
that the samples were treated with RNase before the vesicles
were lysed to eliminate any free-floating RNA from the samples.
This ensured that all of the detected RNA originated from the
internal vesicle cargo. On average, 3 mL of urine yielded 2 ng of
purified intravesicular RNA. Similar to Figure 6b, the amount of
recovered RNA did not increase proportionally with the
increased input volume. Here, it is also seen that the increase
in the input sample volume from 1 to 3 mL increased the RNA
yield by 45%.
Our multinodal device trapped extracellular vesicles from

urine at a flow rate of 500 μL/min. The total processing time for
3 mL of urine, including loading of seed particles, washing, and
eluting, was 12 min and yielded 2 ng of intravesicular RNA. This
can be compared with results from Ku et al.,10 who in a similar
study, using a single-node system, isolated extracellular vesicles
from the urine samples. Theymanaged to isolate 0.79 ng of RNA
from 9.75 mL of urine in approximately 20 h, operating at a flow
rate of 15 μL/min and pooling EVs from 11 trapping rounds.

Capturing Extracellular Vesicles for Mass Spectrome-
try. To evaluate how the enriched population of EVs differed in
the protein content compared to non-trapped urine, we
subjected the trapped and non-trapped samples to quantitative
mass spectrometry analysis (Figure 7).

Figure 6. Extracellular vesicle trapping from 1, 2, and 3 mL of the urine samples. The flow rate was fixed at 500 μL/min for all samples. (A) The size
distribution of particles from 3mL of trapped urine with a vesicle peak at 89 nm. (B) Particle concentration in the eluted fraction of EVs from the NTA
measurements for varying volumes of the input sample. Background from PBS has been subtracted. (C) The length distribution of intravesicle RNA
from trapped vesicles expressed in the number of nucleotides. The first and the highest peaks represent the nucleotide reference ladder that was added
to calibrate the system and should be ignored. The vesicle-derived RNA is seen in the peak around 200 nucleotides in length, highlighted in the gray
zone. (D) The average total amount of RNA extracted for each input volume of urine.
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The subsequent MS analysis revealed substantial differences
between the trapped samples and the non-trapped samples
(Figure 7). In contrast, there were only minor differences in the
protein content between the varying sample volumes. Visualiz-
ing the relative protein quantities in a column-normalized
heatmap reveals three distinct protein clusters. Protein cluster I
contains proteins found in higher abundance in the non-trapped
samples, suggesting that these proteins are not associated with
EVs and are washed away during the washing step of the
trapping sequence. Proteins with stronger intensities in the
trapped samples are found in cluster II and represent proteins
that are associated with the EVs that have been enriched during
the trapping step. Cluster III contains proteins with a higher
degree of variability, due to partial or weak association with the
EVs. The limited differences in the protein content for the
different volumes of trapped urine are expected since the same
amount of the starting material (0.5 μg) was injected for mass
spectrometry analysis. Additionally, the data for each injection
has been TIC-normalized (total ion current) to account for any
differences in the amount of the peptide injected. Trappingmore
of the same urine sample should not change the type or ratio of
the protein being captured; it should only change the amount of
the protein captured. For a detailed heatmap where individual
proteins can be seen, please see Supporting Information.
An important parameter for quantitative proteomics analysis

is reproducible sample preparation. To investigate the degree of
reproducibility, we plotted the relative standard deviation
(RSD) for all proteins (Figure 8). The trapping resulted in a
slight increase of the mean RSD from 10 and 20%. Importantly,
the vast majority of the proteins have an RSD below 50%, which
shows that the trapping only has a minor impact on
reproducibility. We conclude that the sample preparation does
not introduce a large increase in RSD, which is an important
aspect for future quantitative proteomics comparisons for
trapped EVs.

■ CONCLUSIONS
In this study, we have presented a novel acoustic trapping device
that supports a multinode resonance mode. Our results showed
that the multinodal acoustic trap had significantly increased
trapping capacity and throughput as compared to existing single-
node systems. The multinode trap was able to capture
extracellular vesicles in the exosome size range and could
process 1−3 mL samples in the order of 8−12 min. The amount
of isolated intravesicular RNA was in the low ng range. The MS
proteomic analysis of proteins derived from the acoustically
trapped samples displayed a significantly different protein
expression profile as compared to the corresponding protein
profile derived from the non-trapped urine samples. In

comparison to other reports on microfluidic EV isolation, the
throughput reported using multinodal acoustic trapping stands
out. When comparing to more conventional EV isolation
techniques, such as density gradient centrifugation, ultra-
centrifugation, ultrafiltration, immunoaffinity isolation, precip-
itation, and field flow fractionation, these fall short in the many
hour-long processing times. An effort to present the perform-
ance of different EV isolation techniques was given byWu et al.46

The new multinodal trapping system opens up for rapid, non-
contact, and label-free EV isolation from biofluids that may pave
the way for automated biomarker profiling in clinical samples.
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Q99497|PARK7_HUMAN
Q8WW52|F151A_HUMAN
P06858|LIPL_HUMAN
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A0A075B6P5|KV228_HUMAN
P01615|KVD28_HUMAN
P01009|A1AT_HUMAN
P00751|CFAB_HUMAN
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P02751|FINC_HUMAN
Q9ULV1|FZD4_HUMAN
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Table S1. List of proteins from heatmap in order from top to bottom.
 
 

Number Uniprot ID Uniprot Entry name 

1 P0C0L4 CO4A_HUMAN 

2 P0C0L5 CO4B_HUMAN 

3 O43490 PROM1_HUMAN 

4 P13473 LAMP2_HUMAN 

5 Q7Z4R8 CF120_HUMAN 

6 Q86UN3 R4RL2_HUMAN 

7 P02787 TRFE_HUMAN 

8 P16070 CD44_HUMAN 

9 P01011 AACT_HUMAN 

10 Q96IU4 ABHEB_HUMAN 

11 Q13621 S12A1_HUMAN 

12 Q99497 PARK7_HUMAN 

13 Q8WW52 F151A_HUMAN 

14 P06858 LIPL_HUMAN 

15 Q9NPG4 PCD12_HUMAN 

16 P39060 COIA1_HUMAN 

17 P04350 TBB4A_HUMAN 

18 Q6UVK1 CSPG4_HUMAN 

19 P08294 SODE_HUMAN 

20 Q9H4M9 EHD1_HUMAN 

21 Q9NZN3 EHD3_HUMAN 

22 P0DP57 SLUR2_HUMAN 

23 A0A075B6P5 KV228_HUMAN 

24 P01615 KVD28_HUMAN 

25 P01009 A1AT_HUMAN 

26 P00751 CFAB_HUMAN 

27 Q7Z5N4 SDK1_HUMAN 

28 Q02818 NUCB1_HUMAN 

29 Q9UNN8 EPCR_HUMAN 

30 P14543 NID1_HUMAN 

31 Q13477 MADCA_HUMAN 

32 P16870 CBPE_HUMAN 

33 O60888 CUTA_HUMAN 

 
 
 

  

