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Abstract 
 
Purification and characterization of extracellular vesicles released from 

pluripotent stem cells 

 
Yi Xin Fiona Lee         DPhil 
St Hilda’s College        Hillary term 2015 
 
 
Extracellular vesicles (EVs) are nano-sized particles constitutively released from 

cells into biological fluids such as blood, plasma, saliva and urine. Interestingly, 

these vesicles contain genetic cargoes including proteins, RNA and bioactive lipids 

that can be functionally delivered and affect recipient cells. Hence, EVs are 

postulated to be an alternative source of cell-cell communication in both normal 

physiological systems and pathological situations. Recently, EVs from mesenchymal 

stem cells have been shown to promote regeneration of injured cells. Induced 

pluripotent stem cells (iPSCs) are a relative newer type of stem cells that is emerging 

as useful tools for re-modeling diseases. However, knowledge about EVs from 

iPSCs is relatively sparse. In initial experiments, we successfully purified EVs from 

mouse iPSCs using the differential ultracentrifugation (UC) method. However, we 

noticed a discrepancy between total particle counts and expression of EV markers, 

across different EV batches. One crucial prerequisite for EV research is the 

availability of a standardized workflow for collection and purification of EVs from 

biological sources. Increasing evidence from recent studies has suggested that the 

original UC method is limited by several shortcomings such as low EV yield, purity 

and altered biophysical properties. Hence, this has led to a new wave in the 

development of alternative EV purification strategies. In this thesis, we start with a 

systematic comparison study between UC and an alternative purification protocol, 
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size-exclusion liquid chromatography (LC) of EVs from serum-free conditions. We 

found that LC is better than UC in terms of overall EV yields, purity and vesicle 

integrity. Subsequently, we demonstrate that LC allowed for the derivation of pure 

EVs from complex media sources used for growing stem cells like iPSCs, which was 

previously impossible with UC. Lastly, we describe novel data on the 

characterization of EVs from pluripotent stem cell sources and discuss the possible 

roles of these EVs in stem cell biology.  
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Chapter 1 

 

Introduction 

 

1.1 Extracellular vesicles (EVs) 

 

The first report regarding secretory vesicles from cells was in 1967 where Wolf 

described the presence of minute phospholipid-rich, pro-coagulant material from 

fresh platelet-free plasma and termed these “platelet-dust” (1). Subsequently, Raz 

and colleagues demonstrated the release of membrane particles from ascites fluid 

(2). Interestingly, they found that these vesicles express tumour-specific antigens on 

their surface and hence the vesicles were suggested to provide protection against 

detection by the host immune system and further encourage tumourigenicity. A few 

years later, Trams and colleagues (3) reported the release of two pools of 

differentially sized vesicles from a variety of cells; a smaller group of around 40nm in 

diameter and a more heterogeneous pool ranging from 500-1000nm. As these 

vesicles were collected from the cell supernatant, they initially named both groups of 

vesicles as “exosomes”. Importantly, one needs to be caution not to confuse these 

exosomes from cells with the other biological “exosome”, which is used to define an 

intracellular complex involved in RNA editing (4). Following these early studies, two 

other groups subsequently described the presence of 50nm-sized vesicles released 

from reticulocytes (5,6). Based on electron microscopy and biochemical techniques 

(7,8), the authors specifically proved that these vesicles originated from 

multivesicular endosomes (MVEs) and were released when MVEs migrated and 
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fused with the plasma membrane. In 1987, Johnstone et al. re-classified these 

uniformly nano-sized vesicles of MVE origin as “exosomes”. On the other hand, the 

more heterogeneous sized vesicles, which directly shed from the plasma membrane, 

were termed “microvesicles”. A decade later, two studies showed that exosomes 

from immune cells were functional and could activate the adaptive immune 

response. In the first study, the authors demonstrated that major histocompatibility 

complex (MHC) class II was located on the surfaces of exosomes from both human 

and murine B-lymphocytes (9). Further, these exosomes were able to induce 

antigen-specific MHC class II-restricted T cell responses. In a subsequent study, the 

authors showed that dendritic cells (DCs) were also able to secrete exosomes 

expressing MHC class I and II as well as T-cell co-stimulatory molecules. When 

these DCs were pulsed with tumor peptide, the resultant exosomes released were 

able to eradicate or suppress the growth of tumours in a T-cell dependent manner 

(10). All in all, these early works established the starting point of vesicle research, 

and laid the foundation for subsequent global interest in exosomes and 

microvesicles today. 

 

1.1.1 Definition of EVs 

 

Generally, both exosomes and microvesicles are described as membranous vesicles 

that are released from a variety of different cell types via two distinct mechanisms as 

depicted in figure 1.1 (11) and described below. 
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Figure 1.1 
 
Illustration showing how EVs form and are released from cells.  
Briefly, during endocytosis, the cell membrane buds inwards and results in the 
formation of early endosomes. Over time, these endosomes can mature into late 
endosomes where the endosomal membrane buds inward to form ILVs. The overall 
endosome carrying these ILVs is termed as the MVE. There are two downstream 
paths of the MVE: 1) The MVE fuses with lysosomes and the contents are processed 
for degradation. 2) The MVE migrates to and fuses with the plasma membrane. As a 
result, exosomes are released into the extracellular environment. Besides 
exosomes, another type of EV, microvesicles are formed by directly budding off the 
plasma membrane. 
 

 

Exosomes are uniformly sized vesicles of around 30-100nm in diameter that 

emanate from the late endosome pathway. During endocytosis, the cell membrane 
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buds inwards, taking up a portion of the extracellular environment and resulting in 

the formation of early endosomes. Over time, these endosomes mature into late 

endosomes where the endosomal membrane buds inward to form intraluminal 

vesicles (ILVs). Consequentially, these larger endosomes that carry ILVs are termed 

MVEs. Recently, this particular cellular process has been shown to be controlled by 

both endosomal sorting complex required for transport (ESCRT)(12–16) and its 

associated proteins such as Alix (17,18) and Tsg101 (19). Alternatively, this process 

can also be regulated by ESCRT-independent machinery like ceramide, G-protein 

receptors and Rab GTPases (20–22). Following the formation of the MVEs, MVEs 

can fuse directly with lysosomes, allowing for the degradation of their content. 

However, we now know that some MVEs can instead migrate towards and fuse with 

the plasma membrane, which will subsequently lead to the release of exosomes into 

the extracellular environment. Based on several lines of evidences, the ultimate fate 

of MVEs can be influenced by Rab GTPases or even bioactive lipids and lipid-

associated proteins (15,23,24). Interestingly, most of these mechanisms described 

are common across the biogenesis of exosomes from different cell sources. 

Furthermore, during the biogenesis process, some of these proteins can be 

integrated into EVs. Hence, many groups in the field frequently use the identities of 

these proteins (e.g. tetraspanins, flotillins, Rabs, Alix and Tsg101) as conserved 

markers indicative for all exosomes, irrespective of their cellular origin. On the other 

hand, depending on their parental cell source, exosomes can also contain cell-

specific markers as depicted in figure 1.2 (11). 
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Figure 1.2 
 
Graphic showing the common and cell-specific features reported for 
exosomes. 
Exosomes have been reported to contain different proteins and RNAs that are 
common in all exosomes regardless of their cellular source, such as surface 
molecules like tetraspanins and lipid rafts, intra-exosomal proteins like Alix, Tsg101 
and heat shock proteins and small RNA identities (left panel). In addition to these 
molecules, there are some evidences showing the presence of cell-specific 
molecules dependent on their parental source. Here we illustrate two examples from 
dendritic cells and cancer cells (right panel). 
 

