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Abbreviations  
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ESCRT = Endosomal sorting complex required for transport 
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FU = Fluorescence units 

GTP = Guanosine triphosphate 

HD = Huntington’s disease 

HEK = Human embryonic kidney 

hsiRNA = hydrophobically modified siRNAs 

HTT = Huntingtin 
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ILV = Intraluminal vesicles  

ISEV = International society for extracellular vesicles 

MISEV = Minimal information for studies of extracellular vesicles  

MTM = Multiple tissue molecular  

MVB = Multivesicular bodies 

MW = Molecular weight 

NaAc = Sodium acetate 

NMWL = Nominal molecular weight limit 

NTA = Nanoparticle tracking analysis 

PM = Plasma membrane 

PBS = Phosphate buffered saline 

RAB = ras-related in brain 

RIN = RNA integrity number 

rpm = Rounds per minute 

SDS = Sodium dodecyl sulfate 

SDS-PAGE = SDS-polyacrylamide gel electrophoresis 

SEM = Standard error of the mean  

siRNA = Small interfering RNA 
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1 Introduction 

For years only two ways for intercellular communication were known. Firstly, cells com-

municate through direct cell–cell contact, secondly through transfer of secreted mole-

cules [96]. EVs are the third possible way. To this end, they carry specific proteins, lipids 

and RNAs [55,96]. Potentially, they can be used as biomarkers for different diseases and 

therapeutic possibilities [86,118]. We will be looking at EVs from the bloodstream, which 

may contain valuable information about distant organs like a “message in a bottle” [14]. 

However, to isolate the bottle and read the message presents some challenges. 

 

1.1 Extracellular vesicles 

In the early 1980s extracellular vesicles were first described and characterized as “exfoliated 

vesicles from various normal and neoplastic cell lines” [114]. They are widely observable in 

eukaryotes, bacteria and archaea [28]. Three types of extracellular vesicles can be distin-

guished, namely exosomes, microvesicles and apoptotic bodies. Initially, it was thought 

that the main function of vesicles was to remove unwanted material from the cells 

[21,43,96]. Later it was discovered that there are several types of vesicles, each of which 

has its own function and origin. Categorizing them has been a problem faced by research-

ers since the early stages of EV research [43], and this problem has not been solved to date. 

They started naming each vesicle according to its specific use and the place of secretion. 

For example, vesicles secreted from the prostate were called prostasomes, whereas tolero-

somes were vesicles that induce tolerance to dietary antigens [43]. This caused terminol-

ogy to mushroom as seen in Figure 1. Therefore, Gould and Raposo suggested 2013 a dif-

ferent approach naming EVs either after their biological origin, their physiological func-

tion, or based on their differential centrifugation behavior. In this thesis the vesicles will 

be categorized considering their biogenesis and function.  
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1.1.1 Biogenesis  

Extracellular vesicles (EV) are heterogeneous membrane vesicles, with different biological 

origins, biophysical traits and physiological functions (see Figure 2).  

The smallest EVs with a diameter of 30–150 nm are Exosomes. By visualizing them 

with the transmission electron microscopy they appear as cup-like bodies [55]. They orig-

inate from multivesicular bodies (MVB) of the endocytic pathway [107]. There are several 

cellular processes needed to release exosomes. First, intraluminal vesicles must be formed 

within MVB. Those MVB can either be transported to the plasma membrane for exocytosis 

or to the lysosomes for degradation. For exocytosis the MVB are transported to the plasma 

membrane with which they then fuse. Thus, the intraluminal vesicles will be released into 

the extracellular space and from then on are called exosomes [48]. The processes that reg-

ulate the formation and movement of intraluminal vesicles as well as fusion of multivesic-

ular bodies is not completely understood [55]. One of the main regulators could be the 

Endosomal Sorting Complex Required for Transport (ESCRT)[20]. In combination with 

changes in the cytoskeletal-plasma membrane, local enzymatic degradation and activation 

of the fusion machine the MVB are transported to the plasma membrane and release the 

intraluminal vesicles via fusion with the plasma membrane [55]. Furthermore, molecules 

like tetraspanins and the small RAB GTPases are supposed to play a big part in this mole-

cular machinery [87,103]. Since exosomes stem from MVBs they carry proteins involved 

Figure 1: Different Nomenclature for EVs. 
This figure depicts the nomenclature for EVs found throughout different literature. Illustration from  
E. van der Pol, A.N. Böing, E.L. Gool, R. Nieuwland, Recent developments in the nomenclature, 
presence, isolation, detection and clinical impact of extracellular vesicles, J. Thromb. Haemost. 14: 
48–6 (2016). 
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in MVB formation, membrane transport and fusion (e.g. annexins), adhesion, tetraspanins 

and lipids as well as RNA [23,75,109,112,116,122]. In the degradative pathway the MVB are 

transported to lysosomes for fusion followed by release of their cargo into the lumen of 

the lysosomes for degradation [55,107]. 

 Ectosomes or shedding microvesicles (SMV) are larger vesicles ranging from 

100 - 1000 nm. They are formed through outward budding of the plasma membrane. This 

needs a complex coordination and rearrangement of the cytoskeleton, membrane 

constituents, as well as specialized proteins for membrane abscission [19]. At the start the 

initial nucleation transmembrane protein on the plasma membrane cluster in specific 

domains. Different plasma membrane associated proteins, Ca2+ release/accumulation as 

well as activation of enzymes induce degradation of cytoskeletal components. Specific 

translocases advance the externalization of phosphatidylserines and bring forth the 

outward budding. In this timeframe cargo is sorted out and transported to the area of 

budding. The pinching off is not completely understood. Some signaling cascades are 

assumed to activate actomyosin contraction and thereby pinch off the ectosome. Newer 

studies suggest an additional influence of the ESCRT-III spiral for pinching off the exosome 

[19,55]. Even though they bud directly from the PM they are not identical and carry specific 

proteins like glycoproteins, integrins, receptors and cytoskeletal components as well as 

RNA [6,22,47,71,78,89]. 

Apoptotic bodies (AB) with a diameter of 50-5000 nm are the largest EVs. Their 

involvement in apoptosis has been known since the concept had been introduced by Kerr 

in the year 1972 [59]. During the entire process of apoptosis a cell must carry out a number 

of actions. These include chromatin condensation, mitochondrial swelling, proteolytic 

cleavage of the focal adhesion complexes and cytoskeleton, PM blebbing and cell shrink-

age [59,90,111]. The process of apoptosis is of utmost importance for degradation of po-

tentially toxic, enzymatically dangerous components of cells [55]. This can be achieved via 

apoptotic bodies. In this thesis they play a smaller role. 
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1.1.2 Function 

Extracellular vesicles have different origins and purposes. All of them are heterogeneous 

membrane bound vesicles with one of the main functions as transporters of specific cargo. 

Their membrane is a lipid bilayer that protects them from the potentially damaging influ-

ences of the extracellular space. Exosomes carry proteins, DNA, peptides, lipid-derivatives 

as well as RNA [23,75,108,109]. Ectosomes carry a cargo as diverse as exosomes but it has 

not been as thoroughly analyzed yet. Studies show that they transport proteins, peptides 

and RNA [22,65,78,89]. Apoptotic bodies are mostly associated with apoptosis, transport, 

as well as present cellular debris for further dismantling [32,90]. Other functions are un-

known due to the difficulty studying them. The main problems are the different origins, 

size, cargo loads as well as apoptosis trigger [55]. Some studies tried to look at their cargo 

in depth and found abundant proteins with all kinds of specific functions [3,66,73,115].  

Figure 2: Origin of extracellular vesicles and their measurements.  
The three different types of EVs are exosomes, ectosomes and apoptotic bodies. Exosomes stem 
from an endocytic pathway. They originate from multivesicular endosomes and bear endosome 
associated cargo. Microvesicles or also called ectosomes bud directly from the plasma membrane 
and carry antigenic content of the origin cell on their surface. Apoptotic bodies are the remnants 
of dead cells and are further eliminated by surrounding cells or the immune system. Illustration 
from H. Kalra, G. Drummen, S. Mathivanan, Focus on Extracellular Vesicles: Introducing the Next 
Small Big Thing, Int. J. Mol. Sci. 17: 170 (2016), distributed  under  a  CC  BY  4.0  license,  
http://creativecommons.org/licenses/by/4.0/. 
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The second main function of EVs is communication with surrounding cells. There are sev-

eral ways by which that could be achieved (see Figure 3). Unfortunately, it has not yet been 

proven which of these possible ways EVs use. 

The first possible pathway is via molecules on the EVs membrane (see Figure 3A). 

They bind to receptors on the target cell and stimulate or inhibit it. This activates a cascade 

and delivers the needed change to the target cell. The second possible pathway is via fusion 

with the target cell (see Figure 3B). The EVs trigger the fusion and release of their cargo 

into the target cell. This cargo can affect the target cell in various ways. The third possible 

pathway is via cleaved fragments that bind to the target cells receptors (see Figure 3C) and 

can trigger a cascade to affect the cell. The last possible pathway is via a triggered phago-

cytosis of the target cell (see Figure 3D). It takes the EVs into its lumen, whereupon the 

EVs releases their cargo into the cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This horizontal transfer of RNA, lipid and protein cargo among cells is something 

completely new. It was thought to be impossible due to the strict rules of cell’s autonomy 

[5,15,97]. This opens doors to a lot of possible functions of EVs.  

Figure 3: Communication of EVs with surrounding cells.  
There are several possible ways for EVs to communicate with surrounding cells. (A) Via membrane 
proteins that bind on target cell membrane proteins. (B) Via fusion and release of cargo with the 
target cell. (C) Via proteolytic cleaved fragments that bind to membrane proteins of the target cell. 
(D) Via activation of phagocytosis of the target cell. Based on an illustration from the freely 
accessible website: http://microvesicles.org (23.12.2019) 
 
 
 
 

http://microvesicles.org/
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In bacteria and eukaryotic microorganism, EVs are responsible for the release of virulence 

factors and toxins in case of host-pathogen interaction [28,61]. In animal studies, EVs have 

been associated with a variety of functions including immunity, infection, protein clear-

ance, signal transduction and cancer [7,9,31,35,51,53,69,79,121]. 