34 P02671 FIBA_HUMAN 

35 P55000 SLUR1_HUMAN 

36 Q03403 TFF2_HUMAN 

37 P02765 FETUA_HUMAN 

38 O95336 6PGL_HUMAN 

39 P04066 FUCO_HUMAN 

40 P54760 EPHB4_HUMAN 

41 P24855 DNAS1_HUMAN 

42 Q6EMK4 VASN_HUMAN 

43 P02750 A2GL_HUMAN 

44 P08571 CD14_HUMAN 

45 Q8TDQ0 HAVR2_HUMAN 

46 P15309 PPAP_HUMAN 

47 P14410 SUIS_HUMAN 

48 Q16769 QPCT_HUMAN 

49 Q99816 TS101_HUMAN 

50 Q8WZ75 ROBO4_HUMAN 

51 O75071 EFC14_HUMAN 

52 P98160 PGBM_HUMAN 

53 O75594 PGRP1_HUMAN 

54 P00739 HPTR_HUMAN 

55 P07288 KLK3_HUMAN 

56 Q08380 LG3BP_HUMAN 

57 O75874 IDHC_HUMAN 

58 P05154 IPSP_HUMAN 

59 P14550 AK1A1_HUMAN 

60 P54802 ANAG_HUMAN 

61 Q12860 CNTN1_HUMAN 

62 P02768 ALBU_HUMAN 

63 Q2M2H8 MGAL_HUMAN 

64 P08185 CBG_HUMAN 

65 O14498 ISLR_HUMAN 

66 P22352 GPX3_HUMAN 

67 Q12907 LMAN2_HUMAN 
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68 P26992 CNTFR_HUMAN 

69 Q01459 DIAC_HUMAN 

70 Q14624 ITIH4_HUMAN 

71 P17900 SAP3_HUMAN 

72 Q08174 PCDH1_HUMAN 

73 P11684 UTER_HUMAN 

74 Q9ULI3 HEG1_HUMAN 

75 Q02747 GUC2A_HUMAN 

76 Q8IYS5 OSCAR_HUMAN 

77 B9A064 IGLL5_HUMAN 

78 P0CG04 IGLC1_HUMAN 

79 P0DOY2 IGLC2_HUMAN 

80 P0DOY3 IGLC3_HUMAN 

81 P30039 PBLD_HUMAN 

82 P01133 EGF_HUMAN 

83 P01876 IGHA1_HUMAN 

84 P01877 IGHA2_HUMAN 

85 P08637 FCG3A_HUMAN 

86 P35241 RADI_HUMAN 

87 P15311 EZRI_HUMAN 

88 Q93088 BHMT1_HUMAN 

89 P01833 PIGR_HUMAN 

90 Q6PCB0 VWA1_HUMAN 

91 P22792 CPN2_HUMAN 

92 P21709 EPHA1_HUMAN 

93 P25311 ZA2G_HUMAN 

94 Q9Y287 ITM2B_HUMAN 

95 Q08345 DDR1_HUMAN 

96 Q9Y646 CBPQ_HUMAN 

97 Q99519 NEUR1_HUMAN 

98 P14174 MIF_HUMAN 

99 Q9BY67 CADM1_HUMAN 

100 P00966 ASSY_HUMAN 

101 Q13228 SBP1_HUMAN 

102 Q6W4X9 MUC6_HUMAN 

103 P02749 APOH_HUMAN 

104 O75309 CAD16_HUMAN 

105 O95998 I18BP_HUMAN 

106 P68363 TBA1B_HUMAN 

107 Q9BQE3 TBA1C_HUMAN 

108 P08697 A2AP_HUMAN 

109 O00391 QSOX1_HUMAN 

110 P34896 GLYC_HUMAN 

111 O75015 FCG3B_HUMAN 

112 Q96KP4 CNDP2_HUMAN 

113 P02763 A1AG1_HUMAN 

114 P14618 KPYM_HUMAN 

115 P50895 BCAM_HUMAN 

116 O14786 NRP1_HUMAN 

117 P10619 PPGB_HUMAN 

118 P02649 APOE_HUMAN 

119 P09104 ENOG_HUMAN 

120 P13929 ENOB_HUMAN 

121 P01008 ANT3_HUMAN 

122 P00558 PGK1_HUMAN 

123 P04083 ANXA1_HUMAN 

124 P08473 NEP_HUMAN 

125 P61970 NTF2_HUMAN 

126 P19022 CADH2_HUMAN 

127 Q96JQ0 PCD16_HUMAN 

128 Q9UGT4 SUSD2_HUMAN 

129 P39059 COFA1_HUMAN 

130 Q6UXB8 PI16_HUMAN 

131 P38606 VATA_HUMAN 

132 Q12805 FBLN3_HUMAN 

133 Q969Z4 TR19L_HUMAN 

134 Q96PD5 PGRP2_HUMAN 

135 Q15904 VAS1_HUMAN 

136 P08572 CO4A2_HUMAN 

137 Q6UXD5 SE6L2_HUMAN 

138 P55017 S12A3_HUMAN 

139 P07204 TRBM_HUMAN 
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140 P08758 ANXA5_HUMAN 

141 Q9UHL4 DPP2_HUMAN 

142 P02788 TRFL_HUMAN 

143 P05543 THBG_HUMAN 

144 P12111 CO6A3_HUMAN 

145 P55290 CAD13_HUMAN 

146 O00182 LEG9_HUMAN 

147 P19652 A1AG2_HUMAN 

148 P26842 CD27_HUMAN 

149 Q92692 NECT2_HUMAN 

150 P01593 KVD33_HUMAN 

151 P01594 KV133_HUMAN 

152 P11117 PPAL_HUMAN 

153 P15289 ARSA_HUMAN 

154 P23142 FBLN1_HUMAN 

155 P30041 PRDX6_HUMAN 

156 Q96S96 PEBP4_HUMAN 

157 P21810 PGS1_HUMAN 

158 P34059 GALNS_HUMAN 

159 Q02487 DSC2_HUMAN 

160 P0DJD8 PEPA3_HUMAN 

161 P01624 KV315_HUMAN 

162 Q15828 CYTM_HUMAN 

163 O00187 MASP2_HUMAN 

164 Q16651 PRSS8_HUMAN 

165 P01859 IGHG2_HUMAN 

166 P13987 CD59_HUMAN 

167 P00734 THRB_HUMAN 

168 Q16270 IBP7_HUMAN 

169 P00747 PLMN_HUMAN 

170 P07911 UROM_HUMAN 

171 Q9GZM5 YIPF3_HUMAN 

172 O75144 ICOSL_HUMAN 

173 O43895 XPP2_HUMAN 

174 Q96DA0 ZG16B_HUMAN 

175 Q9H6B4 CLMP_HUMAN 

176 P25940 CO5A3_HUMAN 

177 Q9NY65 TBA8_HUMAN 

178 P04180 LCAT_HUMAN 

179 P62937 PPIA_HUMAN 

180 O43707 ACTN4_HUMAN 

181 Q92859 NEO1_HUMAN 

182 P61916 NPC2_HUMAN 

183 P09467 F16P1_HUMAN 

184 Q6UX06 OLFM4_HUMAN 

185 Q68D85 NR3L1_HUMAN 

186 P07195 LDHB_HUMAN 

187 P33908 MA1A1_HUMAN 

188 Q92956 TNR14_HUMAN 

189 P16112 PGCA_HUMAN 

190 P01860 IGHG3_HUMAN 

191 Q9UBX5 FBLN5_HUMAN 

192 P07858 CATB_HUMAN 

193 Q9BYE9 CDHR2_HUMAN 

194 P28799 GRN_HUMAN 

195 P98095 FBLN2_HUMAN 

196 Q6GTX8 LAIR1_HUMAN 

197 O76076 WISP2_HUMAN 

198 Q14118 DAG1_HUMAN 

199 Q07507 DERM_HUMAN 

200 Q8NFZ8 CADM4_HUMAN 

201 P41222 PTGDS_HUMAN 

202 Q96FE7 P3IP1_HUMAN 

203 Q9HBB8 CDHR5_HUMAN 

204 Q8NHM4 TRY6_HUMAN 

205 P07477 TRY1_HUMAN 

206 P07478 TRY2_HUMAN 

207 P04156 PRIO_HUMAN 

208 A6NGU5 GGT3_HUMAN 

209 P19440 GGT1_HUMAN 

210 P36268 GGT2_HUMAN 

211 Q9NQ84 GPC5C_HUMAN 
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212 P01034 CYTC_HUMAN 

213 P05090 APOD_HUMAN 

214 P01024 CO3_HUMAN 

215 P04216 THY1_HUMAN 

216 Q9HD89 RETN_HUMAN 

217 O00241 SIRB1_HUMAN 

218 P12830 CADH1_HUMAN 

219 P07998 RNAS1_HUMAN 

220 P05451 REG1A_HUMAN 

221 Q8WVN6 SCTM1_HUMAN 

222 P06396 GELS_HUMAN 

223 Q13510 ASAH1_HUMAN 

224 Q14508 WFDC2_HUMAN 

225 Q96NY8 NECT4_HUMAN 

226 P01619 KV320_HUMAN 

227 P08174 DAF_HUMAN 

228 P08118 MSMB_HUMAN 

229 P21333 FLNA_HUMAN 

230 P05452 TETN_HUMAN 

231 Q9NQS3 NECT3_HUMAN 

232 P02753 RET4_HUMAN 

233 P68032 ACTC_HUMAN 

234 P68133 ACTS_HUMAN 

235 Q6S8J3 POTEE_HUMAN 

236 P62736 ACTA_HUMAN 

237 P63267 ACTH_HUMAN 

238 A5A3E0 POTEF_HUMAN 

239 Q9BYX7 ACTBM_HUMAN 

240 P08582 TRFM_HUMAN 

241 Q5TFQ8 SIRBL_HUMAN 

242 P02766 TTHY_HUMAN 

243 Q03154 ACY1_HUMAN 

244 P14136 GFAP_HUMAN 

245 P14923 PLAK_HUMAN 

246 P05155 IC1_HUMAN 

247 P07339 CATD_HUMAN 

248 P15924 DESP_HUMAN 

249 Q9UNW1 MINP1_HUMAN 

250 P02042 HBD_HUMAN 

251 Q05639 EF1A2_HUMAN 

252 P68104 EF1A1_HUMAN 

253 Q5VTE0 EF1A3_HUMAN 

254 P06733 ENOA_HUMAN 

255 P98164 LRP2_HUMAN 

256 P04746 AMYP_HUMAN 

257 P04745 AMY1_HUMAN 

258 P19961 AMY2B_HUMAN 

259 P68871 HBB_HUMAN 