 

Unlike exosomes, microvesicles form through direct outward blebbing of the plasma 

membrane (25). In microglial cells, it has been shown that the activation of ATP-

gated ion channels like P2X7, can trigger several intracellular signaling events and 

result in membrane blebbing and release of microvesicles (26–28). Similarly, in 
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tumour cells, some studies have suggested that the activation of different signaling 

pathways can govern the formation of tumour microvesicles at the cell surface. 

Some examples include the ADP-ribosylation factor 6 (ARF6)-mediated extracellular 

signal-regulated kinases (ERK) in invasive melanoma cells (29) and the interaction 

between Diaphanous-related formin-3 (DRF3) and small Rho family GTPases in 

prostate cancer cells (30,31). Alternatively, others have reported that the 

microvesicle biogenesis and shedding from monocytes occur at regions on the cell 

membrane that appear to be enriched in specific lipids such as cholesterol (32,33). 

Interestingly, one study demonstrated that the ESCRT machinery, previously 

described in exosome biogenesis, could also stimulate the budding of retrovirus-like 

vesicles off cell membranes (34,35). As shown here, there are a variety of different 

mechanisms, which can regulate microvesicle blebbing. With hindsight though, all of 

these studies were conducted of different cell types. Hence, microvesicles are 

described as a more heterogeneous population of EVs, with variable sizes (50-

1000nm in diameter) and expression of cell-specific cytoplasmic and membrane 

proteins.  

 

Following the first studies on exosomes derived from reticulocytes (5,6), vesicle 

research has now rapidly extended across different biological systems. Many studies 

have described the release of and characteristics of exosomes and microvesicles 

secreted from most, if not all cells (e.g. dendritic cells (DCs), B-lymphocytes, 

epithelial cells, neurons, cardiomyocytes and stem cells). Moreover, vesicles can be 

detected in various biological fluids, including urine, blood, saliva, amniotic fluid, 

semen, cerebrospinal fluid and breast milk (9,10,36–41). In certain instances, some 
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have even chosen to adopt new nomenclature and to re-name these cell-type 

specific vesicles as listed in Table 1.1 (38,42–62). 

 
 

 

Table 1.1 
 
Table showing alternative names described for cell-specific EVs. 
 

Apart from exosomes and microvesicles, there is another known type of secretory 

vesicle that is released under specific cellular circumstances. When the apoptosis 

cascade is activated in cells, cellular debris and organelles segregate into membrane 

bound vesicles. These vesicles, also known as apoptotic bodies (ABs), bleb directly 

from these dying cells (63,64).  As ABs are generally larger than exosomes and 

microvesicles (>1 µm), they are usually eliminated during the initial sample 

preparation process and are not mentioned in most exosome and microvesicle 

studies. Importantly though, one should remember that all healthy viable cells can 

release a mixture of different types of secretory vesicles actively into the extracellular 

environment. Due to limitations in current technologies and the lack of unique 

markers for each individual vesicle subpopulation, it is currently still not possible to 
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accurately differentiate and purify the different subpopulations of EVs (65). Hence, 

we, like others in the field (66), have chosen to use the collective term “extracellular 

vesicles (EVs)” to define all of the secretory vesicles described in this thesis. 

  

1.1.2 Protocols for purification of EVs 

 

The most common method for extracting EVs from cell supernatant or biological 

fluids is the differential ultracentrifugation (UC) method (67). Briefly, the biological 

sample containing EVs is first subjected to initial low speed spins to remove floating 

dead cells and larger cell debris and vesicles (e.g. apoptotic bodies). After decanting, 

the supernatant is subjected to an ultracentrifugation spin to pellet EVs. Usually, the 

EV pellet will be further treated with additional high-speed wash steps or floating on 

a sucrose gradient to effectively eliminate any contaminating proteins or RNAs to 

improve EV purity. As this UC protocol is relatively easy to perform and does not 

require any specialized equipment apart from an ultracentrifugation unit, which is 

commonly found in most laboratories, UC has been the most frequently used method 

to date, in the majority of published reports on EVs. 

 

With the recent improvements in technological characterisation tools for EV 

phenotyping, it is becoming increasingly evident that the original UC protocol suffers 

from several drawbacks mainly related to the overall yield, purity and physical 

integrity of EVs. Concerns have been raised that the resultant EV yields by UC are 

very low as compared to the starting material and overall particle counts may be 

highly variable, depending on the individual operator. This low efficiency in EV 

pelleting has been linked to physical explanations such as the type of centrifugation 
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rotor (swing-bucket or fixed angle) used, the length of time samples were centrifuged 

(68) as well as to the viscosity of the sample (69). In addition, there is a need to 

further subject the derivative UC pellet to additional washes or floating on a sucrose 

gradient for “cleaning up” the EVs from any contaminants. Although these steps are 

crucial for improving the purity of the sample, they are often time-consuming and 

could further compromise the already low EV yields. Lastly, it has been speculated 

that the high gravitational-forces applied during the final UC steps may damage the 

integrity of EVs (70), which in turn, may account for the low EV yields measured in 

the UC pellet. For these reasons, there are several doubts on the reproducibility and 

reliability of characterisation data of EVs purified with the UC protocol. 

 

In order to resolve this major problem in EV research, some have started developing 

new methods for EV purification, as summarised in Table 1.2. For example, there 

are various commercially available precipitation-based kits where EVs are captured 

with polymers (71), based on the expression of specific peptides (e.g. heat shock 

proteins) (72) or by capitalizing on the negative charge of EV surfaces (73). Although 

comparison studies have shown that these strategies are less time-consuming and 

relatively straightforward to conduct, the actual purity and biophysical integrity of EVs 

purified with precipitation have been found to be of lower quality than those derived 

by UC (74) .  
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Table 1.2 
 
List of protocols currently used for purification of EVs from in vitro and in vivo sources. 
 

As discussed earlier, there have been multiple reports about the enrichment of 

specific “exosomal” proteins (e.g. tetraspanins, flotillins and integrins) on the surface 

of EVs, regardless of their cellular origin. Hence, another newly developed 

purification strategy is based on capturing EVs directly from the biological sample 

with antibody-labeled beads or with antibody-coated microfluidic chip devices (75–

80). Compared to the UC protocol, this strategy allows for fast and high sensitivity 

capture of EVs directly from small volume samples, which could be particularly 

useful for health screening purposes. Furthermore, one can simultaneously purify 

and phenotype the EVs when these antibody-coupled beads or chips are used in 

combination with the flow cytometer (67). However, it may be difficult to use this 

method when purifying and investigating EVs from novel cell lines, as a low readout 
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signal or a negative result on the flow cytometer may simply be due to low detection 

of these specific proteins on the EVs. Furthermore, this method is not practical when 

handling large media volumes for EV purification. Moreover, it is still unknown if EVs 

can be efficiently eluted from the beads or chips without affecting their biophysical 

properties for downstream characterization studies or functional purposes. 

 

Next, as EVs are around the size range of 100 nm in diameter, some groups have 

described the use of size-exclusion liquid chromatography (LC) to separate larger 

EVs from other smaller non-EV associated protein complexes, in both cell culture 

and recently, from human biological fluids (81–85). Unlike the UC protocol, the LC 

methodology does not require any high speed spins and is scalable for large volume 

samples. However, very little is known about how this method compares to the UC 

method. 