Furthermore, studies indicate that external factors such as heat shock, hypothermia, 

hypoxia, oxidative stress and infectious agents influence the cargo of EVs [51]. Another 

study shows that neural stem cells treated with IFN-γ further activate the Stat1 pathway 

within EVs. This leads to a higher mRNA and protein level in EVs followed by up 

regulation of the Stat1 pathways in target cells [24]. Another big influence of EVs could be 

seen in the stimulation of the immune system [45,46,81]. However, some other studies 

point out that EVs can have immunosuppressive effects as well. For example, EVs can 

inhibit T-lymphocytes and natural killer cells [2,45,50,110]. All this suggests that EVs 

account for a smaller part of the larger physiological homeostasis of a cell. If they affect 

overall cell homeostasis, EV disorders could also be potentially associated with diseases. 

 

1.1.3 EVs in diseases and medical therapy 

There are a lot of studies that already associate EVs with various aspects of diseases. Viral 

infections can alter the cargo of vesicles and misuse them for propagation to other cells 

[54,88]. Prions use the same principle and alter the miRNA profile in EVs [36,91]. Further-

more, there is evidence that EVs are tightly connected to tumorigenesis in several different 

cancers [11,77,85,93,105]. Those cancers are proven to release increased amounts of EVs 

with enhanced tumor-specific genomic and proteomic signatures [51,68]. With those en-

hanced vesicles the tumor increases the tumorigenic potential of surrounding cells 

[75,77,85,93,105]. On the contrary some studies suggest that EVs have anti-tumorigenic 

properties, such as increased tumor cell apoptosis or up-regulated anti-tumor immunity 

[99,125]. Thus, EVs have great potential for diagnosis of cancers as biomarkers or for novel 

anti-cancer therapeutics [16,86].  

Another promising field of EV research is neurodegenerative diseases. Many of 

these diseases have in common cellular pathological mechanisms like protein aggregation 

and inclusion bodies [100]. Therefore, trying to find associations with EVs and the disease 

for diagnostic or novel therapeutic pathways shows promising results in studies about Alz-

heimer disease [94,102], Parkinson's disease [1,8] and amyotrophic lateral sclerosis [38,41]. 

For example, Alzheimer disease research has proven that EVs help spread the tau-mediated 

toxicity [102], are loaded with tau species [102], and are involved in the pathogenesis of 
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the main cause of Alzheimer disease, the Aβ plaques [94]. All this promising progress could 

have tremendous benefits if extracellular vesicles can be accurately harvested and ana-

lyzed. 

 

1.2 Isolation of extracellular vesicles 

There are several different methods used for isolating extracellular vesicles (see Table 1). 

All have advantages and disadvantages and should be utilized specifically for the different 

biofluids and applications according to the minimal information for studies of extracellular 

vesicles 2018 (MISEV2018) [113]. 

 

The most popular isolation method is ultracentrifugation. It works with different centrifu-

gation steps. Cell-debris (300–1000 g), microvesicles (10 000–20 000 g) and exosomes 

(100 000 g) concentrate at different centrifugal forces into pellets [95]. Advantages of this 

method are low costs and the ability to process a wide range of materials, quantities and 

qualities. Drawbacks are the possibility of damaging the EVs with high centrifugal forces 

and copurifying non-EV-associated molecules. To get rid of contamination a density 

Table 1: Comparison of different isolation methods 
Comparison between the different isolation method for extracellular vesicles. “-“ stands for bad, 
“+” stands for good. “Time” indicates the time from starting with the plasma sample to the finished 
enriched extracellular vesicle sample. Money means the expenses of the material. “Specifity” im-
plies the accuracy of the method and the amount of contamination at the end of the isolation pro-
cess. “EV damage” indicates the damage dealt to the extracellular vesicles during the isolation pro-
cess. “Starting material” stands for the flexibility of quantity of the sample and the necessary 
amount of preparation before starting the isolation process. 
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gradient step is often added. This allows the separation of different components of the 

sample with the aid of the different densities of EVs, proteins and lipids. However, this 

takes a long time and cannot separate particles with the same density as EVs (e.g. viruses, 

lipoproteins, or albumin) [12,83,95,106,124]. 

Immunoaffinity based methods like immunoisolation are more specific. The EVs are 

bound to antibody-coated latex or magnetic beads and separated from all other mole-

cules [10]. This enables an extremely high purified and enriched EVs sample. Drawbacks 

are that the method needs a high volume or a highly enriched EVs starting sample. Fur-

thermore, the high specificity functions as a limitation as well, since binding every EV 

population is unlikely [95]. 

Microfluidics technologies on the other hand is a newer method that can work with 

smaller volumes. It consists of immunological separation, characterization, sieving and 

trapping of the EVs. It is claimed to be fast, precise, and cheap. Due to using immunological 

means, markers must be precise [26,63,95]. Thus, it carries the same limitation as immuno-

isolation. 

Other popular methods include precipitation, size exclusion columns, and ultrafiltra-

tion. Precipitation has the advantage of processing large quantities of sample but is very 

unspecific and also precipitates many proteins [57]. Size exclusion columns can separate 

the components of the sample according to size. Advantages are the reduction of EVs-

aggregation as well as damage to the EVs and the efficient separation of components of 

the sample. It is relatively fast (10-20 minutes per sample) and inexpensive [49,84]. Ultra-

filtration can be used individually or combined with other methods. Advantages are the 

low cost, simplicity, and the means to process larger sample amounts [56,117]. Drawbacks 

are that the EVs can non-specifically bind to the membrane of the filter, thus leading to a 

loss of EVs [84,117]. 

 

1.3 Challenges in EVs research  

Working with EVs is currently difficult. Despite a lot of research and effort it is often not 

standardized. The main problems are inefficient isolation methods, difficulty in character-

ization of vesicles and invalid markers [17,52,62,70,119,123]. 

There is no single standardized method for isolating EVs, hence different methods 

were used for different biofluids. Therefore, a comparison between the results is difficult. 

According to the ISEV2018 the isolation methods should be chosen based on the 
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downstream applications and scientific question [113]. A standardized method, which is 

reliable and easy to use for each biofluid, could bring tremendous benefits. 

Inefficient purity of the sample is a major problem. If the sample is contaminated, 

downstream analysis is not valid. For example, in blood abundant components such as 

proteins and lipids should be removed so that non-EV-associated molecules are not con-

fused with those associated with EVs [95,113,117]. Secondly, some methods require an un-

contaminated EV sample to function properly. For example, according to the MISEV, a 

characterization of single vesicles is necessary for downstream analysis. This should be 

performed with two different techniques, electron transmission microscopy and single par-

ticle tracking. If the contamination is very high, both methods will have difficulties in 

providing an accurate assessment of the amount of EVs [39,95]. In general, statements of 

the EVs without high purity are not valid [62]. 

The characterization of EVs is a problem that is difficult to solve. There is no con-

sensus on what the individual vesicle types are called or what size ranges are typical for 

the individual vesicle types [55]. Therefore, as seen in Figure 1 the nomenclature for EVs 

is abundant and confusing. Furthermore, the analysis is more difficult because there are 

particles that visually resemble EVs like low density lipoproteins [106]. Distinguishing be-

tween them is still challenging. This could interfere with the characterization of the elec-

tron transmission microscopy and single particle tracking. It could therefore invalidate the 

results.  

Additionally, low purity and limited characterization lead to invalid markers. If the 

EVs sample contains a lot of non-EV-associated particles, EV-non-specific markers may 

actively bind to those and depict an inaccurate picture of the samples content. Those false-

positive EV-associated markers are then used to characterize the purity of further EV sam-

ples. Consequently, samples with low purity will be analyzed and false information about 

EVs may be published [62,95]. Thus, the MISEV suggests the usage of well-known markers. 

At least three positive protein markers of EVs including one-transmembrane/lipid-bound 

protein-cytosolic protein and one negative protein marker are needed [113]. 

Finally, most of the research about EVs has been in vitro experiments on cells or 

animals [62]. It is therefore problematic to assume that all these results are transferable to 

humans. Therefore, research in this field, especially on human samples, is urgently needed 

to confirm the theories derived from in vitro experiments. 
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1.4 Aim of this thesis 

EVs have a potential to be used as liquid biopsy. For instance, EVs enriched from a blood 

sample may convey biological information about tissues other than blood, including per-

haps the brain. This could help in the diagnosis and treatment of diseases, including neu-

rodegenerative diseases. Usually, taking a sample of the affected neuronal cells is challeng-

ing. Access to brain tissue is mostly limited to postmortem sampling. Therefore, the infor-

mation gained from the brain tissue cannot help the already deceased patient. On the other 

hand, examining cerebrospinal fluid can give us access to information from the living 

brain. However, repetitive lumbar puncture carries some risks [33]. Enriched EVs from 

blood could be an easy and accessible way to obtain this information. Almost all human 

cells produce EVs, which can cross the blood-brain barrier to affect the cells in the hole 

human body [40,44,60,68,76]. Therefore, EVs produced from brain cells could be captured 

with a blood sample. This would decrease the stress and pain for the patients in comparison 

to a lumbar puncture. In addition, EVs can be found in higher quantities in the blood than 

in cerebrospinal fluid.  