260 Q6UXB4 CLC4G_HUMAN 

261 P19320 VCAM1_HUMAN 

262 Q7Z3B1 NEGR1_HUMAN 

263 P15941 MUC1_HUMAN 

264 Q02413 DSG1_HUMAN 

265 Q92520 FAM3C_HUMAN 

266 P06727 APOA4_HUMAN 

267 Q99715 COCA1_HUMAN 

268 Q9GZX9 TWSG1_HUMAN 

269 P01033 TIMP1_HUMAN 

270 P04004 VTNC_HUMAN 

271 Q9BRK3 MXRA8_HUMAN 

272 P01040 CYTA_HUMAN 

273 Q01469 FABP5_HUMAN 

274 P09525 ANXA4_HUMAN 

275 Q9H299 SH3L3_HUMAN 

276 P16035 TIMP2_HUMAN 

277 A0M8Q6 IGLC7_HUMAN 

278 P0CF74 IGLC6_HUMAN 

279 A0A0A0MRZ8 KVD11_HUMAN 

280 P04433 KV311_HUMAN 

281 P01834 IGKC_HUMAN 

282 P35555 FBN1_HUMAN 

283 P27487 DPP4_HUMAN 
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284 Q9HCN6 GPVI_HUMAN 

285 P30086 PEBP1_HUMAN 

286 Q12794 HYAL1_HUMAN 

287 P60709 ACTB_HUMAN 

288 P63261 ACTG_HUMAN 

289 O96009 NAPSA_HUMAN 

290 P00746 CFAD_HUMAN 

291 P09211 GSTP1_HUMAN 

292 Q562R1 ACTBL_HUMAN 

293 P09603 CSF1_HUMAN 

294 P05067 A4_HUMAN 

295 P13727 PRG2_HUMAN 

296 O75882 ATRN_HUMAN 

297 P05062 ALDOB_HUMAN 

298 Q86V85 GP180_HUMAN 

299 P62987 RL40_HUMAN 

300 P62979 RS27A_HUMAN 

301 P0CG47 UBB_HUMAN 

302 P0CG48 UBC_HUMAN 

303 P12109 CO6A1_HUMAN 

304 Q9UKU9 ANGL2_HUMAN 

305 P01857 IGHG1_HUMAN 

306 P78324 SHPS1_HUMAN 

307 O95967 FBLN4_HUMAN 

308 P0CG38 POTEI_HUMAN 

309 Q14393 GAS6_HUMAN 

310 Q15113 PCOC1_HUMAN 

311 P00450 CERU_HUMAN 

312 P07686 HEXB_HUMAN 

313 P80303 NUCB2_HUMAN 

314 P05156 CFAI_HUMAN 

315 P13598 ICAM2_HUMAN 

316 O75787 RENR_HUMAN 

317 P15121 ALDR_HUMAN 

318 P08195 4F2_HUMAN 

319 P69905 HBA_HUMAN 

320 Q92820 GGH_HUMAN 

321 P31944 CASPE_HUMAN 

322 Q9NZT1 CALL5_HUMAN 

323 P23528 COF1_HUMAN 

324 P00749 UROK_HUMAN 

325 P78380 OLR1_HUMAN 

326 P15291 B4GT1_HUMAN 

327 Q9UN70 PCDGK_HUMAN 

328 Q8WXA2 PATE1_HUMAN 

329 P16444 DPEP1_HUMAN 

330 Q9Y6R7 FCGBP_HUMAN 

331 P14384 CBPM_HUMAN 

332 P17927 CR1_HUMAN 

333 P22105 TENX_HUMAN 

334 P24821 TENA_HUMAN 

335 P01019 ANGT_HUMAN 

336 P07602 SAP_HUMAN 

337 Q16473 TENXA_HUMAN 

338 Q5ZPR3 CD276_HUMAN 

339 P19835 CEL_HUMAN 

340 P16278 BGAL_HUMAN 

341 P55287 CAD11_HUMAN 

342 P02760 AMBP_HUMAN 

343 P00738 HPT_HUMAN 

344 P10909 CLUS_HUMAN 

345 P43251 BTD_HUMAN 

346 Q9Y5Y7 LYVE1_HUMAN 

347 Q9Y6W3 CAN7_HUMAN 

348 O43505 B4GA1_HUMAN 

349 Q8IWU5 SULF2_HUMAN 

350 P12277 KCRB_HUMAN 

351 P02751 FINC_HUMAN 

352 Q9ULV1 FZD4_HUMAN 

353 O00560 SDCB1_HUMAN 

354 P43121 MUC18_HUMAN 

355 O95460 MATN4_HUMAN 
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356 Q9HAT2 SIAE_HUMAN 

357 P04406 G3P_HUMAN 

358 P06280 AGAL_HUMAN 

359 P02774 VTDB_HUMAN 

360 Q6FHJ7 SFRP4_HUMAN 

361 O00468 AGRIN_HUMAN 

362 Q9BYF1 ACE2_HUMAN 

363 P07437 TBB5_HUMAN 

364 P68371 TBB4B_HUMAN 

365 Q13885 TBB2A_HUMAN 

366 Q9BVA1 TBB2B_HUMAN 

367 P10253 LYAG_HUMAN 

368 P26038 MOES_HUMAN 

369 Q86T13 CLC14_HUMAN 

370 P06870 KLK1_HUMAN 

371 P08236 BGLR_HUMAN 

372 A0A0C4DH25 KVD20_HUMAN 

373 Q7Z5L0 VMO1_HUMAN 

374 P01861 IGHG4_HUMAN 

375 P01042 KNG1_HUMAN 

376 P22891 PROZ_HUMAN 

377 P04279 SEMG1_HUMAN 

378 P10451 OSTP_HUMAN 

379 Q02383 SEMG2_HUMAN 

380 Q8N114 SHSA5_HUMAN 

381 P06312 KV401_HUMAN 

382 P10153 RNAS2_HUMAN 

383 P29622 KAIN_HUMAN 

384 Q9H8L6 MMRN2_HUMAN 

385 O94919 ENDD1_HUMAN 

386 P30530 UFO_HUMAN 

387 P02790 HEMO_HUMAN 

388 P60174 TPIS_HUMAN 

389 Q9UIB8 SLAF5_HUMAN 

390 O14773 TPP1_HUMAN 

391 P02647 APOA1_HUMAN 

392 P0CG39 POTEJ_HUMAN 

393 P15144 AMPN_HUMAN 

394 Q5JS37 NHLC3_HUMAN 

395 O95865 DDAH2_HUMAN 

396 P00441 SODC_HUMAN 

397 Q13332 PTPRS_HUMAN 

398 O60494 CUBN_HUMAN 

399 Q8TF66 LRC15_HUMAN 

400 O43451 MGA_HUMAN 

401 P15586 GNS_HUMAN 

402 Q96RW7 HMCN1_HUMAN 

403 Q07075 AMPE_HUMAN 

404 Q9HCU0 CD248_HUMAN 

405 P15328 FOLR1_HUMAN 

406 O75084 FZD7_HUMAN 

407 P53634 CATC_HUMAN 

408 P04217 A1BG_HUMAN 

409 P12273 PIP_HUMAN 

410 O75351 VPS4B_HUMAN 

411 Q7Z7M0 MEGF8_HUMAN 

412 P07355 ANXA2_HUMAN 

413 P40189 IL6RB_HUMAN 
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Abstract
Extracellular vesicles (EVs) are derived from the membrane
of platelets and released into the circulation upon activation
or injury. Analogous to the parent cell, platelet-derived EVs
play an important role in hemostasis and immune responses
by transfer of bioactive cargo from the parent cells. Platelet
activation and release of EVs increase in several pathological
inflammatory diseases, such as sepsis. We have previously
reported that the M1 protein released from the bacterial
pathogen Streptococcus pyogenes directly mediates platelet
activation. In this study, EVs were isolated from these
pathogen-activated platelets using acoustic trapping, and
their inflammation phenotype was characterized using
quantitative mass spectrometry-based proteomics and
cell-based models of inflammation. We determined that
M1 protein mediated release of platelet-derived EVs that
contained the M1 protein. The isolated EVs derived from
pathogen-activated platelets contained a similar protein
cargo to those from physiologically activated platelets

(thrombin) and included platelet membrane proteins, gran-
ule proteins, cytoskeletal proteins, coagulation factors, and
immunemediators. Immunomodulatory cargo, complement
proteins, and IgG3were significantly enriched in EVs isolated
from M1 protein-stimulated platelets. Acoustically enriched
EVs were functionally intact and exhibited pro-inflammatory
effects on addition to blood, including platelet-neutrophil
complex formation, neutrophil activation, and cytokine re-
lease. Collectively, our findings reveal novel aspects of
pathogen-mediated platelet activation during invasive
streptococcal infection. © 2023 The Author(s).