 

Although, there have been some recent papers cross comparing these alternative 

techniques (70,74,86–91), many of these studies were conducted on a variety of 

different sample types. In some instances, reports on EVs from the same cell line 

had described contradictory findings. Hence, to date, there remains a lack of 

consensus within the field regarding the most ideal method for purification of EVs 

from all sources, to ensure the reproducibility and reliability of molecular analysis of 

EVs. 

 

 

 

 



	
   24 

1.1.3 Tools for characterisation and analysis of EVs 

 

One of the first techniques used for identifying and characterisation of EVs was 

transmission electron microscopy (TEM)(7,92). In recent years, there has been some 

criticism related to the traditional TEM methodology as the dehydration step during 

the sample preparation process may lead to the appearance of artifacts such as cup-

shaped vesicles. To circumvent this problem, some have suggested the use of cryo-

EM as an alternative tool for visualization of vesicles (93,94) as cryo-EM omits the 

final dehydration step in sample preparation. Hence, under cryo-EM, all of the 

vesicles appear like intact bubbles with relatively fewer appearances of those cup-

shaped vesicles. Overall though, EM is a laborious process that requires expertise 

knowledge and equipment to perform systematic studies. Furthermore, the use of 

EM for determination of the size and quantity of EVs can be relatively subjective. To 

ensure more reliable and reproducible analysis of EV structure, more quantitative 

approaches, many of which have been adapted from the liposome field (95), have 

been extended for use on EVs (Table 1.3).  
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Table 1.3 
 
Table of common tools used for analyzing the biophysical properties of EVs. 
 

 

To measure vesicle size, there are currently a variety of different devices available 

commercially: light-based detection methods such as dynamic light scattering (DLS) 

(96), tunable resistive pulse sensing such as the qNano (Izon) (97), nanoparticle 

tracking analysis (NTA) methods based on Brownian motion detection of particles 

with the Nanosight machine (Malvern) (98–101) or even atomic force microscopy 

(AFM) (102–104). Apart from DLS, the latter three techniques also allow for the 

absolute quantification of particles within the sample. Furthermore, unlike TEM, 

these methods allow for a much faster quantitation of vesicles, without the need for 

any extra sample preparation steps. Hence, many of these techniques are gradually 

becoming common tools for characterization in several EV studies.  
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As for molecular characterization of EVs, common approaches used for cellular 

analysis such as mass spectrometry based proteomics, western blotting, enzyme-

linked immunosorbent assay (ELISA) methods, deep-sequencing of RNA and 

quantitative real-time polymerase chain reaction (qPCR), can also be applied for 

evaluating protein and RNA content in the EVs. However, one would need to be 

careful in the optimization and interpretation of data when using any of these 

techniques, due to the huge differences in absolute amounts and molecular content 

in the EVs, as compared to cells in general.  

 

Using the above described techniques; many of the EV characterization studies to 

date have come to the following conclusions on the molecular content of EVs. Firstly, 

EVs can contain a number of different functional molecular cargoes, such as 

messenger RNAs (mRNAs), different species of small RNA types (e.g. microRNAs 

(miRNAs), transfer ribonucleic acid (tRNAs), small nucleolar ribonucleic acid 

(snoRNAs), Y-RNAs) and proteins. Secondly, the molecular signatures of EVs are 

generally different to that of their parent cells, where EVs seem to only contain a 

specific subset of the general cellular content. Lastly, across all EVs, there appears 

to be several common traits that are seen, regardless of the cellular origin of EVs. 

Firstly, all EVs have been found to express a number of proteins that are classified 

under the Gene Ontology (GO) annotation for extracellular vesicle (GO: 1903561) 

Secondly, all EVs appear to be enriched in the expression of small RNAs as 

compared to that in cells. The exact amount of these molecular cargoes in EVs has 

been debated recently; contrary to literature, some reports have suggested that pure 

EVs may contain only very low numbers of such cargoes (105,106). 
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By collating all the high-throughput data that has been generated based on the 

numerous detailed EV characterization studies, there has been the development of 

several general databases on the molecular content of EVs, all of which are 

available freely online. These include EVpedia 

(http://student4.postech.ac.kr/evpedia2_xe/xe/), ExoCarta (http://www.exocarta.org), 

Vesiclepedia (http://microvesicles.org/index.html) and the Urinary Exosome Protein 

Database (http://dir.nhlbi.nih.gov/papers/lkem/exosome/) (107–109). Recently, there 

has also been the formation of an extracellular RNA communication consortium 

(ERCC) from the common fund by the National Institutes of Health (NIH), USA 

(www.exRNA.org), where a part of this consortium is aiming to build up a portal for 

vesicular RNA data management and resource repository. Hence, all of these 

databases serve as a platform to provide valuable information on EV content. This 

then allows for researchers to perform comparative studies on their EV studies to 

current knowledge about EVs in general.   

 

1.1.4 Applications of EVs in biological and medical sciences 

 

In the 1980s, EVs were thought to function as “waste containers”, serving to expel 

unwanted cellular material into the extracellular environment and helping to maintain 

intracellular homeostasis. We now know that these EVs in fact can function as an 

alternative type of cell-cell communication system through a number of different 

general mechanisms (110). Firstly, EVs expressing membrane-bound molecules can 

trigger downstream signaling cascades within the recipient cells through direct 

receptor-ligand interactions. One such example is the EVs released from platelets 
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upon activation. These EVs are coated with tissue factors that can interact with 

macrophages, neutrophils and other platelets by ligation with P-selectin located on 

recipient cells (111). Alternatively, upon the uptake of EVs into cells via passive 

fusion, endocytosis, phagocytosis or interaction with phosphatidylserine (PS) which 

serves as an uptake signal (112–115), cargoes such as mRNAs, miRNAs and 

proteins within the EVs can be functionally transferred to the recipient cells. 

Subsequently, this can lead to the translation of mRNA into functional proteins or 

directly result in epigenetic changes when miRNAs are delivered into the nucleus, 

both of which may result in molecular changes in recipient cells (116–120). For 

example, when EVs from GFP-transfected endothelial progenitor cells were added 

onto endothelial cells, these endothelial cells were subsequently able to produce 

GFP protein. Interestingly, through RNase pre-treatment experiments on EVs, the 

authors proved that these RNAs were encapsulated and protected within the lumen 

of EVs (121). Here, we describe some examples of how EV-mediated 

communication between cells can play an important role in both normal physiological 

processes, in the spread of diseases and hence how they can be exploited as 

biomarkers of diseases or even therapeutic targets and tools in medical treatment 

(Figure 1.3). 
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Figure 1.3 
 
Illustration showing the different reported functions of EVs. 
There is a wealth of evidence showing the roles of EVs as important cell-cell communicators 
in different biological systems. Here we show specific examples of EVs in normal physiology 
and in disease pathogenesis and transmission (left panel). With increasing knowledge about 
EVs in these processes, have started to investigate the usefulness of EVs in medical 
sciences, for example as biomarkers of disease and as therapeutic targets or as therapeutic 
tools (right panel). 
 

 

1.1.4.1 EVs in normal physiology 

 

Roles of EVs in immunity 

 

There are two known arms of protection against inflammation and pathogen invasion 

in humans. Firstly, there is the innate immune response where leukocytes 

expressing pattern recognition receptors (e.g. Toll-like receptors) on immune cells 
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can recognize the pathogen-associated molecular patterns (PAMPs) or damage-

associated molecular patterns (DAMPs) on the foreign entities. Secondly, there is 

the adaptive immune response, where foreign antigens can be either directly 

recognised by antigen receptors on adaptive immune cells such as B cells or 

presented on antigen presenting cells (APCs) such as DCs and macrophages to 

activate naïve T cells (122) for immune modulation. 