There are several important prerequisites for the evaluation of the potential EVs 

enriched from blood. The method for enrichment needs to be efficient so that the maximum 

number of EVs can be obtained. In addition, better markers are needed to differentiate EVs 

from any contaminant in the sample. Thirdly, methods used to characterize EVs could be 

improved. The main goal of the current thesis is to improve the method for enriching EVs 

from plasma. Specifically, we undertook to establish a standardized method which is reli-

able and easy to use for isolating EVs from the bloodstream that results in a sample with 

high purity EVs. Furthermore, we have the hypothesis that EVs contain miRNA. Thus, we 

aim to obtain a sufficiently high purity EVs sample to isolate and analyze EVs-associated 

RNA. 
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2 Material and methods 

2.1 Material 

Kits 
 
Name        Company 
MiRNeasy Serum/Plasma Advanced Kit    QIAGEN GmbH 
RNAeasy Plus Universal Mini Kit     QIAGEN GmbH 
SeraMir Exosome RNA Amplification Kit   System Biosciences 
qEVsingle       Izon Science 
Exoquick        System Biosciences 
Amicon Ultra – 0,5 ml Centrifugal Filters   Merck Millipore Ltd. 
TaqMan Advanced miRNA cDNA Synthesis Kit  ThermoFisher Scientific 
TaqMan Advanced miRNA assays Kit    ThermoFisher Scientific 
 

Buffer 
 
Blocking buffer      Final concertation 
Skim Milk Powder      10% in TBS-T 
 
Transfer buffer      Final concentration 
Tris base       250 mM 
Glycine        1.91 M 
Adjust pH to       8,3 
 
MOPS buffer      Final concentration 
500 mM MOPS       2 M 
500 mM Trisbase      2 M 
1% SDS        28.838 M 
10 mM EDTA       113.83 M 
 
Bis-Trisbuffer      Final concentration 
Bis-Trisbuffer       13.0775 g/50 ml H2O 
Adjust pH to       6.5-6.8 
 
RIPA buffer       Final concentration 
NaCl         150 mM 
Na-Deoxycholate      0.5% 
Triton X-100 100% stock     1% 
10% SDS       0.1% 
TrisHCl pH 7.4       50 mM 
DTT        1 mM 
 
HU buffer       Final concentration 
SDS        5% (w/v) 
1 M Tris pH 6.8       200 mM 
0.5 M EDTA pH 8      1 mM 
β-Mercaptoethanol      1.5%, 215 mM 
urea (Mr = 60.6)      8 M 
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Dye 
 
Ponceau S        Final concentration 
Ponceau S       0.1% (w/v) in H2O 
Acidic acid       1% (v/v) in H2O 
 

Antibodies 
 
Name   Species Dilution  Company 
HSP70 (D69)  Rabbit  1:10000   Cell Signaling Technology  
Annexin V  Rabbit  1:10000    Cell Signaling Technology 
CD54/ICAM-1  Rabbit  1:10000    Cell Signaling Technology 
GM130 D6B1  Rabbit  1:10000    Cell Signaling Technology 
Albumin  Mouse  1:10000   R&D Systems, Inc 
LAMP1   Mouse  1:10000    R&D Systems, Inc 
Goat Anti-  Goat  1:1000   BioRad    
Mouse IgG 
Goat Anti-  Goat  1:1000   BioRad 
Rabbit IgG 
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Chemicals 
 

Name    Ordering number/CAS number Weight Formula   Company 
Acetic Acid 96%   100062    1.05 g/cm3 CH3COOH    Merck KGaA   
Acetone    67-64-1    58,08  CH₃COCH₃   VWR International 
Ammonium Persulfate (APS)  7727-54-0   228.20  (NH4)2S2O8   PanReac AppliChem Reagents 
Bis-Tris buffer solution   6976-37-0    209.24  C8H19NO5    PanReac AppliChem Reagents 
Bromphenol Blue   115-39-9    669.96   C19H10Br4O5S   Sigma Aldrich  
1-Butanol    71-36-3    74.12  C4H10O    Sigma Aldrich 
Chloroform    67-66-3    119.38  CHCl3     Sigma Aldrich 
Dithiothreitol (DTT)   3483-12-3   154.25  HSCH2CH(OH)CH(OH)CH2SH PanReac AppliChem Reagents 
Diethylether    60-29-7    74.12  (C2H5)2O   Sigma Aldrich 
Dodecyl sulfate sodium salt (SDS) 151-21-3    288.38   C12H25O4S·Na   SERVA Electrophoresis  
Ethylenediaminetetraacetic (EDTA) 6381-92-6    372,24  C10H14N2Na2O8 2H2O   SIGMA Life Science 
Glycine      56-40-6    75.07   NH2CH2COOH   Sigma Aldrich 
H2O Aqua rnase/dnase free                   0082479   18.02  H2O    Braun 
Hydrochloride acid solution  7647-01-0   36.5  HCl     Honeywell  
2-Mercaptoethanol 98%  78.13    78.13  C2H6OS   PanReac AppliChem Reagents 
Methanol    67-56.1    32.04  CH3OH    Sigma Aldrich 
Na-Deoxycholate   302-95-4   414.55  C24H39NaO4   Sigma Aldrich 
N, N, N’, N'-Tetramethyl   110-18-9   116.20  (CH3)2NCH2CH2N(CH3)2 Sigma Aldrich 
Ethylenediamine (TEMED) 
2-Propanol 99,8%    67-63-0    60.10  (CH3)2CHOH    Sigma Aldrich  
Sodium Chloride   7647-14-5   58.44  NaCl    Honeywell Fluka 
Tris base    77-86-1    121.14  NH2C(CH2OH)3  Sigma Aldrich 
Tris Hydrochloride   1185-53-1    157,60  C4H11NO3 · HCl   PanReac AppliChem Reagents 
Tween 20    A4974    1227.54  C58H114O26   PanReac AppliChem Reagents 
Urea     57-13-6    60,06  CH4N2O   Carl Roth GmbH 
 

 

 

https://www.sigmaaldrich.com/catalog/search?term=115-39-9&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=CA&focus=product
https://pubchem.ncbi.nlm.nih.gov/search/#query=C19H10Br4O5S
https://www.sigmaaldrich.com/catalog/search?term=71-36-3&interface=CAS%20No.&lang=en&region=US&focus=product
https://pubchem.ncbi.nlm.nih.gov/search/#query=C4H10O
https://www.sigmaaldrich.com/catalog/search?term=67-66-3&interface=CAS%20No.&lang=en&region=US&focus=product
https://www.sigmaaldrich.com/catalog/search?term=3483-12-3&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=CA&focus=product
https://www.sigmaaldrich.com/catalog/search?term=60-29-7&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=CA&focus=product
https://www.sigmaaldrich.com/catalog/search?term=6381-92-6&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=CA&focus=product
https://www.sigmaaldrich.com/catalog/search?term=56-40-6&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=CA&focus=product
https://shop-lab-honeywell.com/catalogsearch/result/?name=&sku=&cas_number=7647-01-0&linear_formula=&beilstein_number=&ec_number=&mdl_number=
https://www.sigmaaldrich.com/catalog/search?term=67-63-0&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=CA&focus=product
https://www.sigmaaldrich.com/catalog/search?term=77-86-1&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=CA&focus=product
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Mediums 
 

Name       Ordering number/CAS-number   Company 
Rotiphorese Gel 30     3029.3        Carl Roth GmbH 
Immobilon Forte Western HRP substrate, 500 ml   WBLUF0500       Millipore 
3-Morpholinopropanesulfonic-acid MOPS  1132-61-2       PanReac AppliChem ITW Reagents 
DPBS        A1285801      gibco 
QIAzol Lysis Reagent     79306       QIAGEN Sciences 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://www.dict.cc/englisch-deutsch/name.html
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2.2 Equipment 

Tubes 
 
Name     Volume  Company 
Safe Seal Microtube   1.5 ml    Sarstedt AG&CO KG 
Safe Seal Microtube   2 ml   Sarstedt AG&CO KG 
Tube 114x28 mm   50 ml   Sarstedt AG&CO KG 
DNA LowBind Tube   1.5 ml   Eppendorf Tubes 
 

Pipettes  
 
Name        Company 
Eppendort Reference 100-1000 µl    Eppendorf GmbH 
VWR 20-200 µl       VWR International 
Gilson Pipetman P20 2-20 µl     Gilson Incorporated 
Eppendort Reference 0.5-10 µl     Eppendorf GmbH 

 
Tips 
 
Name        Company 
Biosphere LowRet FilTip 1000 µl    Sarstedt AG&CO KG 
Biosphere LowRet FilTip 200 µl     Sarstedt AG&CO KG 
Biosphere Fil. Tip 20 µl neutral      Sarstedt AG&CO KG 
Biosphere Filter Tips 0.1-20 µl     Sarstedt AG&CO KG 
Biosphere Filter Tips 0.1-2.5 µl     Sarstedt AG&CO KG 
Gelloader Pipette Tips 1-200 µl     Sarstedt AG&CO KG 
 

Software 
 
Name        Company 
Agilent Technologies 2100      Bioanalyzer 2100 ExpertAgilent 
INKSCAPE: Open Source Scalable Vector Graphics Editor Inkscape-Project 
Image Studio Lite Ver 5.2     LI-COR Biosciences 
Bio-Rad CFX Manager      Bio Rad 
2100 Expert Software (Bioanalyser Software)   Agilent Technologies, Inc. 
 

2.3 Other Material 

Name        Company 
Agilent 2100 Bioanalyser     Agilent Technologies 
Biofuge fresco       Kendro Laboratory Products 
Biofuge pico       Kendro Laboratory Products 
Vortex Genie 2       Scientific Industries INC 
Thermomixer MKR13      Ditabis 
Mini-PROTEAN tetra System     BIORAD 
TProfessional Standard Gradient Thermocycler  Biometra 
Image Quant LAS 4000      GE Healthcare 
Electrophoresis Power Supply EPS 600     Pharmacia 
Powerpac       BIORAD 
Nanodrop       Kisker Biotech 
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Name        Company 
NanoSight LM10      Malvern Panalytical Ltd 
Pipetboy        Integra 
Zentrifuge 5810 R      Eppendorf Vertrieb GmbH  
Power Pac HC       BIORAD   
Whatman       GE Healthcare Life science 
Nitrocellulose Membranes     BIORAD  
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2.4 Methods  

2.4.1 Sample collection 

Venous blood samples were taken from healthy individuals in the morning at 9 am after 

an overnight fast. The local ethics committee approved the study (University of Ulm, Ger-

many, ID of ethic submission: 265/12 - CL/se). Written informed consent was obtained 

from all participants. Whole blood was centrifuged for 10 minutes at 3000 g at 4 °C. Plasma 

was transferred to a clean tube, aliquoted, frozen and stored at −80 °C until use. 

Samples from the MTM study were taken from healthy individuals, HD patients 

without disease onset and at an early disease stage. The blood samples were already col-

lected according to the international Enroll HD protocol (https://www.enroll-hd.org/). In 

total blood was collected from 60 individuals (n = 20 healthy control group/without disease 

onset/early disease stage).  

 

2.4.2 Sample preparation 

Whole blood was centrifuged for 10 minutes at 3000 g at 4 °C. Plasma was transferred to a 

fresh tube, aliquoted, frozen, and stored at -80 °C until further use. For EV isolation samples 

were thawed on ice. Since long-term storage might lead to precipitation of material, sam-

ples were centrifuged for 3 minutes at 3500 g at 4 °C. The pellet was discarded and the 

supernatant was used for further EV isolation. 