Published by S. Karger AG, Basel

Introduction

Extracellular vesicles (EVs) are small vesicular bodies
(30 nm–1 μm) that are derived from the cell membrane of
various cells upon activation or injury, such as platelets,
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endothelial cells, erythrocytes, and leukocytes [1]. EVs
can carry numerous bioactive molecules such as RNA,
lipids, and proteins and typically present cell-specific
surface antigens that reflect their cell of origin [2, 3].
EVs are continuously produced and found in all fluids of
the human body but are most concentrated in the blood,
where the majority (70–90%) of the circulating EVs are
derived from platelets [4].

Platelets are the main regulators of hemostasis by
prevention of bleeding and promotion of wound healing.
This is achieved through the release of proteins and
bioactive products from the platelet granules and upreg-
ulation of platelet surface receptors [5, 6]. Platelets have
also been shown to become activated in response to
infection and inflammation. Platelets interact with in-
flammation mediators, such as fibrinogen, IgG, and
complement proteins [7], and directly modulate the
function of other immune cells, including neutrophils
and monocytes [5]. Platelet-derived EVs are also attrib-
uted an important role in maintaining hemostasis by
provision of a binding surface for fibrinogen and coag-
ulation factors [8]. The immunomodulatory effects of
platelet-derived EVs are less investigated, but they can
transfer bioactive cargo to immune cells, such as leuko-
cytes, resulting in either activation or inhibition of leu-
kocyte effector function [9]. Platelet-derived EVs also
contribute to innate and adaptive immunity through
antigen presentation via MHC-1 molecules and have
access to the lymphoid organs and the bone marrow
[10]. Circulating levels of EVs increase in several patho-
logical states, such as thrombosis, rheumatoid arthritis,
cancer, and sepsis [11, 12]. For example, platelet EV-
derived mitochondrial damage-associated molecular pat-
terns have been shown to enhance pro-inflammatory
adverse reactions in transfusion recipients [13, 14].
The content and biological function of EVs may differ
depending upon the agonist or conditions responsible for
activation in distinct physiological or pathological sce-
narios [15, 16]; therefore, quantitative studies on the
protein cargo of platelet-derived EVs may represent an
important source of biomarkers of disease. The purpose
of our study was to isolate and characterize EVs that may
be released from pathogen-activated platelets during
bacterial sepsis.

Sepsis is a life-threatening organ dysfunction caused by
a dysregulated host response to infection [17]. The dual
role of platelets in hemostasis and the immune response
places them as key sentinels in the response to sepsis. S.
pyogenes more commonly causes throat and skin infec-
tions; however, invasive disease such as sepsis is associ-
ated with distinct serotypes of the bacteria. The emm1

serotype of S. pyogenes is the most commonly associated
with invasive disease [18]. The surface-associated M1
protein of the emm1 serotype contributes to evasion of
the complement system and phagocytosis through inter-
action with several host plasma proteins: fibrinogen,
albumin, the Fc-domain of IgG, and complement regu-
latory proteins [19]. The M1 protein can also be released
from the bacterial surface to mediate activation of neu-
trophils, monocytes, and T cells [19]. We have previously
demonstrated that M1 protein can activate platelets [20,
21] and stimulate platelet-leukocyte complex formation
[22] as a result of the formation of immune complexes
containing specific anti-M protein IgG and fibrinogen
that engage with both the Fc- and the fibrinogen receptors
on platelets incubated with fibrinogen-binding serotypes
of M protein [20, 23–25].

A recently developed technology for isolating EVs is
acoustic trapping, which utilizes an ultrasonic standing
wave generated inside a microfluidic channel. Particles in
the sound field that are denser and less compressible than
the surrounding fluid will move to the pressure nodes in
the field, where they can be retained against a flow [26]. In
this way, acoustic trapping can be used for isolation,
enrichment, and washing of EVs [27]. We recently
reported on an acoustic trapping platform with signifi-
cant improvements in throughput and capacity that
enabled processing of milliliter sample volumes in mi-
nutes [28]. The decreased processing time and ability to
work with small sample volumes, in combination with
gentle forces, make acoustic trapping an attractive meth-
od for EV isolation as compared to conventional tech-
niques such as ultracentrifugation.

In this work, we have applied an acoustic trapping
platform to isolate platelet-derived EVs, with the aim of
characterizing the EVs derived from plasma supernatants
of pathogen (M1 protein)-stimulated platelets as com-
pared with EVs from physiologically activated (resting or
thrombin-activated) platelets. We applied quantitative
mass spectrometry-based proteomics to characterize
the protein cargo of enriched EV populations, and the
functional integrity of acoustically enriched EVs was
assessed in blood cell inflammation models.

Materials and Methods

Blood Collection and Preparation
Blood was collected from healthy donors into 0.1 M Na3 citrate

as an anticoagulant and centrifuged at 150 g for 15 min to obtain
platelet-rich plasma (PRP). Informed consent was obtained from
the donors prior to blood collection, and ethical approval was
obtained from the Local Ethics Committee (approval 2015/801).
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M1 Protein Purification
M1 protein was purified from the S. pyogenes mutant strain

MC25, which lacks the cell wall-anchoring domain and secretes
M1 protein into the supernatant, as previously described [20].
Briefly, MC25 bacteria were grown in Todd Hewitt broth with
yeast, and proteins from the supernatant were precipitated with
80% (NH4)2SO4. The precipitate was dialyzed against PBS and
purified on Sepharose coupled with human fibrinogen. The M1
protein was eluted with 0.2 M glycine (pH 2.0) and dialyzed against
PBS. Purified M1 protein was confirmed using SDS-PAGE.

Flow Cytometry for Determination of Platelet Activation
Flow cytometry was used to investigate platelet activation in

response to M1 protein as previously described [21]. PRP from
five healthy donors was diluted 2:3 in 1 mM HEPES buffer pH 7.4
and stimulated with M1 protein (2.5 μg/mL) for 15 min at room
temperature. HEPES buffer alone was used to determine the back-
ground platelet activation, and the platelet agonist thrombin (1U/mL,
Triolab) was used as a positive control for platelet activation during
hemostasis. The anticoagulant peptide Gly-Pro-Arg-Pro (1.25 mg/
mL; Bachem) was added prior to stimulation with thrombin to
prevent fibrin polymerization and coagulation. After stimulation,
the samples were incubated with anti-CD62P-PE (1:10) (BD Bio-
sciences, clone AC1.2) for 15 min at room temperature protected
from light. Platelet counts were acquired on an Accuri C6 Plus flow
cytometer (BDBiosciences), and the data were analyzed using C6 Plus
Software. Platelets were gated based on size and granularity in
logarithmic mode, and the CD62P intensity for the gated population
was analyzed in histograms.

Isolation of EVs Using Acoustic Trapping
PRP from four healthy donors was stimulated with M1 protein

(2.5 μg/mL), HEPES buffer alone, or thrombin (1 U/mL, Triolab), as
described for flow cytometry. The samples were centrifuged at 1,600 g
for 5 min, and the plasma supernatants, containing platelet-derived
EVs, were processed on an acoustic trapping platform as previously
described [28]. We have previously demonstrated that acoustic
trapping generates equivalent populations of EVs as ultracentrifuga-
tion [29]. Briefly, an ultrasonic standing wave is generated in a glass
capillary, and particles in the vicinity of the trap will move toward the
pressure nodes of the standing wave, where they can be captured and
retained against flow. By preloading the trap with large seed particles,
submicron particles can be enriched through interaction with the seed
particles [26]. This allows for isolation, enrichment, and washing of
submicron particles, such as EVs. Prior to trapping, 400 μL of each
plasma sample was diluted with D-PBS (Sigma-Aldrich) to 2,000 μL,
yielding a concentration of 20% plasma. The trap was actuated at
12 Vpp (peak-to-peak) and loaded with 12 μm polystyrene seed
particles (Sigma-Aldrich) to establish a seed particle cluster. The
cluster was thenwashedwith 1mLPBS in order to remove excess seed
particles. Sample was then run through the trap to isolate EVs in the
seed particle cluster. While being held in the trap, the EVs were
washed with 5 mL of PBS to remove background plasma proteins.
Unless otherwise stated, the operating flowrate for all steps was
500 μL/min. Finally, the sound was turned off, and the cluster was
allowed to sediment for 5 s to get closer to the exit, before it was eluted
in a volume of 130 μL PBS at 5,000 μL/min. The isolated vesicles were
then analyzed using flow cytometry and mass spectrometry. Addi-
tionally, the functional aspect of isolated EVswas investigated through
addition of EVs to whole blood.