 

Recent evidence strongly supports the finding that immune cells can secrete EVs 

that elicit specific immune responses, depending on the phenotype of EVs (Figure 

1.4). For example, when macrophages become infected by pathogens (e.g. 

mycobacterium or toxoplasma), they secrete EVs containing PAMPs(123–125). In a 

similar fashion, microglial cells, the immune cells of the brain, shed EVs upon the 

detection of an inflammation in the brain (28). In both cases, the EVs assist in the 

recruitment of inflammatory cells to the injured site and hence provide necessary 

measures to counter the injury. DC-derived EVs, on the other hand, can induce an 

adaptive immune response through a number of different mechanisms. Depending 

on their maturation status, the overall quantities and phenotype of EVs released from 

DCs are strikingly different. Generally, mature DCs secrete fewer EVs than immature 

DCs (126,127). However, their EVs express higher levels of MHC-II and co-

stimulatory molecules such as CD80/86 and Intercellular adhesion molecule-1 

(ICAM-1). Hence, these EVs can interact and directly activate T cells, mimicking the 

role of APCs (9,10,128–131). On the other hand, EVs from immature DCs do not 

express MHC-II and co-stimulatory molecules, instead they abundantly express milk 

fat globule-epidermal growth factor 8 (MFG-E8) (127). As a result, it is proposed that 

these EVs can bind to PS on cell membranes and potentially opsonize apoptotic 
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cells (132). Furthermore, immature DC EVs can assist in the distribution of foreign 

antigens to other APCs for antigen presentation. 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 

Illustration showing the reported roles of EVs in immunity 
There is a wealth of evidence showing the roles of EVs as important cell-cell communicators 
in the immune system. Here we show specific examples of EVs in innate immune response 
(left panel) and in adaptive immune response (right panel).  
 

 

Interestingly, the phenotype of EVs from immune cells can be altered for beneficial 

reasons. For example, genetically modifying immature DCs with interleukin-10 (IL-

10) or transforming growth factor-beta1 (TGF-β1) allows for the generation of EVs 

that promote an anti-inflammatory response and confer immunosuppression, which 

would be particularly useful for models of transplantation and auto-immune disease 

(133–138). Similarly, the immunosuppressive phenotype of microparticles released 

from the semen and placenta are important in preventing any unwanted activation of 

immune responses during egg fertilization and against the fetus in the duration of the 
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pregnancy. Unfortunately, the flexibility in switching the EV phenotype might be 

exploited by pathogens. By pulsing immature DCs with pathogen-associated 

antigens such as Toxoplasma gondii antigen, diphtheria toxin or Eimeria tenella 

antigens (139–141), the resultant EVs released from these cells induced an immune 

suppression response, which enabled the pathogens to avoid immune detection and 

modulation by the immune system. Similarly, this mechanism has been shown to be 

exploited by many other pathogens and viruses (142,143). 

 

Roles of EVs in development 

 

The role of EVs in development was first suggested with the discovery of exo-

vesicles budding off the basolateral membranes of Drosophila imaginal disc cells 

(42). These vesicles, which were termed “argosomes” were derived from basolateral 

membranes and produced by many different regions of the disc. Interestingly these 

argosomes were showed to spread at similar rates to the generation of the 

morphogen gradient for Wingless throughout the disc epithelium. As these 

argosomes contain Wingless, they were postulated to play a role in development. 

Recent studies have now confirmed this hypothesis by demonstrating that 

argosomes carry different morphogens including Hedgehog (Hh) and their related 

protein, Wnt. When these vesicles were taken up by recipient cells, the Hh and Wnt 

proteins modulated target gene activation and resulted in Hh-mediated gradients and 

pattern formation (14,144–149). Interestingly, it was shown that V0-ATPase can 

mediate secretion of these Hh-related proteins in EVs released from C. elegans 

models. On the other hand, one recent paper demonstrated that vertebrate sonic 

hedgehog (Shh) is secreted on two types of EVs with different signaling properties, 
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in both primary chicken notochord cells and in human cell lines (150). Importantly, 

they demonstrated that only the exosomes co-express Hh and integrins. 

Subsequently, these exosomes were able to activate the targets of Shh: Hepatocyte 

nuclear factor 3β (HNF3β) and oligodendrocyte lineage transcription factor 2 (Olig2) 

during the differentiation of mouse stem cells to ventral neuronal progenitors.  

 

Roles of EVs in the brain 

 

In an organ that requires constant communication across cell types, it is certainly no 

surprise that EVs play important physiological roles in normal brain functioning. 

There have been several reports describing the release of EVs from all cell types in 

the brain including neurons, oligodendrocytes, astrocytes and microglial cells (151–

154). Depending on the cell source and the physiological state, the characteristics of 

EVs can vary accordingly and have different functions in the brain. For example, 

when mature cortical neurons possess enhanced glutamatergic activity, they secrete 

EVs that express the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptor subunit GluR2. Hence, it is suggested that this activity-dependent regulation 

of exosome secretion may contribute to the synapse maturation and synaptic 

plasticity by depleting the neurotransmitter receptors from the postsynaptic 

compartment (155). Alternatively, EVs from neurons are enriched in syndecans and 

tetraspanins (e.g. CD81), which coincidentally are important signaling cues. Hence, 

these EVs could assist in neurite outgrowth and axon path finding in the developing 

brain and in the neuroplastic adaptations in adult brains (156,157). In other 

instances, EVs can act as important mechanisms for the cross talk between different 

cell types in the brain; for example, oligodendrocytes release EVs in response to 
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neuronal electrical activity. In turn, these EVs carry metabolites or metabolic 

enzymes such as catalase, which can be delivered back to the neurons for trophic 

support (158). Similarly, Schwann cells have been shown to release EVs upon 

axonal damage (153), subsequently these EVs migrate to the site of injury and 

encourage axonal regeneration.  

 

Role of EVs in stem cell biology 

 

To date, there has only been two studies characterising and showing the horizontal 

transfer of EV cargoes across pluripotent stem cell lines. In the first study, Ratajczak 

et al. demonstrated the release of EVs from mouse and human embryonic stem cells 

(ESCs). Interestingly, they found that EVs from both types of ESC express Wnt-3 

protein and are selectively enriched in mRNA for several pluripotent transcription 

regulatory factors (e.g. Octamer-binding transcription factor 4 (Oct-4), zinc finger 

protein 42 (Rex-1), Nanog, stem cell leukaemia (Scl) and GATA binding protein 2 

(GATA-2)) as compared to their parental cells. Importantly, the authors further 

demonstrated that these mRNAs could be functionally delivered to other cells and 

translated into the respective proteins. For example, when mouse ESC-EVs were 

added onto mouse murine haematopoietic progenitors cells (HPCs), they could 

enhance the survival and improve the expansion of these HPCs through the transfer 

of EV mRNA cargoes (e.g. Oct-4, Nanog and Rex-1). Interestingly, some early 

haematopoietic stem cells markers (Scl, Homeobox B4 (HoxB4) and GATA-2) and 

the phosphorylation of Mitogen-activated protein kinases (MAPK) p42/44 and serine-

threonine kinase AKT were also increased in HPCs that were treated with ESC-EVs 

(118). A few years later, Yuan et al. published a complementary study, showing the 
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horizontal transfer of miRNAs via ESC-EVs. Similar to the first study, the authors 

started off by comparing the levels of different mRNAs and miRNAs in EVs versus 

that of their parent cells. From RT-PCR analysis, they found that ESCs were more 

enriched in polyA-containing RNA than the EVs. Furthermore, they probed for the 

presence of a number of different ESC-specific miRNAs (miR-290, miR-291-3P, 

miR-292-3p, miR-294 and miR295) as well as two miRNAs that were reported to be 

upregulated in ESCs undergoing differentiation (miR-21 and miR-22). Overall, all of 

these miRNAs were found to be less enriched in EVs as compared to their parental 

cells. However, there was some significant difference in the relative abundance of 

each individual miRNAs. Subsequently, when these ESC-EVs were added onto 

mouse embryonic fibroblasts (MEFs), the authors observed an increase in the levels 

of these ESC-specific miRNAs as early as 1 h after incubation, with the transfer 

peaking at between 12-36 h, before dropping back to basal levels at 54 h. 