 

2.4.3 Isolation of extracellular vesicles 

Three different methods for the isolation of the vesicles were used. These are precipitation, 

size exclusion chromatography, and ultrafiltration. 

 

2.4.3.1 Precipitation 

The commercially available Exoquick kit (CAT# EXOTC10A-1, System Biosciences) and 

the precipitation step of the SeraMir Exosome RNA Amplification Kit (CAT# RA800A-1, 

SystemBiosciences) were used. This method was performed following the manufacturer’s 

instructions. Briefly, after the precipitant was added with a specific ratio according to the 

manufacturer’s instructions it incubated for 30 minutes at 4 °C. Afterwards the samples 

were centrifuged for 30 minutes at 14000 g at 4 °C (Exoquick) and 2 minutes at 14000 g 

at 4 °C (SeraMir Exosome RNA Amplification Kit). The supernatant was discarded, and the 

leftover pellet was resuspended in PBS.  
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2.4.3.2 Size separation 

The commercially available qEVsingle columns (Ser.# Y1000846, Izon Science) were used. 

This method was performed following the manufacturer’s instructions to produce a spe-

cific elution profile see Figure 4. Briefly, for excluding specific molecules from our sample 

size separation columns were used. 150 μl of sample were added and the run-through was 

collected in different collection tubes which are called fractions. We collect 5 fractions for 

each sample. The run-through was manually collected as droplets. The first 1000 μl of run-

through is called the void fraction and contains nothing. The second 1000 μl contains the 

extracellular vesicles which were fraction 2, 3, and half of 4 with each fraction containing 

400 μl. The second half of fraction 4 and fraction 5 contains mostly proteins. While the 

sample ran through PBS Buffer was added to maintain the downward motion in the col-

umn.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Elution profile of the size exclusion columns (qEVsingle) from Izon. 
Shows the change of Extracellular vesicles and proteins over time while using the qEVsingle 
columns. First fraction (void fraction) does not contain EVs or proteins. Fraction 2, 3, and half of 4 
contain mostly EVs. Second half of fraction 4 and fraction 5 contains mostly proteins. Modified 
illustration from https://izon.com/exosome-isolation/qev-single (8.11.2019) with kind permission 
from Izon Science. 
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2.4.3.3 Ultrafiltration 

The commercially available 100 kDa cut off Amicon Ultra 0.5 Centrifugal device 

(REF# UFC510096, Merck Millipore) was used. It uses different membranes for retaining 

specific molecule weights. The main applications are concentration of biological samples 

and purification of the sample. This is possible due to a nominal molecular weight limit 

(NMWL) of the membrane. We used the 100k devices which on the one hand retains most 

of the EVs but on the other hand lets most of the molecules over 100k Dalton pass through 

the membrane. With the nominal molecular weight limit, the flow rate and the spin time, 

the optimal concentration volume and concentration factor can individually be calculated. 

This method was performed following the manufacturer’s instructions. Briefly, 500 μl of 

the sample were added to the column and centrifuged for 5 minutes at 16500 g at room 

temperature. The column was placed in a 2 ml tube. The flow-through was discarded. This 

step was repeated until the whole sample was loaded into the column. Afterwards, the 

column was transferred and placed upside down in a new 2 ml tube. It was subsequently 

centrifuged for 2 minutes at 400 g at room temperature. This eluted the final concentrated 

sample. 
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2.4.4 Quality control 

2.4.4.1 Protein concentration measurements 

For measuring the protein content a spectral photometer with the name Nanodrop 

ND - 1000 from the vendor Kisker Biotech was used. It measures the absorption rate of 

molecules. The sample was applied to the end of an optic cable. It is held between two 

surfaces using the natural surface tension. This enables the quantification process of sam-

ples with volumes as low as 0,5-2 μl. For the measurement of proteins the A280 absorption 

was measured. This method measures proteins that contain phenylalanine, tyrosine, or 

tryptophan that exhibit absorbance at 280 nm. Using this absorption pattern and the mass 

extinction coefficient the software calculates the concentration of the purified protein in 

the sample. 

 

2.4.4.2 EVs population measurements 

The NanoSight LM10 from the vendor Malvern Instruments GmbH was used for analyzing 

the EVs population. It measures nanoparticles with the size between 1 nm to 1 μm. 

Visualization of smaller vesicles like exosomes and larger vesicles like apoptotic bodies is 

possible. The EVs were diluted in particle-free PBS and manually injected. By using a laser 

and cameras each particle is analyzed simultaneously. For each sample 3 videos of 60s were 

captured. The sample temperature was monitored manually. The calculation utilizes the 

main principle of the Brownian motion, which is processed by a particle tracking software 

(Nanoparticle Tracking Analysis [NTA] 1.5 software) and dynamic light scattering 

techniques (Photon Correlation Spectroscopy). With this data the program calculates the 

scattered light, the volume, and the weight of the vesicles. This is converted to the quality 

and quantity of the particles in the sample. All the samples were diluted individually to a 

concentration of 2-10 108 particles/ml. 

 

2.4.5 Protein content measurements 

Proteins were isolated from different sources with HU-buffer. The lysate was centrifuged 

for 5 minutes at 16500 g at room temperature. The pellet was discarded and the super-

natant was used for further EV isolation. 
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2.4.5.1 SDS-polyacrylamide gel electrophoresis  

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) separates proteins according to their 

molecular weight. They form negatively charged complexes with SDS (Sodium Dodecyl 

Sulfate) and thus separate throughout the polyacrylamide gel influenced by an electric 

current. Larger molecules move more slowly through the gel towards the positively 

charged electrode than smaller molecules. 

 

2.4.5.2 Western blotting 

After the proteins passed through a standard SDS-PAGE they were being transferred to a 

membrane. An electrical current of 150 mA for 1.5 hours was used for the transmission. 

They were highlighted and quantified with antibodies against the protein of interest. The 

first antibody is specific to the protein of interest. The second attaches itself to the first 

antibody. The transferring of proteins to nitrocellulose membrane happened in transfer 

buffer using a semi-dry blot apparatus. Areas without membrane-bound protein were 

blocked with a blocking buffer for one hour at room temperature while they were moved 

slowly with a slow-motion orbital shaker. After the blocking process the membrane in 

TBS-T was washed three times at room temperature for ten minutes. It was then incubated 

overnight in TBST in the primary antibody (dilution see table “Antibodies” in chapter 2.1) 

while it was moved by an orbital shaker. Before adding the HRP conjugated second anti-

body (dilution see table “Antibodies” in chapter 2.1) in TBST the membrane was washed 

again three times at room temperature for ten minutes. It incubated for one hour in the 

secondary antibody dilution. The Fuji LAS Reader 3,000 visualize the attached secondary 

antibodies utilizing a chemiluminescence reaction. For peroxidase coupled antibodies a 

substrate was directly added onto the membrane. 

 

2.4.5.3 Coomassie polyacrylamide gel staining 

Protein bands on a polyacrylamide gel can be visualized with Coomassie stain. The staining 

and washing duration were according to the manufacturer’s instructions (Bio-Safe™ 

Coomassie Stain, Bio-Rad Laboratories, #1610786). The washing was necessary because the 

non-protein parts of the gel were non-specifically stained. 
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2.4.5.4 Visualizing the EVs 

Visualizing the EVs was done with a transmission electron microscope. The EVs were pro-

cessed with negative staining with osmium tetroxide. All samples were processed at the 

electron microscopy core facility in Ulm. Images were taken using a Jeol 1400. 

 

2.4.6 RNA extraction 

2.4.6.1 RNA extraction using EtOH/NaAc precipitation with glycogen  

First, 600 µl Quiazol were added to the sample. They were thoroughly mixed and then 

250 µl chloroform were added. After remixing, they were centrifuged for 12 minutes at 

16500 g at 4 °C. Thereafter, they developed two phases. The liquid phase at the top was 

transferred to a new tube. To the liquid phase 2.5x volume of ethanol, 0.1x volume of so-

dium acetate, and 10 µg of glycogen (1 µg/µl) were added. After mixing and centrifugation 

they were stored overnight at -20 °C. After centrifugation for 30 minutes at 16500 g at 4 °C 

the supernatant was discarded. The developed pellet was resuspended with 500 µl 70% 

Ethanol and shortly centrifuged for 5 minutes at 16500 g at 4 °C. The supernatant was 

discarded, and the pellet was left to dry for 10 seconds. Afterwards, it was resuspended 

with RNase-free water.  

 

2.4.6.2 miRNeasy Serum/Plasma Advanced Kit 

The commercially available miRNeasy Serum/Plasma Advanced Kit (CAT# 217204, 

QIAGEN Sciences) was used. This kit was used following the manufacturer’s instructions. 

Briefly, 60 µl RPL Buffer and 20 µl RPP Buffer were added to the thawed sample. After 

centrifugation the pellet was discarded. The supernatant was transferred to a RNeasy UCP 

MinElute column and one volume of isopropanol, 700 µl RWT buffer, 500 µl RPE buffer 

and 500 µl Ethanol were added. Between adding each reagent the sample was centrifuged 

and the flow through was discarded. Afterwards, the sample was dried by centrifugation 

and again transferred to a new tube. After adding 20 µl RNase-free water and 

centrifugation the RNA was eluted. 

 

2.4.6.3 RNeasy Plus Universal kit 

The commercially available RNeasy Plus Universal kit (CAT# 73404, QIAGEN Sciences) 

was used. This kit was used following the manufacturer’s instructions. Briefly, 600 µl 

Qiazol were added to the unfrozen sample. After mixing it thoroughly 250 µl chloroform 
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were supplemented. Afterwards, the sample was centrifuged and the upper aqueous phase 

was transferred to a new tube. Then, one volume of 70% Ethanol was added. After mixing 

them thoroughly they were transferred to a new RNeasy Mini spin column and 

centrifuged. After discarding the flow-through 700 µl RWT buffer, 500 µl RPE buffer, and 

500 µl RPE buffer were added. Between adding each reagent the sample was centrifuged 

and the flow-through was discarded. Afterwards, the sample was dried by centrifugation 

and again transferred to a new tube. After adding 20-25 µl RNase-free water and 

centrifugation the RNA was eluted. 