High-Sensitivity Flow Cytometry
Platelet-derived EVs in plasma or enriched by acoustic trapping

were characterized using flow cytometry. PRP from the same four
healthy donors as above was stimulated with M1 protein, throm-
bin, or HEPES buffer alone; plasma was collected; and EVs were
isolated as described above. Platelet-derived EVs in plasma and
acoustic trap-isolated EVs were incubated with PE-Cy™5 labeled
mouse anti-human CD42b (0.25 mg/mL, BD Bioscience, Clone
HIP1) for 30 min at room temperature protected from light.
Samples were acquired on an Amnis CellStream Flow Cytometer
(Luminex). Flow cytometer performance tracking was performed
daily before all analyses using the Amnis CellStream Calibration
Reagent (Luminex). The assigned voltage for forward scatter, side
scatter, 488 (CD62p), and 642 (CD42b) was set to 100%. Acquisi-
tion of 10 μL per sample was performed at low speed (~3 μL/min).
Silica particles (Kisker Biotech GmbH & Co., Steinfurt, Germany)
of known dimensions (100 nm, 200 nm, 300 nm, 500 nm, and
1,000 nm in diameter) were used for the instrument set up
standardization (online suppl. Fig. 1; for all online suppl. material,
see https://doi.org/10.1159/000531266). Fluorophores were cho-
sen for distinct lasers to minimize compensation requirements.

Mass Spectrometry Sample Preparation
The proteome contents of isolated EVs from trapped sam-

ples and the non-trapped fraction of the original sample from
the same four donors as above were analyzed using mass
spectrometry. The vesicles were first lysed by addition of
200 μL of RIPA buffer (Sigma-Aldrich) for 10 min followed
by mechanical disruption in a Bioruptor Plus (Diagenode) for
20 cycles (30 s on, 30 s off) using the low setting. Subsequently,
1,200 μL ice-cold acetone was added to each sample prior to
incubation at −20°C overnight. The samples were then centri-
fuged at 18,200 g for 30 min at 4°C, and the supernatant was
removed. Then, 500 μL of ice-cold 99.5% ethanol was added to
each sample, and the samples were centrifuged again at 18,200 g
for 30 min at 4°C and the supernatant removed. The samples
were then dried in a SpeedVac (miVAC DUO) for 10 min and
then resuspended in 100 μL of PBS.

The proteins were prepared for quantitative data-independent
acquisition mass spectrometry (DIA-MS) using trypsin double
digestion. A 4.6 μL solution containing 10 M urea and 50 mM

ammonium bicarbonate, as well as 2 μL 0.5 μg/μL sequencing
grade trypsin (Promega), for a final concentration of 432 mM urea,
2.16 mM ABC, and 9.4 ng/μL trypsin. The samples were incubated
for 30 min at 37°C. Next, 45.4 μL of the urea-ABC solution were
added to the samples and then incubated for 30 min at room
temperature. The cysteine bonds were reduced by adding 0.5 μL of
500 mM tris (2-carboxyethyl) phosphine, resulting in final con-
centration of 1.64 mM tris (2-carboxyethyl) phosphine, for 60 min
at 37°C. The cysteine bonds were then alkylated with 1 μL of
500 mM iodoacetamide, resulting in a final concentration of
3.26 mM iodoacetamide, for 30 min at room temperature in a
dark environment. The samples were diluted using 250 μL of
100 mM ABC for a final urea concentration below 1.5 M, and, for
protein digestion, 2 μL of trypsin were added, and the samples were
incubated for 16 h at 37°C. The samples were acidified using 10%
formic acid to a pH of 2–3, and the peptides were purified with
SOLAμ HRP reverse phase columns (Thermo Scientific). The
peptides were then dried in a SpeedVac and reconstituted in
2% acetonitrile and 0.2% formic acid. To ensure injection of an
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equal amount of peptide (1 μg) into the mass spectrometer, the
peptide content in each sample was measured using a spectropho-
tometer (DeNovix, DS-11 FX+).

Liquid Chromatography Tandem Mass Spectrometry
The peptides from each sample were analyzed using DIA-MS

analysis on a Q Exactive HF-X (Thermo Scientific) connected to an
EASY-nLC 1200 (Thermo Scientific). The peptides were separated on
a Thermo EASY-Spray column (Thermo Scientific 50 cm column)
operated at 45°C and a maximum pressure of 800 bar. A linear
gradient of 4%–45% acetonitrile in aqueous formic acid (0.1%) was
run for 50 min. A full MS scan (resolution 60,000 for a mass range of
390–1,210 m/z) was followed by 32 full fragmentation MS/MS scans
(resolution 30,000) with an isolation window of 26 m/z, including a
0.5 m/z overlap between windows. The precursor ions in each
isolation window were fragmented using higher energy collisional-
induced dissociation with normalized collision energy of 30. The
automatic gain control was set to 3e6 for MS and 1e6 for MS/MS.

Mass Spectrometry Data Analysis
Raw MS data were gzipped and Numpressed mzML [30] using

msconvert from ProteoWizard [31], v3.0.5930. Data were stored and
managed with openBIS [32]. For DIA data analysis, a previously
described spectral library containing theHomo sapiens and S. pyogenes
serotype M1 reference proteomes (UniProt proteome IDs
UP000005640 and UP000000750, respectively) was used [33]. The
DIA-MS data were processed using the OpenSWATH pipeline [34].
For data analysis, raw data files were converted to mzXML using the
tool msconvert and analyzed using OpenSWATH (version 2.0.1
revision:c23217). The retention time (RT) was calibrated using iRT
peptides, and theRT extractionwindowwas±300 s. Them/z extraction
tolerance was set at 0.05 Da. Peptide precursors were then identified by
OpenSWATH (2.0.1) and PyProphet (2.0.1), with a false discovery rate
of 1% at both the peptide precursor level and at the protein level. TRIC
[35] was used to reduce identification error. The resulting datasets were
analyzed using Jupyter Notebooks (3.1.1). Proteins identified with only
one peptide, along with keratin proteins, were discarded. Total ion
current (TIC) normalized intensities were calculated for the remaining
proteins, and the proteins were assessed using Metascape [36].

Immunoblotting
Isolated vesicles were eluted with 25 μL PBS, incubated with

reducing SDS-PAGE sample loading buffer (Thermo Fisher Scien-
tific) for 10min at 85°C, and loaded onto a stain-free protein gel (Bio-
Rad). Plasma containing EVs from platelets stimulated with M1
protein, HEPES buffer alone, or thrombin was prepared as described
above and subsequently centrifuged at 20,000 g for 90 min to isolate
the EVs. The EVs that were isolated with centrifugation were loaded
onto the gel and used as a positive control for the M1 protein. A
Prestained Protein Ladder (Thermo Fisher Scientific) was used as a
reference. SDS-PAGE was carried out, and the proteins were trans-
ferred to a membrane using a Trans-Blot Turbo System (Bio-Rad).
The membrane was incubated with 5% skim milk (Millipore) for
1 h to reduce nonspecific binding and incubated with rabbit anti-M1
protein (1.2 μg/mL, BioGenes GmbH) at 4°C overnight. The mem-
brane was washed 3 × 5 min with 0.05% Tween (Merck) in PBS and
incubated with HRP-conjugated goat anti-rabbit (1:3,000, Invitrogen)
for 1 h. The membrane was washed as described above and incubated
withWestern ECL Substrate (Bio-Rad) for 5min. Themembrane was
imaged using a ChemiDoc system (Bio-Rad).

Transmission Electron Microscopy
Isolated EVs were fixed by addition of 65 μL of paraformalde-

hyde 6% to 130 μL of isolated EVs, yielding a concentration of 2%
paraformaldehyde. The samples were incubated overnight at 4°C.
The surface charge of the sample grids (TED PELLA Inc., Athene
Hex Grids, Cu, 400M) was modified by glow discharge treatment.
30 μL of sample was added to the grid and incubated for 20 min.
Following a wash with PBS for 5 min, the samples were treated
with BSA (1%) for 10 min to reduce nonspecific binding. The EVs
were immunogold labeled with a dual stain for both CD42 andM1
proteins. Samples were treated with mouse anti-CD42 primary
antibody (1:30, BD Pharmingen) and incubated for 60 min.
Following a wash with PBS for 5 min, the samples were treated
with immunogold-conjugated secondary antibody (1:20, BBI So-
lutions, EM. Goat anti-mouse IgG, 10 nm) for 30 min and then
washed with PBS for 5 min. The staining procedure was repeated
with rabbit anti-M1 primary antibody (1:500, BioGenes GmbH)
and immunogold-conjugated secondary antibody (1:20, BBI So-
lutions, Goat anti-rabbit, 15 nm). The samples were then fixed with
1% glutaraldehyde for 5 min and washed three times with Milli-Q
for 5 min each. Finally, the samples were treated with 2% uranyl
acetate for 5 min to improve contrast and washed with Milli-Q for
1 min. The samples were then imaged on a transmission electron
microscope (FEI Tecnai Bio-Twin 120 kV).