Interestingly, the authors reported that the miRNAs that appeared to transfer most 

efficiently were miRNAs found in abundance in ESCs but not in MEFs (120). As a 

result of the positive transfer results from these two studies, there have been 

suggestions that EVs derived from other stem cells may have similar functions in the 

transfer of pluripotency markers and contribute to the maintenance of the stem cell 

niche.  
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1.1.4.2 EVs in the pathogenesis and spread of diseases 

 

Roles of EVs in cancer pathogenesis and metastasis 

 

During tumourigenesis, cellular changes within the cancer cells such as an increased 

expression of GTPase proteins, tumour acidification and increased oxidative stress 

(159,160) have been shown to contribute to the increased release of EVs as 

compared to non-tumour cells. Subsequently, these tumour-derived EVs could play a 

significant role in the communication between cancer cells and other cells in their 

stromal environment via multiple mechanisms that ultimately encourage the 

promotion of a pro-tumour phenotype towards tumour progression and metastasis 

(Figure 1.5). 

 

Firstly, some tumour derived EVs contain several pro-survival molecules such as 

survivin (161). Furthermore, the content of tumour EVs is uniquely enriched for 

specific mRNAs and miRNAs. For example, miR-1, miR-451 and miR-21 is more 

abundant in EVs (162) as compared to their parental glioblastoma tumour cells. 

When these tumour EVs are transferred into non-tumour cells, the proteins and 

genetic content can be functionally delivered, resulting in both pro-tumourigenic 

transcriptomic and phenotypic changes in the recipient cells.  
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Figure 1.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 

Illustration showing the reported roles of EVs in cancer progression 
Here we show specific examples of EVs in propagation of pathogenic proteins and miRNAs 
(top), down-regulating the immune response against the cancer cells (middle) and promoting 
angiogenesis (bottom).  
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Next, tumour EVs can intercept the immune response and generate an 

immunosuppression phenotype against the tumour through a number of 

mechanisms. For example, colorectal tumour EVs express pro-apoptotic molecules 

such as Fas and TNF-related apoptosis-inducing ligand (TRAIL) on their surfaces. 

Upon direct interaction with activated T cells, they can stimulate the apoptosis 

cascade and kill the immune cells (163,164). Moreover, prostate tumour EVs can 

down-regulate the cytolytic potential of Natural Killer (NK) cells (165), support the 

conversion of T cells into regulatory T cells (Treg) cells (166,167) and block the 

differentiation of DCs from myeloid precursor cells (168). Ultimately, all of these 

effects would lead to a muted immune response against the tumour and develop 

peripheral tolerance against the tumour and their tumour antigens. Furthermore, 

surrounding mast cells could help in the re-organization of the cancer environment, 

by re-modulating any immune responses against the cancer cells via EVs (169). 

 

In order for cancer to continue flourishing, tumours tend to hijack nutrients from non-

tumour cells through angiogenesis of the original vascular system. Interestingly, 

tumour EVs contribute to this process as they contain potent angiogenic factors such 

as truncated epidermal growth factor receptor (EGFR), developmental endothelial 

locus-1 (Del-1) and Notch receptor ligand Delta-like 4 (Notch1-4) (162,170–172). 

When transferred onto recipient cells, these tumour EVs increased the expression of 

angiogenic genes (e.g. vascular endothelial growth factor (VEGF), interleukin-8 (IL-

8), hepatocyte growth factor (HGF)) and this subsequently led to the stimulation of 

endothelial sprouting and influenced the endothelial tubule morphology (173).  
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Besides helping in the local environment, EVs can also assist in the formation of the 

metastatic niche. Melanoma EVs can induce vascular leakiness at the pre-metastatic 

site and re-educate bone marrow progenitors towards a pro-vasculogenic phenotype 

via the transfer of the receptor tyrosine kinase MET (174). Similarly, activated 

platelets can secrete EVs, which increase the adhesion of cancer cells to endothelial 

cells and fibrinogen, allowing for the induction of angiogenesis and metastasis (175). 

 

Apart from tumour progression and metastasis formation, some cancers capitalize 

on the mechanisms of EV secretion to develop chemoresistance against common 

cancer treatments (e.g. doxorubicin and cisplatin (176)). For example, cancer cells 

can encourage the specific sorting of cisplatin transporters with cisplatin into the 

MVEs, which then leads to the clearance of cisplatin from the cancer calls upon 

release of these EVs (177). In other instances, EVs from human epidermal growth 

factor receptor 2 (HER-2)-positive breast cancer lines express activated HER-2 on 

their membranes. Hence, when these EVs interact with Trastuzumab, a monoclonal 

antibody that interferes with the HER-2 receptor, the EVs function as decoys to 

inhibit the actual drug activity (178). Recently, drug-resistant breast cancer cells 

have also been shown to release EVs containing specific miRNAs. Hence, these 

EVs could encourage the spread of this drug-resistance capacity when they are 

taken up by other cancer cells (179). 

 

Role of EVs in propagation of Parkinson’s disease 

 

Similar to that in cancer, EVs have also been shown to be potential carriers in the 

progression of neurodegenerative pathologies through the transfer of misfolded 
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proteins (180) . One example of such a case is in Parkinson’s disease (PD). In the 

last few years, there have been several studies showing the role of EVs assisting in 

the spread of α-synuclein from neuron-to-neuron. Some studies have demonstrated 

that α-synuclein deposits are released from affected neurons via EVs. When these 

EVs get transferred to other neurons, they effectively propagate toxic forms of α-

synuclein to other cells (180,181). Alternatively, it has also been shown that the 

transfer of α-synuclein via EVs ultimately can lead to the formation of aggregates in 

the recipient cells themselves. Furthermore, Emmanouilidou et al. demonstrated that 

secreted α-synuclein induced cell death in recipient cells (182–184). Lastly, it has 

been postulated by Russo et al. that there are some PD related genes that are also 

involved in various secretory pathways. For example, leucine-rich repeat kinase 2  

(LRRK2) is involved in both the secretory and endocytic machinery where it interacts 

with Rab5b and can colocalise with MVBs. Hence, the authors suggest that LRRK2 

can also exploit the EV machinery and get transferred to other cells and propagate 

PD (185). As the spread of misfolded proteins is common in other neurodegenerative 

diseases such as Alzheimer’s disease and Amyloid lateral sclerosis, there are some 

emerging evidence indicating that EVs could similarly contribute to the propagation 

of these pathogenic proteins and spread Alzheimer’s disease (186–191). 