 

2.4.6.4 SeraMir Exosome RNA Purification Kit  

The commercially available SeraMir Exosome RNA Purification Kit (CAT# RA800A-1, 

System Biosciences) was used. This kit was used following the manufacturer’s instructions. 

Briefly, 500 µl serum were supplemented with 120 µl ExoQuick and mixed. After waiting 

for 30 minutes and centrifugation the supernatant was discarded and the pellet was 

resuspended with 150 µl PBS. 350 µl lysis buffer were added and needed 5 minutes for 

complete lysis. 200 µl Ethanol and 400 µl washing buffer were added. Between adding each 

reagent the sample was centrifuged and the flow-through was discarded. The washing step 

was repeated and afterwards the sample was dried by centrifugation. After adding 23 µl 

RNase-free water and centrifugation the RNA was eluted. 

 

2.4.6.5 Purifying phenol contaminated samples 

500 µl water-saturated butanol were added to the sample and mixed thoroughly. After 

centrifugation for 1 minute at 16500 g at room temperature the supernatant was discarded. 

Afterwards, 500 µl diethyl ether were mixed with the sample. After centrifugation for 

1 minute at 16500 g at room temperature the supernatant was again discarded. This step 

was repeated with 500 µl diethyl ether again. Lastly, the sample was dried in the open air. 
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2.4.7 RNA content  

For analyzing the RNA content of the EVs the Agilent RNA 6000 Pico Kit of the 2100 

Bioanalyzer Instrument from the vendor Agilent was used. The analysis was performed 

following the manufacturer’s instructions. It uses the traditional gel electrophoresis prin-

ciples on a small chip format. The chip consists of gel wells, sample wells, and a well for a 

ladder. Each well is connected via micro-channels. Charged molecules like DNA or RNA 

are exposed to a strong voltage-gradient and separate electrophoretically due to their 

mass to charge ratio. The dye solution intercalates into DNA or RNA strands and can 

therefore be detected via laser associated fluorescence. The data can be processed and vis-

ualized as gel-like bands and electropherograms. This information can be compared with 

the already known standard curve of the ladder and thus the size of the molecules from 

the sample is calculable.  

 

2.4.7.1 qPCR 

RNA was extracted using the SeraMir Exosome RNA Purification Kit according to the man-

ufacturer’s instructions. RNA was analyzed with the TaqMan Advanced miRNA cDNA 

Synthesis Kit and TaqMan Advanced miRNA assays (see 2.1 Kits). Evaluation of the data 

was performed using the ΔΔCt evaluation method [64]. Data were normalized to the 

amount of RNA which was used for cDNA synthesis. 
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3 Results  

3.1 Purification 

Following the instructions of the MISEV guidelines we started by comparing the available 

EV isolation methods in order to find the most suited one for the isolation of EVs from the 

bloodstream.  

To start, we compared a widely known polymer assisted precipitation kit (Exoquick, see 

2.4.3.1 and Figure 5A) with a size separation chromatography kit (qEVsingle columns, see 

2.4.3.2 and Figure 5B).  

After loading the sample isolated with Exoquick on a Coomassie stained 10% 

polyacrylamide gel we found some large protein bands (see Figure 6A Lane 1, bands 

marked with (X)). By adding a 100 kDa cut off Amicon-Ultra concentrator column after the 

precipitation step, we tried to eliminate the proteins from the sample. We still found the 

same large protein bands (see 2.4.3.3 and Figure 6A Lane 2, bands marked with (X)). So, the 

Figure 5: Schematic of EV purification procedure. 
(A) First step is precipitation of EVs via Exoquick. After resuspending the pellet in 150 μl PBS 
follows step 2 (B). The sample is loaded into the size exclusion columns from izon. First, second, 
and half of the third vesicle fraction (all together 1 ml) will be loaded into a 100 kDa cut-off Amicon 
column in step 3 (C). This will yield 50-100 μl of highly purified EVs. (D) Overview of the order of 
the different steps. 
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cut off column could not exclude those proteins, which means these bands were not 

molecules with 100 kDa or less, like albumin.  

We added 1mM DTT to our sample and incubated it for 1 hour at 4 °C as a detergent 

for breaking up possible IgG contaminations (See Figure 6B Lane 2). IgG has a weight of 

150 kDa. However, due to the reducing conditions in the gel, IgG can run as separate light 

and heavy chains. The heavy chain of IgG weighs 50 kDa and the light chain 25 kDa, fitting 

the bands of lane 1 in Figure 6. Through the addition of 1 mM DTT we tried to separate 

the chains before removing them with the cut-off column. Still, adding the DTT did not 

remove the bigger protein bands. (See Figure 6B). No difference was observable between 

Lane 1 and 2 marked with a “◊”.  

After trying different combinations of kits we found adding a size exclusion column 

was removing the protein bands from lane 1 and 2 (see Figure 6A, Lane 3-5, marked with 

a “★”). Furthermore, the highly concentrated EVs fraction of the qEVsingle columns on 

lane 3,4 and 5 form distinct specific bands (★). Lane 6 is the protein fraction of the 

qEVsingle column and contains all the smaller particles. The distinct bigger bands of lane 

1 and 2 can be found in lane 6 as well. Thus, we assumed that the size exclusion columns 

can separate the protein contamination from the EVs, which the Exoquick cannot remove. 
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The Exoquick can process larger volumes of sample (500 μl plasma). The result was a pellet 

that was resuspended in 150 μl PBS (see Figure 5A). This is the maximum loading volume 

of our qEVsingle size exclusion columns. Thus, when combining the kits we loaded the 

qEVsingle columns with the equivalent of 500 μl plasma. It produced three fractions of EVs 

which are the second, third und fourth fraction from the qEVsingle column. In the last EVs 

fraction (fraction 4 of the qEVsingle column) some proteins were already present in higher 

amounts (see Figure 4 and Figure 7, bar in the front named EQ, qEV fraction4, Amicon). So 

we took only half of fraction 4 to minimize the amount of protein (see Figure 4). By 

combining the fractions, we gathered 1 ml of EVs. Still, this 1 ml of EVs was highly diluted. 

Adding the 100 kDa cut off Amicon-Ultra concentrator column solved this problem in two 

ways. Firstly, it reduced the volume to about 50-100 μl without losing a lot of EVs. Secondly, 

the 100 kDa cut-off point further separated smaller proteins and molecules from the EVs. 

Thus, further purifying the sample (see Figure 5C).  

Figure 6: Protein analysis using different isolating kits on human plasma 
Coomassie stained 10% poly-acrylamid gel. 10 µl of sample were loaded in each lane. Lane M is the 
Pirece PagerRuler plus protein marker. (A) Lane 1: Precipitation (Exoquick) only. Lane 2: Exoquick 
followed by a 100 kDa cut-off Amicon ultra concentrator column. Lane 3- 6: Fractions of a size 
exclusion column (qEVsingle Izon Science) in combination with using Exoquick before and the 100 
kDa cut-off Amicon Ultra concentrator column afterwards. Lane 3-5: Enriched extracellular 
vesicles fraction (400 µl each). Lane 6: Protein containing fraction (1 ml). Lane 3-5: EVs fraction of 
the size exclusion column. They form specific bands that are not seen in lane 1 or 2. Whereas in 
lane 6, which contains the protein fraction of the size exclusion column, the specific bands of lane 
3,4 and 5 are not visible. Lane 6 has the same bands than lane 1 and 2. (B) Lane 1: Exoquick followed 
by Amicon. Lane 2: Exoquick followed by Amicon with suplementation of DTT.  
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3.2 Quality control of the sample 

We implemented a quality control step between each of the steps of Figure 5D. To this end 

we analyzed the sample with a Nanodrop and looked at the protein concentration (see 

2.4.4.1). The protein concentration changed according to the different kits (see Figure 7, 

bars in the front, protein scaled).  

After the application of Exoquick the protein concentration was high, due to the unwanted 

precipitated proteins from the blood. Amicon's 100 kDa column cut excluded smaller pro-

teins, but not as many as the size exclusion columns. For the fractions 2 and 3 of the 

qEVsingle columns almost no proteins were traceable. In fraction 5 the amount slowly 

increased until most of the molecules were proteins. In the second quality control step we 

examined the distribution of the EVs. To this end we used a NanoSight (see 2.4.4.2 and 

Figure 7, bars in the back). We analyzed the amount of EVs and the distribution of their 

sizes in the EVs species. We found that Exoquick can isolate a high number of vesicles, 

almost 70% of which are lost after implementing the 100 kDa Amicon cut of column. On 

the one hand, the combination of Exoquick, Amicon, and size exclusion columns (qEVsin-

gle) results in more than 65% vesicle loss compared to the use of Exoquick. On the other 

Figure 7: Comparisment of particles and proteins in the sample after using different kits 
The measurement was performed using a Nanodrop for the proteins (bars in the front) and a 
NanoSight for the particles/vesicles (bars in the back). Exoquick (EQ) can isolate a high number of 
particles/vesicles, but also isolates a high number of proteins. With adding a 100 kDa cut-off 
Amicon ultra concentrator column some proteins can be excluded. The size exclusion columns 
(qEVsingle) separate isolated vesicles almost completely from the unwanted proteins. In this way, 
an EV sample can be obtained without much contamination if only the fraction 2, 3, and half of 4, 
which are highly enriched in EVs, are taken. Fraction 1 contains nothing and was later discarded. 
Fraction 5 with a small amount of vesicles and a large amount of protein was also discarded. 
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hand, the amount of protein decreased by more than 78%. By measuring the concentration 

of vesicles as well as proteins we can make assumptions of the purity of the sample. The 

lower the protein concentration the higher the purity. In order to achieve high purity, some 

vesicles must be lost. 