Flow Cytometry of Platelet-Neutrophil Complex Formation and
Neutrophil Activation
Whole blood from the same four healthy donors as above was

stimulated for 15 min with 50 μL of EVs isolated from platelets from
the same donor stimulated with HEPES, thrombin, or M1 protein, as
described above. M1 protein (2.5 μg/mL) and thrombin (1U/mL) in
combination with the anticoagulant peptide Gly-Pro-Arg-Pro
(1.25 mg/mL) were used as positive controls for platelet activation.
HEPES buffer alone was used to determine the background platelet
and leukocyte activation. After stimulation, the samples were incu-
bated for 15 min protected from light with anti-CD61-PE (1:10) (BD
Biosciences, clone VI-PL2) to detect platelets associated with neu-
trophils and anti-CD11b-PerCP (1:10) (BD Biosciences, clone
ICRF44) to determine neutrophil activation. The samples were
acquired on an Accuri C6 Plus Flow Cytometer (BD Biosciences),
and the data were analyzed using C6 Plus Software. The neutrophils
were gated based on size and granularity, and the CD61 and CD11b
intensity within the neutrophil gate was analyzed in histograms.

Whole Blood Stimulation and Cytokine Quantification
Cytokine release in response to isolated platelet-derived EVs

was measured in whole blood using commercial ELISA kits. Whole
blood from five healthy donors was diluted 1:5 in RPMI medium
(Gibco, Life Technologies) and stimulated with 50 μL isolated EVs
from platelets stimulated with HEPES, thrombin, or M1 protein
for 24 h in a CO2 incubator (37°C, 5% CO2, >95% relative
humidity). Heparin (0.6 μg/mL, Sigma-Aldrich) was added in
combination with penicillin (100 mg/mL, Gibco, Life Technolo-
gies) and streptomycin (100 mg/mL, Gibco, Life Technologies) to
prevent clot formation and contamination. Lipopolysaccharide
from Escherichia coli O111:B4 (1 μg/mL, EMD Millipore Corp.)
was used as a positive control for monocyte activation, and HEPES
buffer alone was used to determine the background cytokine
release. The cytokine release mediated by M1 protein alone (2.5
μg/mL) was also investigated. After incubation, the samples were
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centrifuged at 500 g for 5 min, and cytokine and chemokine levels
in the supernatants were measured using commercial ELISA kits
for IL-6 (Invitrogen, Thermo Fisher Scientific), human CCL2/
MCP-1 (R and D Systems), and human CXCL8/IL-8 (R and D
Systems), according to manufacturer instructions.

Statistical Analyses
A Mann-Whitney U test was chosen to compare sample

distribution in two groups for nonparametric data. Sample dis-
tribution was compared to background levels, unless otherwise
stated. Median and individual values were used to present non-
parametric data for continuous variables. Results were considered
statistically significant if p < 0.05. Data were analyzed using Prism
9 (GraphPad Software).

Results

M1 Protein from a Bacterial Pathogen Mediated
Release of EVs That Were Acoustically Enriched
The purpose of this study was to use acoustic trapping

to isolate and characterize EVs derived from pathogen
(M1 protein)-stimulated platelets. A schematic overview
of sample processing and analysis is shown in Figure 1.

Platelet activation was investigated using flow cytometry
of upregulation of CD62P to the surface of platelets in
PRP from healthy donors. M1 protein and thrombin
mediated significant platelet activation in all donors. A
median of 77% and 93% of the platelet population became
activated, respectively, compared to the background level
of only 3% (Fig. 2a). EVs in plasma and isolated EVs
captured by acoustic trapping (Fig. 1) from the healthy
donors were characterized using flow cytometry. The
platelet-specific marker CD42b was used to detect
platelet-derived EVs in the size range 100–1,000 nm in
plasma from platelets stimulated with thrombin and M1
protein, as well as in plasma from resting platelets
incubated in HEPES buffer alone. The median number
of EVs detected in plasma from M1 protein-stimulated
platelets was 280,000/μL, compared to 250,000/μL in
plasma from resting platelets and 300,000/μL in plasma
from platelets stimulated with thrombin (Fig. 2b). Acous-
tic trapping generated isolated platelet-derived EVs from
thrombin, M1 protein, and resting platelets. The median
number of isolated EVs from M1 protein-stimulated
platelets was 230,000/μL, compared to 240,000/μL from

Fig. 1. Schematic illustration of the sample processing. Whole blood was collected from five healthy donors, from
which platelet-rich plasma (PRP) was prepared. Platelets in PRP were stimulated with one of three stimulants to
release EVs. The platelets were then centrifuged, and EVs from the platelet-poor plasma were isolated using
acoustic trapping. The isolated EVs were analyzed using mass spectrometry, high-sensitivity flow cytometry,
transmission electron microscopy (TEM), immunoblots, and stimulation of whole blood.
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resting platelets and 230,000/μL from platelets stimulated
with thrombin (Fig. 2c). Acoustic trapping has previously
shown enrichment of EVs below 100 nm in diameter [28,
37]; however, the flow cytometer used is unable to resolve
particles smaller than 100 nm. Therefore, only EVs in the
size range 100–1,000 nm were included in the flow
cytometry measurements, determined through the cali-
bration particles. Size distributions of all particles found
in the plasma samples, measured with nanoparticle track-
ing analysis, can be found in online supplementary
Figure 2.

Proteome Profiling of Acoustically Enriched EVs
EVs derived from platelets stimulated with the three

distinct agonists were isolated on the acoustic trapping
platform and analyzed with quantitative mass spectrom-
etry, in parallel with plasma samples of non-isolated EVs.
In total, 557 proteins were identified. Proteins that were
identified with only one peptide, along with all keratin
proteins, were discarded, resulting in 344 remaining
proteins. Protein intensities for the different samples
were TIC normalized and plotted in a heatmap
(Fig. 3a). Cluster I showed a weaker protein signal in
the isolated EVs as compared to EVs in plasma, suggest-
ing that these proteins were part of the background

plasma signal that is washed away in the acoustic
trap. Cluster II showed a stronger protein signal in the
isolated EVs as compared to EVs in plasma, indicating
proteins that were associated with vesicles and were
enriched in the acoustic trap. It should be noted that
since the protein intensities have been TIC normalized,
they represent a fraction of the total signal and not an
absolute value. A larger version of the heatmap where
individual proteins are illustrated is available (online
suppl. Fig. 3).

Metascape was used to perform gene enrichment
analysis (Fig. 3b) on the 288 proteins found in cluster
II. These proteins were associated with hemostasis, com-
plement, and coagulation cascades. To further investigate
the effects of thrombin or M1 protein activation on
released platelet EVs compared to resting platelets, TIC
normalized protein intensities for isolated EVs were
plotted in a heatmap (Fig. 3c). Cluster III shows a
stronger protein signal for EVs from thrombin- or
M1 protein-activated platelets compared to the resting
state (HEPES), suggesting these proteins are associated
with platelet activation. Cluster IV shows proteins with a
stronger signal for EVs from resting platelets, suggesting
these proteins are normally found in platelet EVs. A gene
enrichment analysis (Fig. 3d) was performed using

a b c

Fig. 2. M1 protein mediates platelet activation and release of
EVs that are enriched by acoustic trapping. Platelet activation
by the M1 protein was investigated using flow cytometry of
platelet-rich plasma (PRP) from five healthy donors (n = 5)
(a). Platelet activation is presented as percent platelets pos-
itive for CD62P. ** p < 0.01. Mann-Whitney test was used.
Concentration of platelet-derived EVs in plasma from four
healthy donors (b) and EVs after isolation with acoustic

trapping (c) was determined using high-sensitivity flow cy-
tometry. EV concentration is presented as EVs positive for
CD42b/μL. Thrombin was used as a positive control for
platelet activation and EV release, and HEPES buffer was
used as a control for background platelet activation. Mann-
Whitney test was used, sample distribution was compared to
background platelet activation in resting platelets (HEPES).
ns, not significant.

604 J Innate Immun 2023;15:599–613
DOI: 10.1159/000531266

Palm/Broman/Marcoux/Semple/Laurell/
Malmström/Shannon

D
ow

nloaded from
 http://karger.com

/jin/article-pdf/15/1/599/4125327/000531266.pdf by guest on 20 M
ay 2024



Metascape software on the 183 proteins found in cluster
III. The analysis showed a strong expression of proteins
associated with complement, coagulation cascades, and
platelet degranulation.

Distinct Proteins from Coagulation and Complement
Systems Are Upregulated in EVs Derived from
Pathogen-Stimulated Platelets
TIC normalized intensities of proteins associated with

the groups that were revealed through the Metascape
analysis were investigated further to assess differences in
protein cargo of EVs derived from resting platelets, M1
protein- and thrombin-activated platelets. Several

proteins associated with platelet activation and platelet
aggregation were observed in platelet-derived EVs from
all agonists (Fig. 4a, b). Integrin alpha-IIb (CD41), pla-
telet glycoprotein V (GPV), integrin beta-3 (CD61), and
P-selectin levels are slightly higher in EVs isolated from
resting platelets compared to EVs isolated from platelets
stimulated with thrombin and M1 protein. Platelet factor
4 (PF4) and platelet glycoprotein Ib (GPIb) were found at
equivalent levels in all EV populations (Fig. 4a, b).