1.1.4.3 EVs as biomarkers of disease 

 

As discussed in section 1.1.4.2, the quantity and content of EVs can vary greatly 

with the progression of disease (e.g. in cancers). Furthermore, some of these EVs 

may be released into various biological fluids (e.g. serum, plasma and urine), which 

are easily acquired via relatively non-invasive procedures during routine health 

screening. Hence, EVs are beginning to be viewed as attractive alternatives for 
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disease biomarker discovery, potentially to be used for diagnosis and prognosis in a 

number of different health conditions and diseases as listed in Tables 4.1 and 4.2 

(87,115,162,192–216).  

 

With hindsight though, it is important to remember that the use of EVs as biomarkers 

is currently still in its infancy stages for many of the reported diseases. There still 

needs to be further research on how useful these general biomarkers may be 

applicable for genetic diseases with various variant subtypes. Furthermore, it would 

be interesting to analyse if there could be any correlation between EV amounts and 

content with physical symptoms detected from patients. Unfortunately, there has yet 

to be the availability of a purification protocol, which allows for fast and accurate 

capture of EVs from small volume biological samples for such purposes. 

Nonetheless, it is still exciting to anticipate how EVs might contribute to clinical 

diagnosis, prognosis or even monitoring of disease states during treatment regimes. 
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Table 1.4 
 
List of examples where EVs are used as biomarkers in different cancers (A) and diseased 
states (B). 
 

 

1.1.4.4 EVs as therapeutic targets and tools 

 

As aforementioned, EVs from diseased cells can contribute to the progression of 

disease through the delivery of pathogenic proteins and RNAs (section 1.1.4.2). 

Contrary to the negative effects of tumour EVs, it has been recently shown that some 

tumour EVs are able to induce the opposite effect instead. In these EVs, they found 

high levels of pro-apoptotic proteins such as Bax. Subsequently, when these EVs 

were taken up neighbouring prostate tumour cells, the mitochondrial apoptotic 

cascade was activated within these recipient cells and consequently, the tumour 

cells were killed (217). Based on this finding, we learn that certain EVs may 

intrinsically contain beneficial effects and hence can be exploited for therapy. 
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However, one would need to be extra cautious on the type of EVs to select for such 

treatments. For example, depending on the type of tumour, the resultant EVs may 

contain both pro-apoptotic molecules and other viral elements or oncogenic proteins. 

As a result, if these EVs were used, they may instead induce the opposite negative 

effect. With this in mind, most of the current successful reports on EV-based 

therapies have been derived from DCs and Mesenchymal stem cells (MSCs), which 

have already been used in clinics as cell-based or cell replacement therapies. With 

hindsight though, there are still several unknown aspects about using EVs for 

therapy. In this section we describe several examples on how EVs have been 

applied as both therapeutic tools and targets, and the different challenges that 

remain with the use of these EVs. 

 

EVs as immunotherapy agents 

 

As described before, EVs released from cells in the natural immune system are able 

to counter the diseased state directly. For example, tumour EVs expressing the 

tumour antigens can be endocytosed by DCs. These DCs subsequently can present 

these tumour antigens via EVs to activate cytotoxic T lymphocytes to act on the 

cancerous cells (218–220). Hence, some groups have suggested immunotherapy 

strategies using EVs from immune cells. One such approach is to pulse 

macrophages or DCs with immune modulatory components like interferon-gamma 

(IFN-γ). Subsequently, the EVs released from these treated cells can deliver anti-

viral proteins and RNAs to hepatocytes and reduce the virus replication ability (221). 

Similarly, it has been found that EVs from DCs pulsed with pathogen or tumour 

antigens can induce a Type 1 T helper cells (Th1) biased response when introduced 
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in naïve animals (10,222) and serve as a form of protection against the infection 

(139). In line with this idea, there has been a couple of Phase I clinical trials where 

peptide-pulsed autologous DC-EVs were used as a form of immunization to 

melanoma and non-small cell lung carcinoma. Generally, the results from these trials 

indicated that the EVs were well tolerated in patients and had some clinical efficacy 

(223,224). Hence, with these positive results, some groups further suggest 

alternative sources of EVs such as ascites (225) and T cells (226) for the same 

therapeutic purpose, or to use EVs to maintain progression-free survival after 

chemotherapy in cancer patients (227,228). 

 

EVs in regenerative medicine 

 

Besides the communication between stem cells (section 1.1.4.2), there has been 

some evidence suggesting that secreted EVs could bridge the communication 

between stem cells and their surrounding differentiated cells via the continuum 

model of stem cell biology (229) (Figure 1.6). In this model as proposed by 

Quesenberry and Aliotta, stem cells are described as being flexible to cellular 

changes based on stimuli present in the environment. For example, EVs secreted by 

differentiated or injured cells can act on stem cells and transfer specific mRNAs. As 

a result, these stem cells can be directly induced to differentiate and replace the 

injured cells. Interestingly, this model has been proven in a number of different cell 

types from lungs, liver, brain, heart and in diseased setting like prostate cancer 

(230–234). Alternatively, stem cells can secrete ‘regenerative’ EVs that contain 

specific mRNAs, miRNAs and proteins, which can mediate a more favourable 

response towards the disease (235). Recently, neural stem cells have been shown 
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to directly mediate the immune response in target cells through the secretion of EVs 

containing IFN-γ (236). Of all the different stem cell populations, most of the 

research to date has been focused primarily on MSC-derived EVs, as they appear to 

possess an intrinsic potential for use in regenerative medicine. 

 

Figure 1.6 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 
 
Schematic diagram showing the proposed functions of stem cell EVs. 
There are two proposed functions of stem cell EVs: 1) EVs released from ESCs have been 
reported to contain pluripotent markers, which can be functionally delivered to recipient cells 
(e.g. HPCs). Alternatively, the injured cell releases vesicles upon injury and stem cells and 
can respond in these two ways: 2a) ‘Regenerative’ EVs from MSCs contain immuno-
modulatory molecules that can mediate the immune response at the site of injury. 2b). MSCs 
release vesicles that can induce de-differentiation of local stem cells to de-differentiate to 
replace the injured cell. 
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MSCs are multipotent precursor cells, which were first described from the bone 

marrow stroma (237,238). Today, MSCs are viewed as an attractive cell source for 

cell therapy due to the ease of deriving these cells from a number of different tissues 

(239–243) and because of their distinct molecular characteristics. Firstly, MSCs 

express low levels of MHC II and co-stimulatory molecules (B7-1 and B7-2) and 

secrete soluble molecules to modulate the responses of different immune cells (244–

246). For example, MSCs can secrete interleukin-6 (IL-6) to revert the maturation 

status of DCs (247) or even modify the cytokine production of DCs. Moreover, MSCs 

can inhibit the proliferation, differentiation and chemotaxis of B-cells (248–250). 

Furthermore, MSCs can secrete a soluble form of MHC isoform that encourages the 

expansion of Treg cells (251). Lastly, through the secretion of indoleamine2, 3-

deoxygenase (IDO), prostaglandin E2 (PGE2) and TGF-β1, MSCs can downregulate 

the activity of NK cells (252). In addition to this immuno-modulatory function, MSCs 

can respond to inflammatory chemokines and home to the sites of injury and disease 

(253–259). The beneficial effects of MSC-based cell therapies have been confirmed 

in a number of different pathogenic conditions, such as graft versus host disease 

(260) and Crohn’s disease (261). Furthermore, it has been shown that when used in 

combination with scaffolds, MSCs promote bone repair and regeneration (262–264). 

Moreover, MSCs can reverse acute kidney injury via the secretion of factors that 

stimulate angiogenesis, mitogenesis and a more favourable immune response 

against the injury site (265). 