The reduction of protein is also visible using electron microscopy (see Figure 8) and 

depicts the problem of a low purity sample (see Figure 8A). It is not possible to clearly 

identify individual vesicles because the sample is heavily contaminated with proteins. This 

contamination has almost completely disappeared with the addition of the size exclusion 

columns (see Figure 8B). The amount of protein we can remove if we do not take fraction 5 

is shown in the third bar of Figure 8C. Furthermore, the amount of protein we can exlcude 

is seen in the difference between the frst and the second bar of Figure 8C. 
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Figure 8: Transmission electron microscopy images of different EV isolating kits used on plasma 
(A and B) Negative staining with osmium tetroxide used to visualize EVs. (A and B) Plasma sample 
stem from the same healthy individual. 
(A) Plasma sample is only processed via Exoquick. (B) Plasma sample is processed via Exoquick, 
qEVsingle columns and a 100 kDa cut-off Amicon Ultra concentrator column. (C) The 
measurement was performed using a Nanodrop. The amount of protein we start at is seen in the 
first bar, in which we only used Exoquick (EQ). The second bar, in which a qEVsingle column is 
added, depicts the amount of protein we end with. We can exclude all the protein of the third bar 
from our sample (protein fraction of qEVsingle). n=3 
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3.3 Characterization of the EVs - morphology 

The MISEV guidelines informs about the importance of characterization of single vesicles 

(MISEV 2018 table 2c). Therefore, we used two methods to characterize them. One is the 

single particle tracking system from NanoSight (see 2.4.4.2), the other is transmission elec-

tron microscopy (see 2.4.5.4). 

The single particle tracking system from NanoSight measured the distribution and 

number of particles in the sample. This proved that the isolation method is reliable (see 

Figure 9 and Figure 10). It also served as a quality control to ensure that nothing went 

wrong in the isolation process. Comparing the data of different individuals processed with 

the same purification protocol, the data looks similar (see Figure 9).  

 

 

Comparing NanoSight analysis of different purifications dates of the plasma from the same 

individual shows that the isolation method can be performed on different dates with a 

similar outcome (see Figure 10). The final particle concentration may differ to some degree, 

because the NanoSight is semiquantitative. Measuring the distribution is therefore more 

valid than measuring the concentration. 

Figure 9: Size distribution and concentration of EVs in different individuals 
Shows 4 curves of different individuals analyzed with the nanoparticle size tracking analysis 
(NanoSight LM10). Individuals are 2 men (P and A) and 2 women (F and N). Data is produced from 
3 technical replicates with +/- the standard error of the mean (SEM). 
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The second characterization step was the transmission electron microscopy. The visibility 

and morphology of the vesicles is similar between different samples from healthy individ-

uals that have been processed with the same preparation methods (see Figure 11).  

Figure 10: Size distribution and concentration of EVs for the same individual with different 
purification dates 
Shows 3 curves of the same healthy individual analyzed with the nanoparticle size tracking analysis 
(NanoSight LM10). Data is produced from 3 technical replicates with +/- the standard error of the 
mean (SEM). 
 

Figure 11: Transmission electron microscopy images of purified EVs  
(A, B and C) Negative staining with osmium tetroxide used to visualize EVs. Plasma sample 
stem from different healthy individual(A, B and C). The bottom panel (100 nm scale) is a 
higher magnification zoom of an area in the upper panel (650 nm scale). All samples were 
processed with Exoquick and qEVsingle columns. Some vesicles with a black inner circle 
are shrunken or imploded during the negative staining procedure. 
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3.4 Characterization of the EVs - protein composition 

Furthermore, it is important to characterize the EVs protein membrane composition based 

(MISEV 2019 table 3). We extracted the protein of each isolation method and process it 

with an SDS-page and Western Blot (see Figure 12).  

Herein unwanted proteins like Albumin or intracellular enzymes (e.g. GM130) were 

observable (see Figure 12 A and B). We used six protein markers. A Golgi protein 

(GM130/GOLGA2, ISEV-category 3, non EV membranes, Figure 12A), Albumin (ALB, 

ISEV-category 3, non EV, Figure 12B), a lysosomal-associated membrane protein (LAMP1, 

ISEV-category 1a, non-tissue specific, all EVs, Figure 12D), a cell adhesion molecule 

(ICAM1/CD54, endothelial and immune cells, Figure 12E), a heat shock protein HSP70 

(ISEV category 2b, all EVs, Figure 12C) and Annexin5, a cytosolic protein with unknown 

function (ISEV category 2a, all EVs, Figure 12F). GM130 and Albumin are negative markers. 

They should not be observable in our EVs sample. GM130 as Golgi protein is a known cell 

protein, therefore it was observable in the HEK whole cell lysate and was not be observable 

in our EVs sample. Albumin as one of the most abundant blood proteins in the human body 

showed distinct bands in the plasma but was also not traceable in our EVs sample. Our 

positive markers were LAMP1, ICAM1, HSP70, and Annexin5. LAMP1 is a lysosomal-as-

sociated membrane protein and known to be associated with EVs. ICAM1 is similarly found 

in EVs and is normally associated with endothelial and immune cells. LAMP1 and ICAM1 

were both observable in our EVs sample. Annexin5 did not produce any bands in plasma 

or EVs. HSP70 only produced light bands one out of two experiments and may only be 

partially associated with EVs. According to the MISEV protocol, HSP70 and Annexin 5 are 

both cytosolic proteins recovered in EVs. Both were not or only slightly observable in our 

enriched EVs sample (see Figure 12 C and F)
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Figure 12: Western Blot analysis of EVs purification 
(A -F) Plasma samples were purified with different kits from two healthy individuals. 10 µg of total protein were loaded in each lane. (A) GM130 is a negative 
marker for EVs. It is only detected in the HEK whole cell lysate. (B) Albumin is a negative marker for EVs and is not observable in the purest EVs sample of 
lane four. (C) HSP70 is a positive marker of EVs and was only 1 out of 2 times slightly observable in our EVs. (D) LAMP1 is a positive marker of EVs. Through 
its heavily glycolated state it runs at a higher weight. (E) ICAM1/CD54 is a positive marker for EVs. (F) Annexin 5 is a positive marker and was not found in 
any of our plasma samples. Thus, like HSP70 it was not obserable in our EVs sample and neither in the plasma sample. 
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Another important requirement for this method was a high standardization. This means 

among other things a high degree of reliability. As seen in Figure 13 the method was per-

formed on more than 20 samples. The protein contents were each time very similar. 

In A we see the depletion of 98% or the protein by adding a qEVsingle column and 

the 100 kDa cut-off Amicon Ultra concentrator column. Furthermore, the standard error of 

the mean is relatively low in both A and B. B shows the reason for taking only one half of 

fraction 4. From fraction 4 onwards the amount of protein increases strongly (as seen in 

Figure 4). But as seen in Figure 7 the overall EVs content is still high in fraction 4. There-

fore, by taking only half of the fraction, we can isolate as many EVs as possible without 

isolating too many proteins. By controlling this after each step with the Nanodrop we can 

keep the amount of proteins low.  

All in all, we improved the problems of purification (see Figure 11) and characterization 

(see Figure 12). The isolation method is also reliable (see Figure 13). Still, to verify if we 

achieved a high purity of EVs, we isolated the RNA in our sample.  

 

 

 

 

Figure 13: Protein content of the sample after different steps of the method 
(A and B) The measurements was performed using a Nanodrop. Samples originate from the MTM 
study (see 2.4.1) and are all healthy individuals from the control group. n=23. (A) First bar depicts 
the protein content after using only Exoquick. Second bar after using Exoquick, the size exclusion 
columns (qEVsingle) and a 100 kDa cut-off Amicon Ultra concentrator column. We achieved a 98% 
depletion of proteins. Furthermore the low standard error of the mean confirms the high 
standardization of our method. (B) First bar shows the amount of protein after using Exoquick and 
gathering fraction 2,3 and half of fraction 4. Second bar depicts the amount of protein after 
gathering a few droplets from the other half of fraction 4. The amount of protein rises after that 
strongly.  
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3.5 Analyzing RNA content 

We used an Agilent 2100 Bioanalyzer (Agilent Technologies) to measure the amount of 

RNA (see 2.4.7). After repeated measuring we found out that the expected amount of RNA 

is about 100 - 500 pg/μl. It is therefore necessary to select a kit that can measure RNA levels 

in the picogram range. The Agilent RNA 6000 Pico Kit from Agilent Technologies is sup-

posed to be able to perform well even with lower RNA quantities. After measuring different 

quantities of RNA, we confirmed that the pico kit can measure our amount of RNA. Due 

to the increased measured values at small amounts of RNA the real amount is most prob-

ably a bit lower (see Figure 14 A and B). Even if the optimum quantity for measurements 

seems to be between 5000 pg/μl and 500 pg/μl, reliable measurement of smaller quantities 

is still possible. (see Figure 14 A and C).  

Figure 14: Sensibility of the Agilent RNA 6000 Pico Kit from 5000 pg/μl to 50 pg/μl 
Measurements were performed using the Agilent 2100 Bioanalyser with known quantities of RNA 
samples from one healthy individual. FU is an abbreviation for fluorescence units. The RIN value 
represents the quality of the RNA. With 1 being the most degraded RNA and 10 being the most 
intact. It is calculated of the ratio from 18S and 28S RNA species. The first peak is the marker (M). 
Smaller RNA is getting picked up faster and is therefore more on the left side of the graph than 
bigger RNA. (A and B) The important quantity range in our case is between 100 pg/μl (A) and 500 
pg/μl (B) RNA. (C) Is an electropherogram and gel-like image created by the software. Visualizes 
the decrease in quantity between the sampels. Between 500 pg/μl and 100 pg/μl there is a strong 
decrease in sensitivity. 100 pg/μl is still measurable (A). 
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Afterwards, we had to find the most suitable RNA isolation kit. There are five different 

methods we looked at (see Figure 15 A-E): The phenol based EtOH/NaAc precipitation with 

glycogen with (A) or without adding a phenol extraction (B), the RNAeasy Plus Mini Kit 

(C) and the MiRNeasy Serum/Plasma Advanced Kit (D) from Qiagen as well as the SeraMir 

Exosome RNA Amplification kit from System Biosciences (E). Since phenol is added to the 

sample during the EtOH/NaAc precipitation, which can influence the subsequent analysis 

of the RNA, we also added a phenol extraction method. Both yielded smaller RNA in the 

quantity of 300-450 pg/μl, but no larger RNA species were found. The RNAeasy Plus Mini 

Kit (see Figure 15C) isolated small species RNA and a small amount of RNA (135 pg/μl). 