Furthermore, proteins associated with blood coagula-
tion were also present in platelet-derived EVs (Fig. 4c).
Plasminogen was found at equivalent levels in all EV
populations, whereas prothrombin and von Willebrand

a

b

c

d

Fig. 3. Establishing a pipeline for proteome profiling of isolated
EVs. EVs derived from resting platelets (HEPES), and throm-
bin- or M1 protein-activated platelets were isolated on the
acoustic trapping platform and analyzed with quantitative
mass spectrometry in parallel with plasma samples of non-
isolated EVs from four healthy donors (n = 4). a Heatmap of
protein intensities for all samples. The intensities shown are the
log 10 of the TIC normalized intensities. The proteins are row
normalized, and the legend gives the z-score. Cluster I indicates

proteins with lower intensity in isolated EVs, compared to EVs
in plasma. Cluster II indicates proteins with higher signal in
isolated EVs. b Gene enrichment analysis of proteins in cluster
II, performed using Metascape. cHeatmap of protein intensities
for isolated EV samples. Cluster III indicates proteins with
higher intensity in EVs from platelets stimulated with thrombin
or M1. Cluster IV shows higher intensity in EVs from resting
platelets (HEPES). d Gene enrichment analysis of proteins in
cluster III, performed using Metascape.
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(For legend see next page.)
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factor levels were slightly lower in EVs isolated from
platelets stimulated with M1 protein compared to EVs
isolated from platelets stimulated with thrombin and
resting platelets (Fig. 4c).

Complement components and regulators of complement
system activation were found in platelet-derived EVs
(Fig. 4d). The majority of complement and complement
regulatory proteins were significantly upregulated in EVs
derived from platelets stimulated with M1 protein and
thrombin, compared with resting platelets. Only comple-
ment component C5was found at equivalent levels in all EV
populations. Interestingly, the complement regulatory pro-
tein C4BP and the complement components C1q and C9
were significantly upregulated in EVs derived from platelets
stimulated with M1 protein, as compared to both resting
and thrombin-stimulated platelets.

Fibrinogen and all four subclasses of IgG were found in
platelet-derived EVs (Fig. 4e, f). Fibrinogen was signifi-
cantly upregulated in EVs derived from platelets stimu-
lated with M1 protein and thrombin, compared to resting
platelets (Fig. 4e). Furthermore, IgG1-2 and IgG4 were
upregulated in EVs derived from platelets stimulated with
M1 protein and thrombin, compared to resting platelets
(Fig. 4f). Interestingly, IgG3 was significantly upregulated
in EVs derived from platelets stimulated withM1 protein,
as compared with both resting and thrombin-stimulated
platelets (Fig. 4f). This demonstrates that the IgG3 re-
quired for platelet activation by M1 protein was also
enriched in the vesicles released upon generation of EVs
from activated platelets.

M1 Protein Was Packaged within EVs
In addition to human proteins associated with the

groups that were revealed through the Metascape anal-
ysis, the TIC normalized intensity of M1 protein trans-
ported by EVs was investigated. The M1 protein was
significantly enriched in EVs from platelets stimulated
by M1 protein, as compared with non-trapped plasma
samples stimulated with M1 protein (Fig. 5a). This
suggests that M1 protein can be packaged into EVs
during budding and transported with platelet-derived
EVs in the circulation. Alternatively, M1 protein may
associate directly with EVs released from activated
platelets. The presence of M1 protein was confirmed

using immunoblotting (Fig. 5b) and transmission elec-
tron microscopy (Fig. 5c). Both of these techniques
determined that EVs from M1 protein-activated plate-
lets contained the M1 protein (Fig. 5b, c).

Acoustically Enriched EVs Mediated
Platelet-Neutrophil Complex Formation and
Neutrophil Activation
Platelet activation results in platelet-neutrophil com-

plex formation [22], which was investigated using flow
cytometry. EVs were isolated from resting or stimulated
platelets using acoustic trapping and added to whole
blood from four healthy donors. The positive controls
of thrombin and M1 protein alone mediated significant
platelet-neutrophil complex formation, with a median
level of 88 and 78% platelet-positive neutrophils, respec-
tively (Fig. 6a). EVs from platelets stimulated with M1
protein and thrombin mediated significantly increased
platelet-neutrophil complex formation with a median
level of 55 and 51% platelet-positive neutrophils, as
compared with the background level of 22%. Isolated
EVs from resting platelets also mediated platelet-
neutrophil complex formation, with a median level of
45% platelet-positive neutrophils. Interindividual varia-
tion was more pronounced in samples treated with
platelet-derived EVs as compared with agonists alone.
M1 protein alone is a more potent mediator of platelet
activation and platelet-neutrophil complex formation
than EVs isolated from M1 protein-activated platelets.

In parallel analyses in blood samples from the same
four donors as above, neutrophil activation was inves-
tigated. The positive controls of thrombin andM1 protein
alone mediated the highest neutrophil activation with a
median CD11b fluorescence intensity of 82,000 and
45,000, respectively (Fig. 6b). EVs isolated from platelets
stimulated with M1 protein and thrombin mediated
significantly increased neutrophil activation, with a me-
dian CD11b fluorescence intensity of 27,000 and 29,000,
respectively, compared to the background level of 15,000.
Isolated EVs from resting platelets also mediated neu-
trophil activation, with a median CD11b fluorescence
intensity of 24,000. Collectively, this indicates that platelet
EVs derived from all three conditions mediate neutrophil
activation at equivalent levels.

Fig. 4. Distinct proteins associated with blood coagulation and
complement system activation are upregulated in EVs derived
from platelets stimulated with M1 protein. EVs derived from
resting platelets (HEPES), and thrombin- or M1 protein-
activated platelets from four healthy donors (n = 4) were isolated
on the acoustic trapping platform and analyzed with quantitative

mass spectrometry. Protein intensities are presented as TIC nor-
malized intensities of proteins associated with platelet activation
(a, b), blood coagulation (c), complement system activation (d),
fibrinogen (e) and IgG (f). Mann-Whitney test was used; sample
distribution was compared to EVs derived from resting platelets
(HEPES). * p < 0.05; ** p < 0.01; ns, not significant.
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Acoustically Enriched EVs Mediated Cytokine Release
from Blood Cells
Cytokine release in response to isolated platelet-

derived EVs was measured in whole blood using com-
mercial ELISA kits for interleukin-8 (IL-8), interleukin-6
(IL-6), and monocyte chemoattractant protein-1 (MCP-
1). These pro-inflammatory cytokines were selected as

representative of early acute inflammation: IL-6 is a
pleiotropic cytokine and critical mediator of the acute
phase response, IL-8 is a predominant chemokine for
neutrophils, and MCP-1 is a potent chemokine for
monocytes. As expected, M1 protein alone significantly
increased levels of IL-8, IL-6, and MCP-1 in whole blood,
compared to background levels (Fig. 7a–c). Isolated EVs

a

b

c

Fig. 5. M1 protein is transported in platelet-derived EVs after
stimulation. EVs derived from resting platelets (HEPES), and
thrombin- or M1 protein-activated platelets were isolated from
four healthy donors (n = 4) on the acoustic trapping platform
and analyzed with quantitative mass spectrometry (a), immu-
noblot (b), and transmission electron microscopy (c). a Protein
intensity is presented as TIC normalized intensity fold increase
of M1 protein in isolated EVs compared to non-trapped plasma
controls. * p < 0.05; ns, not significant, Mann-Whitney test,
sample distribution was compared to EVs derived from resting

platelets (HEPES). b Immunoblot against the M1 protein. 1 =
protein ladder, 2, 5, 8 = EVs derived from resting platelets
(HEPES), 3, 6, 9 = EVs derived from thrombin-activated
platelets, 4, 7, 10 = EVs derived from M1 protein-activated
platelets. 2–4 = EVs isolated on the acoustic trapping platform
and eluted in 25 μL PBS, 5–7 = supernatant of EVs isolated using
ultracentrifugation, 8–10 = EVs isolated using ultracentrifuga-
tion. c Isolated EVs were stained with gold-labeled antibodies
against the platelet-specific marker CD42b (10 nm) and against
the M1 protein (15 nm).
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derived from both resting and M1 protein stimulation
generated a statistically significant release of IL-8 when
compared to background levels; however, the IL-8 levels
generated by EVs derived from M1 protein-stimulated
cells were relatively low as compared with EVs from
resting platelets (Fig. 7a). Isolated EVs from resting
platelets resulted in significantly increased levels of IL-
6 and a tendency toward MCP-1 release in whole blood,
while M1 protein- or thrombin-stimulated samples failed
to mediate release of these cytokines (Fig. 7b). Collec-
tively, our findings indicate that platelet-derived EVs
mediate cytokine release in whole blood; however, the
interindividual variation is high. EVs derived from
M1 protein-stimulated platelets were generally weak
mediators of pro-inflammatory cytokine release in whole
blood, while the M1 protein alone was a potent mediator
of cytokine release.