 

Despite a wealth of successful reports regarding MSC-based therapies, it has been 

reported that the majority of the injected MSCs actually get trapped in the lungs 

(266,267) prior to clearance after a day or two. Furthermore, there have been 
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numerous studies showing that very few MSCs can integrate, differentiate and 

remain after the initial engraftment process (268–272). Interestingly, some have 

found that the direct transfer of conditioned media (CM) from MSCs, which contains 

a number of different growth factors and proteins, was able to mimic the beneficial 

effects of MSCs at a comparable level. For example, when co-culturing MSCs with 

cisplatin-injured proximal tubular epithelial cells, the transfer of insulin-like growth 

factor (IGF-1) promoted tubular cell proliferation (273). Similarly, AKT-modified 

MSCs can release secreted frizzled related protein 2 (Sfrp2) which can modulate 

Wnt signaling, up-regulate the expression of anti-apoptotic genes and mediate 

myocardial survival and repair (274). Furthermore, Gnecchi et al. showed that after 

additional pre-treatment of MSCs to hypoxia, the resultant CM was more effective at 

exerting cytoprotective effects on cardiomyocytes exposed to hypoxia (275). 

Interestingly, Timmers et al. further demonstrated that the use of MSC-CM was 

suitable across species; the introduction of CM from human MSCs resulted in a 

reduction of the myocardial infarct size, an increase in capillary density and an 

overall improvement in cardiac function in pigs (276). 

 

Besides soluble factors and proteins, the CM of MSCs was found to contain EVs 

which were found to be enriched in specific miRNAs and ribonucleoproteins that are 

involved in the regulation of intracellular RNA trafficking (277–280) as compared to 

their parental cell source. Interestingly, these molecules are linked to pathways 

involved in immune modulation, self-renewal, differentiation and cell adhesion, 

indicating the potential role of these MSC-EVs in tissue repair.  
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The functional effects of MSC-derived EVs has been affirmed in a number of 

different disease settings such as myocardial infarction (281), acute kidney injury 

(282,283) and liver disease (284). In many of these cases, EVs were found to 

promote regeneration mainly through the up-regulation of anti-apoptotic genes and 

the stimulation of proliferation in remainder of the surviving cells after injury 

(279,283). Interestingly, one study has even demonstrated that MSC-EVs could 

deliver miR-133b to astrocytes and neurons and this would encourage neuronal 

plasticity and functional recovery after stroke (285). Furthermore in a recent proof-of-

concept study, it was demonstrated that MSC-EVs could be used successfully for 

treatment of graft-versus-host disease in humans (71).  

 

Although MSCs have been readily applied as one of the major stem cells for use in 

numerous Phase I-IV trials in the last decade, there are still some tight regulations 

concerning the safety and potential immune rejection of stem cell-based therapies 

(286). For example, depending on the dose and mode of administration, MSCs might 

get occluded in the vascular system. Alternatively, some MSCs might mal-

differentiate and result in the calcification of cells or accumulation of unwanted 

differentiated fibroblasts in the lungs (287–289). Furthermore, some stem cells might 

be stimulated to expand and spontaneously transform into tumours (290,291). 

Importantly, these problems are not applicable to the use of cell-free based therapies 

such as EVs. Furthermore, EVs can encapsulate several soluble molecules and 

protect them from degrading enzymes in the circulation, until the EVs reach the site 

of injury (292). Apart from MSCs, there is new evidence indicating that EVs from 

other types of stem cells such as liver stem cells could induce functional and 

morphological recovery of acute kidney injury, similar to that of MSC-EVs (293). For 
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these reasons, EVs are becoming an attractive cell-free alternative for regenerative 

medicine. 

 

Designing EVs for personalized medicine 

 

Besides the use of the innate properties of EVs as therapeutic tools, there has been 

a recent shift in focus towards the engineering of these naturally therapeutic EVs as 

a combinatorial form of gene therapy. Our lab previously demonstrated in a first 

proof-of-concept study that synthetic siRNAs can be loaded into immature DC EVs 

via electroporation and successfully delivered across the blood brain barrier in mice 

(294). Similarly, others have demonstrated that this method of loading exosomes is 

applicable to human-derived exosomes (295,296).  

 

Although the idea of engineering EVs for therapy has been shown to be feasible, 

there are still several steps requiring optimisation in order to increase the efficiency 

of this form of therapy. Furthermore, one recent paper demonstrated that 

electroporation was a rather inefficient method for the loading of genetic cargos into 

EVs, as the electroporation itself led to the aggregation of siRNAs (297). Hence, 

there have been suggestions on other cargo loading strategies for EVs. For 

example, by overexpressing specific miRNAs, mRNAs and proteins of interest in the 

parental cells, it has been shown that these cargoes could be passively loaded into 

EVs (298,299). Alternatively, one could attach the cargoes of interest to one of the 

known EV proteins or RNA sequences (e.g. “zip-codes” or specific patterns in the 3’ 

un-translated regions of the mRNA that was reported to channel mRNAs into EVs 

(300–302)) and actively load them into EVs. On the other hand, there are some 
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exogenous loading strategies, where purified EVs could be loaded based on mixing 

with the drugs of interest (e.g. curcurmin) (303) or with cholesterol-modified 

oligonucleotides, where the cholesterol tails can bind and interact with the bi-lipid 

membrane layer of EVs (304). Furthermore, there has been the recent introduction 

of commercially available transfection reagents specifically for use on EVs (e.g. 

ExoFectTM, System Biosciences), where one can directly transfect the cargo of 

interest into purified EVs. 

 

Besides loading, another aspect that would boost the efficiency of EV therapy is to 

improve the targeting of EVs to their tissue of interest. Generally, knowledge about 

the natural biodistribution of EVs is rather limited due to technical difficulties of 

tracking EVs naturally in the blood circulation. Hence, some have tried dissecting this 

aspect by using labeled EVs that are introduced systematically in mice (305–307). In 

one recent study, the authors demonstrated that the distribution of EVs could differ 

slightly depending on the dose of EVs injected, the route of delivery (i.e. intravenous, 

intramuscular, subcutaneous) or the cellular source of EVs. Interestingly, they also 

verified that the use of a fusion peptide construct (e.g. Lamp2b-RVG) enabled a 

significantly higher detection of fluorescence in the brain (308). Similarly, several 

other papers have also described the use of this strategy when targeting EVs to 

tumour tissues (299,309). Hence, all of these studies highlighted that the addition of 

a targeting ligand on EVs could further contribute to the increased efficacy of EV 

delivery to the site of interest, and additionally minimize the appearance of any side 

effects. 
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Previously we discussed the use of therapeutic EVs from immune cells and MSCs, 

which naturally contain molecules that help in modulation of immune response and 

tissue regeneration. Recently, some studies have described how to further enhance 

the beneficial effects of these EVs by engineering additional aspects as a form of 

combinatorial therapy. For example, Katakowaski and colleagues showed that by 

loading MSC-derived EVs with an anti-tumour miRNA (miR-146b), there was a 

decrease in glioma growth in rats after treatment. Similarly, when Munoz and 

colleagues introduced synthetic anti-miR-9 in EVs, applying EVs resulted in a 

decrease of resistance of glioblastoma multiforme (GBM) cells to chemotherapy 

treatment. Furthermore, as MSC-EVs can home to cancer cells, others have 

suggested the use of MSC-EVs as a delivery agents for anti-cancer drugs or gene 

therapy (255,310–313). 