The MiRNeasy Serum/Plasma Advanced Kit (see Figure 15D) isolated a larger amount of 

RNA (461 pg/μl) and some larger RNA species. Best of all performed the SeraMir Exosome 

RNA Purification Kit (see Figure 15E). It isolated a high amount of RNA (366 pg/μl) and has 

the largest variety of RNA species with both smaller and larger RNA species. 
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Figure 15: Comparisment of different RNA isolation kits measured with the Agilent RNA 6000 
Pico Kit  
Measurements were performed using the Agilent 2100 Bioanalyser with RNA samples from one 
healthy individual. FU is an abbreviation for fluorescence units. The first peak is the marker (M). 
The peaks after that are smaller RNA species and the peaks at 40s are bigger RNA species like the 
ribosomal 18S and 28S species. RNA originates from extracellular vesicles, which were isolated 
using a precipitation method. Using the EtOH/NaAc precipitation with glycogen (A and B) and 
the the RNAeasy Plus Mini Kit (C) it is possible to isolate a good amount of smaller RNA but no 
larger RNA species. The MiRNeasy Serum/Plasma Advanced Kit (D) isolates a good amount of 
smaller RNA as well as a little bit of larger RNA species. The SeraMir Exosome RNA Purification 
Kit (E) isolates smaller and also some larger RNA species. All of them isolate a good amount of 
RNA except RNAeasy Plus Mini Kit. 
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Since the SeraMir Exosome RNA Purification Kit and the miRNeasy Serum/Plasma 

Advanced Kit worked most efficiently, we decided to compare them with a higher number 

of samples. We isolated and analyzed EVs via precipitation and the respective kits from 

three different healthy individuals (see Figure 16). Both kits (see Figure 16 A and B) isolated 

high amounts of RNA. The SeraMir Kit isolated both smaller and larger RNA species, while 

the miRNeasy Serum/Plasma Advanced Kit isolated only smaller RNA. The same results of 

Figure 15 can be found in Figure 16 as well. Since we wanted to isolate the widest range of 

RNA species the usage of SeraMir is the best option. 

 

Figure 16: Comparison of the SeraMir Exosome RNA Purification Kit with the miRNeasy 
Serum/Plasma Advanced Kit measured with the Agilent RNA 6000 Pico Kit  
Measurements were performed using the Agilent 2100 Bioanalyser with RNA samples from three 
different healthy individuals. The RNA origantes from extracellular vesicles, which were isolated 
using a precipitation method. FU is an abbreviation for fluorescence units. The first peak is the 
marker (M). The peaks after that are smaller RNA species and the peaks at 40s are bigger RNA 
species like the ribosomal 18S and 28S species. EVs were isolated using a precipitation method and 
the respective RNA isolation kit. Both kits (A and B) harvest a comparable amount of smaller RNA. 
Only the SeraMir kit (A) is able to isolate some bigger RNA species. 
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After establishing the final method for extracellular vesicle isolation (see Figure 5), we 

again compared the performance of the different RNA isolation kits. In Figure 16 the EVs 

were isolated using only a precipitation method. We added a size exclusion column and a 

100 kDa cut off Amicon-Ultra concentrator column. After isolating and analyzing the RNA 

of these vesicles (see Figure 17), we can observe that the miRNeasy Serum/Plasma Ad-

vanced Kit performs worse and isolated an average of 97 pg/μl RNA, while the SeraMir 

Exosome RNA Purification Kit still isolates an average of 310 pg/μl. The wider variety of 

RNA (e.g. 18S, 28S ribosomal RNA and larger RNA species) can no longer be observed.  

 

 

Figure 17: Comparisment of SeraMir Exosome RNA Purification Kit with the miRNeasy advanced 
kit measured with the Agilent RNA 6000 Pico Kit  
Measurements were performed using the Agilent 2100 Bioanalyser with RNA samples from three 
different healthy individuals. FU is a abbreviation for fluorescence units. The first peak is the marker 
(M). The peaks after that are smaller RNA species. RNA originates from extracellular vesicles, which 
were isolated using a precipitation method, a size exlcusion collumn and a 100 kDa cut off Amicon-
Ultra concentrator column. The SeraMir kit (A) is able to harvest good quantities of smaller RNA. 
Bigger RNA as seen in Figure 16 are not observable. The miRNeasy Serum/Plasma Advanced Kit 
(B) does not isolate larger amounts of RNA and still does not isolate bigger RNA species. 
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After isolation of high-quality RNA, more precisely small RNA (e.g. micro RNA) we ana-

lyzed the RNA with a qPCR. Two micro RNAs, hsa-miR-191-5p and hsa-miR-451a were 

used. Both are well known and associated with EVs. The miRNAs are highly enriched in 

our EVs-associated RNA (see Figure 18). For hsa-miR-191-5p there was no signal in the 

plasma and only a weak signal in our EVs sample. Hsa-miR-451a was observed in the 

plasma but in higher concentrations in the EVs. All in all, we found higher enrichment of 

both miRNA in our EVs associated RNA compared to the RNA isolated from human 

plasma. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 18: qPCR analysis of EV associated RNA with two different miRNAs 
(A) RNA from purified EVs using the finished isolation method, precipitation, size exclusion, and 
ultrafiltration (see Figure 5), were analyzed with the TaqMan Advanced miRNA cDNA Synthesis 
Kit and TaqMan Advanced miRNA assays. Both miRNAs are observable in the EVs but mostly not 
in the plasma. For hsa-miR-191-5p no signal of the plasma was tracable. hsa-miR-191-5p assay ID: 
477952_mir; hsa-miR-451a assay ID: 478107_mir. Plasma: n = 2; EV: n = 3. Data are mean ± SEM.  
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4 Discussion 

4.1 Challenges of EVs research and our solution 

Vesicle research is still in its infancy. This means that methods need to be established for 

the enrichment of extracellular vesicles from a variety of different sources and evaluated 

for their usability, vesicle purity, and efficiency (84,102). Thus, a standardized method, 

which is reliable and easy to use, can help minimize errors, create consensus, and make 

results more reproducible. Our aim was to develop a method that yields enough extracel-

lular vesicles for downstream analyses without containing major impurities. The Interna-

tional Society for Extracellular Vesicles (ISEV) and ‘EV‐TRACK’ advises to use specific in-

dividual methods for different tasks [34,70,113]. Using a combination of EV-associated pre-

cipitation, size exclusion chromatography, and ultrafiltration we were able to enrich vesi-

cles from peripheral blood with little protein contamination.  

 

4.1.1 Purity 

The ideal method for enriching EVs would maximize EV yield without incurring any dam-

age while removing any material that might contaminate the vesicle population such as 

proteins. At the same time, the method should not require specialist knowledge or expen-

sive equipment, it should be fast and inexpensive so that the number of samples processed 

does not limit its use. Because we process human plasma, the amount of starting material 

as well as EVs in the plasma is high. Therefore, even using methods which lose some EVs 

like precipitation and ultrafiltration will still yield enough for downstream analysis. To 

control the purity of the sample we measured the vesicle and protein concentration. By 

decreasing the protein concentration as well as preserve the EVs in the sample the purity 

was improved. We achieved a low protein and high vesicle concentration by combining 

the size exclusion chromatography with precipitation and ultrafiltration. It has previously 

been reported that size exclusion chromatography “removes 99% of the soluble plasma 

proteins and >95% of HDL from the purest fraction of EVs, does not induce aggregation of 

EVs, and retains the integrity and biological activity of EVs“ [95]. We can confirm the 

removal of 98% of protein. We also confirmed the removal of the blood proteins by analyz-

ing the proteins of the samples. Two negative markers (GM130 and albumin) showed that 

there were no abundant proteins from the blood in the EVs sample. Two positive markers 

(LAMP1 and ICAM-1) also confirmed that our sample contains EVs-associated proteins 

and therefore most likely EVs. Furthermore, both ultrafiltration and polymer-based 
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precipitation retain most of the integrity and biological activity of the enriched EVs [82,84]. 

Hence, further analysis as well as clinical application of the EVs is possible.  

Purifying a sample by implication translates to reducing contamination. However, 

this may come at the price of losing vesicles or damaging them during the purification 

process. Therefore, isolation methods with extreme high purity like immunoisolation are 

not necessarily better. Immunoisolation and microfluidics are the methods, which can 

achieve the highest purity. They can isolate and enrich specific EV subspecies. However, 

they require a high amount and preparation of the starting material as well as yield a low 

amount of EVs [95]. But a certain amount of EVs is needed to perform downstream 

analyses. With our method we can successfully enrich enough EVs to isolate their miRNA 

for further analysis. Also, as we can directly use the precipitation on the plasma, thus the 

preparation time beforehand is short. Furthermore, the advantage of isolating specific 

subpopulations of EVs is not needed in our case.  

Another popular method is to use centrifugation as isolation method. It can produce 

a high degree of purity, but to achieve this, different centrifugation speeds and often a 

sucrose density gradient are required. This takes a lot of time and limits the number of 

samples that can be processed [67,95]. Furthermore due to high centrifugal speeds EVs can 

be damaged [95]. Our method is relatively fast, needs a low amount of preparation, and is 

able to isolate biologically active EVs, which creates the basis for daily clinical application. 

Due to the small size and mostly low amount of EVs, analyzing them is difficult (84). As a 

result of our high purity, it was possible to visualize the EVs with a single particle tracking 

system and transmission electron microscopy. But to be able to control this high state of 

purity, specific markers are needed. Often, due to low purity, markers may be falsely asso-

ciated with non-EV-associated molecules instead of extracellular vesicles [27,55]. This 

leads to false-positive EV-associated markers which contribute to the difficulty in charac-

terizing the EVs. As an example, Annexin 5 and HSP 70 were both associated with EVs, 

according to the MISEV guidelines [113]. In our case, Annexin 5 did not work and HSP70 

did only work in one out of two western blots. Furthermore, some paper describes that EVs 

contain ribosomal RNA (18S and 28S) or bigger RNA species [25]. By analyzing the EVs 

cargo with the Bioanalyzer we observed some bigger RNA species, but after adding the 

size exclusion columns and improving the purity of the sample, those RNA peaks disap-

peared. Thus, the larger RNA may be non-vesicular RNA bound to the external surface of 

EVs. This preliminary data suggests that further research with more test subjects is needed. 