Discussion

In this study, we have determined that platelets release
EVs upon stimulation with a virulence factor, M1 protein,
from a significant bacterial pathogen. Intact EVs were
isolated and enriched using a newly developed acoustic
trapping platform, as confirmed with high-sensitivity
flow cytometry, immunoblotting, and electron micros-
copy. Differential protein abundance profiling revealed
distinct differences between intact plasma with EVs and
EVs isolated from plasma using acoustic trapping, with

one set of proteins washed away in the trap and one set of
proteins enriched, indicating that they were specific to the
EV proteome. It should be noted that the EV character-
ization with flow cytometry only detected EVs in the size
range 100–1,000 nm, whereas the mass spectrometry
measurements were derived from the entire EV popula-
tion. Characterization of the protein cargo of EVs derived
from pathogen-activated platelets, M1 protein, as com-
pared with resting or thrombin-activated platelets, re-
vealed that all three EV populations were enriched for
platelet membrane proteins, granule proteins, and cyto-
skeletal proteins, in combination with coagulation factors
and immune mediators. The functional integrity of EVs
isolated using acoustic trapping was confirmed by their
ability to stimulate platelet and neutrophil activation and
cytokine release when incubated with blood cells.

The plasma levels of platelet-derived EVs did not in-
crease significantly upon stimulation with thrombin or M1
protein under our experimental conditions. Previous studies
have demonstrated that in vitro levels of EVs differ depend-
ing on the platelet agonist [15, 38, 39]. Thrombin is a
powerful mediator of EV release, and we have determined
that M1 protein generates EVs at equivalent levels in certain
individuals. Under our experimental conditions, the resting
platelet population also generated EVs which likely reflects
in vitro activation of the platelets during centrifugation at
1,600 g in the absence of platelet inhibition. Platelets are
highly reactive cells, and a heterogeneous interindividual
response is to be expected upon in vitro stimulation of
platelets from healthy individuals [2].

a b

Fig. 6. Platelet-derived EVs mediate platelet-neutrophil complex
formation and neutrophil activation. Flow cytometry was used to
assess platelet-neutrophil complex (PNC) formation (a) and neu-
trophil activation (b) by the isolated EVs from resting platelets
(HEPES), and from platelets activated with thrombin or M1
protein in blood from four healthy donors (n = 5). Data are
presented as % neutrophils that are CD61 positive (platelet

associated) (a) and neutrophil CD11b median fluorescence inten-
sity (b). Thrombin andM1 protein are used as positive controls for
platelet-neutrophil complex formation and neutrophil activation.
HEPES buffer is used as a control for background PNC formation
and neutrophil activation. Mann-Whitney test was used; sample
distribution was compared to background levels in resting platelets
(HEPES). * p < 0.05; ** p < 0.01; ns, not significant.
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It is well known that platelets constantly scan the
vasculature for areas of injury or inflammation or indirectly
respond to pathogen invasion through interactions with
leukocytes and the endothelium [40]. Previous studies have
also shown increased levels of circulating platelet-derived
EVs in several pathological states, in particular as bio-
markers of cardiovascular disease [11]. Sepsis is a multi-
factorial syndrome involving immune and coagulation
dysregulation, and platelet-derived vesicles are elevated in
sepsis [41, 42]. It has been reported that EVs may have a
protective role during sepsis and that platelet-derived EV
levels are decreased in sepsis non-survivors. For example,
EVs enhance the sensitivity of contraction ofmouse aorta in
response to serotonin and may protect against vascular
hyporeactivity accounting for hypotension in sepsis patients
[43, 44]. There were significant differences in the protein
cargo of EVs isolated from resting platelets, physiologically
stimulated (thrombin) platelets, and pathogen (M1 pro-
tein)-stimulated platelets. The observed differences were
mainly quantitative, as the protein content within the
distinct EV populations was very similar, but the protein
enrichment levels differed significantly in some cases. Pre-
vious studies have shown that the proteins packaged within
platelet-derived EVs differ depending on the platelet stim-
ulus [15, 16]. Our findings demonstrate an increased level of
blood coagulation proteins after stimulation with thrombin
and M1 protein, as compared with resting platelets. This is
in line with previous studies that reported increased pro-
coagulant activity of EVs derived from activated platelets
[45, 46]. Procoagulant EVs may contribute to the

coagulopathy in sepsis [47], which may be an important
attribute for M1 protein during invasive streptococcal dis-
ease. Furthermore, we have previously demonstrated that
other M protein serotypes that can bind fibrinogen can
mediate platelet activation [23]; therefore, the findings
presented herein are likely applicable to other serotypes
of S. pyogenes.

Increased levels of complement components were also
observed after stimulation with both thrombin and M1
protein; however, this was further enhanced in the case of
M1 protein. All four subclasses of IgG were also increased
after stimulation; however, the level of IgG3 was specif-
ically increased after stimulation with M1 protein. We
have previously demonstrated that IgG3 is particularly
enriched in immune complexes formed by M1 protein,
resulting in C1q-mediated complement activation on
M1 protein-activated platelets [20]. Fabris and colleagues
[48] have shown that platelet-derived EVs in patients
with sepsis contain platelet factor 4 and anti-bacterial
IgG, which may also contribute to immune complex-
mediated immune responses during infection.

Platelet-derived EVs can exhibit distinct immunomodu-
latory properties that are dependent on the cargo incorpo-
rated within the EVs, thereby encompassing both pro- and
anti-inflammatory effects. The pro-inflammatory potential
of platelet-derived EVs was investigated in our study. We
determined that platelet-neutrophil complex formation,
neutrophil activation, and cytokine release occurred in
whole blood after incubation with platelet EVs. The rela-
tively low number of donors (n = 5) investigated and the

a b c

Fig. 7. Platelet-derived EVs mediate cytokine release from
monocytes in whole blood. Cytokine release mediated by the
EVs from resting platelets (HEPES), and from platelets acti-
vated with thrombin or M1 protein in blood from five healthy
donors, was investigated using commercial IL-8 (a), IL-6 (b),

and MCP-1 (c) kits. Cytokine levels are presented as pg/mL. M1
protein was used as a positive control for cytokine release and
HEPES buffer was used as a control for background cytokine
release. Mann-Whitney test was used. * p < 0.05; ** p < 0.01; ns,
not significant.
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heterogenous inter-interindividual variation observed are,
however, an important limitation to the study; therefore, we
cannot conclude whether distinct pro-inflammatory pro-
files are generated for the three conditions investigated. The
formation of platelet-neutrophil complexes has been pre-
viously observed in sepsis [49]. In addition, platelet-derived
EVs have been reported to directly associate with leukocytes
and facilitate chemotaxis of leukocytes [9, 50]. M protein
stimulates platelet-neutrophil complex formation, resulting
in functional impairment of these neutrophils with de-
creased chemotaxis and phagocytosis [22]. The present
findings imply that platelet-derived EVsmay also contribute
to the immunomodulatory effects of M1 protein on neu-
trophils; however, M1 protein incorporated in EVs is a less
potent pro-inflammatory mediator as compared with M1
protein alone under all conditions investigated.

Importantly, the M1 protein was itself associated with
isolated EVs, which shows that M1 protein can be trans-
ported with platelet-derived EVs after stimulation. This
mechanism of bacterial toxin transfer with host cell EVs
has been previously described for Shiga toxin from en-
terohemorrhagic E. coli [51]. Interestingly, Shiga toxin is
transported with host blood cell-derived EVs and taken
up by renal cells, where it contributes to the pathogenesis
of kidney failure. EVs are released from platelets stimu-
lated with LPS from Gram-negative bacteria, and these
EVs derived from LPS/TLR4 activation of platelets can
stimulate further activation of endothelial cells [52],
which may represent an important effector of vascular
dysfunction that is a hallmark of sepsis.

Collectively, we have determined the phenotype of
platelet-derived EVs that are isolated and enriched using
acoustic trapping. Our subsequent proteomic profiling
showed that blood coagulation proteins, complement com-
ponents, and IgG were enriched in all EV populations
irrespective of agonist. A specific increase in complement
components and IgG3 was observed after pathogen-
mediated platelet activation (M1 protein), and the bacterial
virulence factor,M1 protein, was transportedwithin platelet-
derived EVs. Equivalent levels of pro-inflammatory re-
sponses were generated in blood cells exposed to the acous-
tically enriched EVs irrespective of agonist.
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