Discussion 

44 
 

4.1.2 Standardization  

Another major problem in EVs research is the amount of non-standardized methods used 

to isolate EVs [67]. Results are not reproducible and difficult to interpret. The methods 

used are often complicated and therefore highly error-prone. Thus, we tried to create a 

standardized method with high accuracy, reliability, and simplicity of application. First of 

all, it is important that all used materials and methods are readily available and not overly 

complicated. The kits we used are all commercially available and highly standardized by 

the respective companies. They are immediately usable without any prior knowledge about 

how to isolate vesicles. Thus, specialist and expensive equipment is not needed [95]. Fur-

thermore, most of the reagents and fluids used originate from the kits. Other reagents are 

physiological buffer (PBS) and RNase-free water. However, a drawback of commercially 

available kits is the lack of information about the biochemical basis of the kits. This pre-

vents us from fully understanding the isolation process [95].  

Furthermore, the method must be tested several times for reliability. While 

establishing the method, we tested it on samples originated from 3-4 different healthy 

individuals. By comparing the concentration of vesicles isolated from different plasma 

samples we have shown that our method seems to be reliable. We further confirmed the 

reliability by comparing the isolated EVs from the same plasma sample, isolated three times 

with 24 hours between each isolation with comparable outcomes. After establishing the 

method, we also applied it on 23 healthy control samples. By measuring and comparing 

the protein levels between each isolation step of each sample we can confirm the reliability 

of the method. Furthermore, we tried to simplify all steps to reduce the risk of errors. For 

example, we reduced the number of fractions collected in the size exclusion column from 

three (400 ml each) to one (1 ml) fraction, which reduces the difficulty and time required 

for the method. In addition, to minimize external influences which can affect the results is 

important as well. For example, we used a NanoSight LM10 for analyzing our EVs sample. 

It shows the different EVs species as well as the concentration of EVs (see Figure 9). 

However, there are a number of factors that can influence the results and make it difficult 

to compare the data obtained by different researchers. For example, the storage time, 

temperature and the medium in which the EVs are stored can affect the analysis using the 

NanoSight [4,37,95]. So although the NanoSight LM10 is a suitable method for quality 

control of EVs, standardized sample preparation is required. 

As the method described in detail is easy to apply, accurate and reliable, our criteria 

for standardization are met.  
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4.1.3 Evaluation of vesicular content 

After confirming that we solved the problem of purity, number of EVs, as well as the 

standardization of the method we looked at the EVs content. We wanted to further evaluate 

our method by analyzing the RNA content. Thus, we verified our hypothesis by proving 

that we have obtained an EVs sample of sufficiently high purity to isolate and analyze EVs-

associated RNA. With the Bioanalyzer from Agilent we successfully measured RNA in our 

sample. Additionally, we performed a qPCR with two miRNA assays specific for EVs. This 

is recognized as “gold-standard” for the measurement of EV-associated RNA [92]. 

Although there are some problems, especially in the search for suitable reference genes, 

the miRNAs we use are well known and have been detected in EVs [42]. Nevertheless, we 

have proven that we have successfully enriched EVs and can isolate and measure their 

RNA content. In addition, we isolated a sufficient amount of RNA for future in-depth 

analysis, for example with next-generation sequencing. 

 

4.2 Potential usage  

Using a standardized isolation method, we could access information from remote organs 

with just one blood sample. Alternatively, physical biopsies are often more invasive pro-

cedures for the patients but allow us to analyze a larger number of cells. Liquid biopsies, 

on the other hand, can provide us with information without major risks, but nevertheless 

the amount of material obtained is often not sufficient for subsequent analyses [86]. How-

ever, isolated EVs from a liquid biopsy can grant us access to a large amount of DNA, RNA, 

and proteins without major intervention. If the isolation method can deliver biologically 

active EVs with high purity other medical applications can be targeted. Biomarkers for 

diseases can be established and help to make diagnosis and treatment of diseases earlier 

and more precise. One of the current medical applications is to adjust the EVs cargo for 

delivering different drugs to different locations in the body [86]. In this regard EVs fulfill 

the requirements of having fusogenic properties, protection against the environment, and 

surpass other drug carrier like liposomes or nanoparticles [86]. They are also naturally 

occurring and have a low immunogenicity [17]. There are two ways to load EVs with drugs. 

Ex vitro EVs loading and in vitro loading of parental cells. For ex vitro EVs loading the EVs 

are first isolated then nucleic acids and proteins can be injected via electroporation, chem-

ical transfection, or sonication [17,86]. In vitro loading is performed with changing the 

loading process in the parental cell via drugs. Afterwards, the produced EVs are being iso-

lated for later medical usage [18]. In both cases, the isolation process is a critical step and 
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needs to be efficient and fast for daily clinical usage. Also, it must isolate undamaged EVs 

without contamination, otherwise in vitro produced EVs cannot be clinically used and ex 

vitro isolated EVs cannot be loaded. That highlights the importance of the isolation 

method. 

For example, this has already shown promising effects in the therapy of kidney 

disease. However, large numbers of cells had to be cultivated to yield small quantities of 

EVs. This was a consequence of their isolation method (ultracentrifugation), which was 

not able to work quickly and efficiently [72]. Size exclusion columns on the other hand has 

shown to improve therapeutic immunosuppressive effects and polymer‐based precipita-

tion can improve faster uptake by target cells [13,80]. Both are core steps of our isolation 

method. Furthermore, EVs show promising results in neurodegenerative diseases [120]. 

SiRNAs and hsiRNAs were incorporated into EVs by Didiot et al. [29] and used to treat HD 

in disease models. The results showed a silencing effect of huntingtin in vitro (primary 

cortical neurons) as well as in vivo (brain of HD mouse model). They either used exogenous 

loading or endogenous loading to incorporate the siRNA. For both methods, isolating the 

EVs without damage and contamination is a critical step [29].  

 

4.3 Limitations 

The results reported herein should be considered in the light of some limitations. For most 

of the experiments the blood of four healthy individuals was used. The low number of 

individuals is insufficient for a statistical evaluation of the measurements and could be 

further confounded by a social class selection bias. The social class could influence the 

general health of individuals and thus their cells and possibly also the extracellular vesicles 

[58,104]. However, in the light of this thesis, to establish a robust purification method, 

using a lower sample size is acceptable because we will not further analyze the EVs. 

Although we successfully used the method on a further 23 plasma samples, more research 

on the larger cohorts in terms of reliability and validity is needed.  

 One of the main reasons for developing this specific method is to reduce the con-

tamination of the EVs with molecules from the blood. Even though we were able to exclude 

most of the proteins while obtaining a sufficient number of vesicles, we still do not have a 

sample with 100% pure EVs. We visualized our EVs with the NanoSight and transmission 

electron microscopy. On the one hand, NanoSight is supposed to show us the vesicle pop-

ulation, but it analyses all particles and not necessarily only the extracellular vesicles. On 

the other hand, transmission electron microscopy can help us visualize contamination. We 
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achieved a clear picture of what we assume are EVs. However, other particles like low 

density lipoproteins visually resemble EVs [98,106]. Therefore, the ISEV advises to charac-

terize the sample protein content based on associated markers [113]. For this we used six 

protein markers. Two out of six did not work properly. Reason could be: Falsely associated 

proteins in the guidelines, while our EV purifications are very clean; antibody detection 

problems; or other unknown factors. Proteomics analysis could provide more insight into 

the protein composition of the purified EVs and is therefore accepted by ISEV as an alter-

native method. In all cases it is important to keep in mind that with the small sample size 

and low repetition number the results are mostly preliminary data and only suggest that 

more research is needed. Moreover, the problem of distinguishing between EVs and other 

particles is a major challenge in itself and the subject of numerous studies. 

Additionally, our method has not been tested on other biofluids such as urine, sa-

liva, cerebrospinal fluid or cell culture samples. According to MISEV, specific isolation 

methods are required for each biofluid [113].  
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4.4 Outlook 

All in all, our isolation method can successfully minimize some known problems. It is 

cheap, fast, reliable, and can be used without specific knowledge. We achieved a high pu-

rity and were able to isolate appropriate amounts of EVs for downstream analysis. This 

lays the foundation for further use in the medical field. For this, analyzing the cargo of EVs 

is essential. Our isolation method could be used in clinical populations. By knowing more 

about the difference in their cargo we may learn about certain functions und roles of the 

EVs in the disease pathology. With this, developing a tool for intervening in the pathogen-

esis of the disease might be possible. Additionally, this is only one application area of the 

potential use of EVs. This could be of great benefit for neurodegenerative diseases in gen-

eral. As well as for other diseases like chronic inflammatory diseases (e.g. diabetes, obesity, 

atherosclerosis) and various cancers [8,30,50,62,74,99,101]. All in all, research on extracel-

lular vesicles is a field with many hurdles and difficulties. We are still in the early steps. 

The potential benefits could be life-changing for patients. For comparison, the first red 

blood cell was observed under the microscope in 1658. Since then, the hematopoietic sys-

tem contains many different cell types. They all have different functions, origins, and ther-

apeutic options. The examination of these blood cells is nowadays a routine screening for 

many diseases. These achievements will hopefully also be possible for extracellular vesi-

cles. 
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5 Summary  

Research on extracellular vesicles (EVs) has gained popularity in recent years due to their 

immense potential. To make use of this potential, learning more about the EVs is essential. 

Therefore, we have to analyze them to learn something about their content, function, and 

origin. This requires an effective and reliable isolation method. Currently, extracellular 

vesicles research faces several problems in this regard. For example, the purity of the sam-

ple is often inadequate. This leads to difficulties in downstream analysis and definition of 

markers. Furthermore, the method needs to be standardized and the EVs need to be char-

acterized. Without a standardized and effective method for enriching EVs, the downstream 

analysis will not be valid. This highlights the importance of the isolation method.  

We found a combination of different methods to enrich the EVs from plasma with 

few impurities. While other methods struggle to isolate biological active, enriched extra-

cellular vesicles our standardized method can perform without major drawbacks. To this 

end, we removed 98% of protein contamination from the blood with combining an EV-

specific precipitation, size exclusion and ultrafiltration. Thus, we achieved a high purity 

with biological active EVs. We successfully characterized our EVs. Once we had established 

the method, we verified it by testing it on 23 plasma samples, with comparable results. 

Furthermore, we analyzed the RNA content of the vesicles. Hereby, we have successfully 

measured miRNA in our EVs-enriched sample and demonstrated that it originates from 

the EVs. 

The method presented in this thesis has helped to standardize EVs isolation from 

plasma. For other sources of material this method may have to be modified. The analyses 

of vesicular content in material of different origin could contribute to understanding EVs 

physiology in health and disease. 
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