  

Targeting the EV biogenesis pathway 

 

Besides using EVs as therapeutic tools, there have been some new ideas about 

targeting the EV biogenesis pathway instead. The rationale behind this is the 

observation of higher number of EVs, containing pathogenic proteins and RNAs, 

from diseased cells than from non-diseased cells. To decrease the overall number of 

pathogenic EVs released, one suggested therapeutic approach is to use RNA 

interference to knockdown the expression of proteins involved in EV biogenesis (e.g. 

Rab GTPases) and down-regulate the release of EVs directly (65). Alternatively, 

others have recommended performing dialysis to remove circulating diseased EVs 

from the vascular system (314). On hindsight though, both of these strategies could 

result in the non-selective removal of both pathogenic and immune cell-derived EVs, 
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which in turn might help to modulate favourable immune response against the 

disease. As a result, others suggest switching the phenotype of EVs from diseased 

cells to a more favourable type for immune detection. For example, one study 

showed that by decreasing the expression of the natural-killer group 2, member D 

(NKG2D) ligand on tumour EVs, these EVs were less able to serve as decoys to 

induce apoptosis of NK cells and dampen the immune response against tumours 

(315). However, all of these strategies are relatively difficult to pursue, as they 

require direct access to the specific cells from which the EVs originate, in order to 

minimize any side effects on non-diseased cells.  

 

Although all of this evidence proves that EVs are highly useful as therapeutic agents, 

it is currently still very costly and time-consuming to generate large quantities of EVs 

for therapeutic purposes. Hence, some have tested the possibility of generating 

artificial exosomes or EV-mimetics by different means (316–319). For example, it 

has been suggested that coating liposomes with specific peptides that are found on 

EVs could enhance the uptake of liposomes in targeted cells. Alternatively, others 

have reported on the use of a cell extruder to manufacture nanovesicles, which carry 

similar molecular cargoes as EVs from stem cells (320).  
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1.2 Sequential batches of UC-purified EVs from mouse iPSCs 

show discrepancy in total particle counts and expression of 

EV markers 

 

As discussed in section 1.1.4.2, ESC-derived EVs are able to transfer functional 

pluripotency molecules (e.g. protein, mRNA and miRNAs) to their recipient cells and 

evoke a change in the cellular phenotype. Hence, this led to the suggestion that in 

the stem cell niche, these EVs may perhaps encourage the maintenance of stem 

cells in a continuous self-renewal and undifferentiated state. Furthermore, there has 

been much evidence supporting the natural therapeutic capability of MSC-EVs for 

different diseases (section 1.1.4.4).  

 

With the discovery of induced pluripotent stem cells (iPSCs) by Yamanaka in 2007 

(321,322), there began a huge shift of interest into these alternative source of stem 

cells. Initially, iPSCs were generated by the reprogramming of skin fibroblasts 

through the introduction of four pluripotency factors (POU5F1/OCT-4, SOX2, c-MYC 

and KLF4). In the last 8 years, the field on iPSCs has expanded exponentially and 

there are now several studies describing the generation of these iPSCs from all 

types of adult cells and tissues, and through a variety of different virus or virus-free 

mechanisms as reviewed by Malik and Rao (323). Unlike ESCs, iPSCs bypass any 

ethical debates as they are derived from adult cells. Moreover, as iPSCs can be 

generated from for each individual, iPSCs could potentially be used for personalized 

medicine or for the re-modeling of rare diseases. Interestingly, there has yet to be 

any data on the EVs released from these type of stem cells, which we postulate 
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could be potentially useful in understanding stem cell biology and for use in 

regenerative medicine. 

 

For this study, we wanted to investigate the release of EVs from iPSCs and how they 

could participate in cell-cell communication between the stem cells. Furthermore, we 

wanted to compare the molecular content of EVs between iPSCs and ESCs, to 

further understand their role in stem cell biology. Hence, we performed a preliminary 

study on mouse iPSCs to assess an optimal culturing condition for collection of EVs 

from these cells. As reported in literature, mouse stem cells are normally cultured on 

either inactivated MEFs or on gelatin-coated plates. When culturing mouse iPSCs 

under these two conditions, we observed that the stem cells grew differently. On 

MEFs, stem cells appeared to grow in clusters while on gelatin-coated plates; the 

stem cells appeared to be dispersed (Figure 1.7A). We proceeded to check for both 

stem cell and EV marker in the stem cell lysates for the two culture conditions. 

Interestingly, we detected a higher level of OCT-4 and Alix in the cells cultured on 

gelatin than those on MEFs (Figure 1.7B). From these two cultures, we then 

collected the CM and purified EVs using the UC method. Generally, the size 

distribution profiles of particles detected in both sample groups were highly similar, 

although more particles were detected in the feeder group than in the gelatin group 

(Figure 1.7C). As we were unsure if the MEFs could contribute to the release of 

some EVs in the CM, we decided to investigate EVs from cells cultured on gelatin-

coated plates. For EVs derived from consecutive passages on gelatin, we 

unexpectedly noticed that there was a discrepancy in the overall number of particles 

despite having the same cell density at collection. We further performed total protein 

quantification and western blotting for reported EV markers (Alix and CD9) in these 
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cultures, based on equal volume loading. Interestingly, all three forms of 

characterization of EVs did not correspond to each other at all (Figure 1.7D&E). 

Moreover, total protein staining of the membrane with EVs indicated that our purified 

product contained huge quantities of proteins especially around the 51-76kDa and 

17-24kDa size regions (Figure 1.7F). Interestingly, the appearance of similarly sized 

protein bands was previously shown in both stem cell media and EVs purified from 

mouse ESC (120) However, there was lack of any discussion by the authors on the 

identities of these proteins and if they were truly vesicle-associated proteins. Based 

on both our data and this previous study, we postulate that our UC-purified EVs may 

contain a vast amount of non-vesicular proteins that can skew the protein and NTA 

quantification of our EVs. 
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Figure 1.7 
 
Preliminary data on EVs purified from mouse stem cell sources. 
(A) Representative image of mouse iPSCs grown on feeders or 0.1% gelatin-coated plates 
(scale bar represents 400µm). (B) Representative western blotting of OCT-4, Alix and β-
actin in cell lysates derived from mouse ESCs and iPSCs cultured on feeders (F), first-
passage on gelatin (G1) and second-passage on gelatin (G2). (C) NTA size distribution 
graph on the EVs purified from feeder (F) and gelatin-coated (G2) cultures (n=1). (D) Graph 
showing the total number of particles (dark blue bar) and total protein amounts (light blue 
bar) of EVs purified from consecutive passages of mouse iPSCs cultures on gelatin. (n=1, 
bars on the dark blue bar represent mean ±SD of three technical replicates) (E) 
Representative western blotting of Alix and CD9 on EVs described in (D). (F) Total protein 
staining of gels with equal volumes of EVs purified from mouse ESCs and iPSCs. 
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1.3 Aims and outline of this thesis 

 

From our preliminary data as described in section 1.2, we showed that we were able 

to successfully purify EVs from mouse iPSCs. However, our replicate samples 

demonstrated that there was a huge discrepancy in the quantification of particle 

numbers with overall protein amounts in the purified EVs. Furthermore, the detection 

of EV markers in these samples did not correspond to the particle counts or protein 

amounts. As the appearance of huge protein bands in our EVs did not correspond to 

proteins that were previously on other EVs (67), we hypothesized that there may 

have been co-precipitation of proteins with our EVs during the UC process. 

 

From literature, there have been several strategies for collection of EVs in terms of 

the time length of conditioned media collection or the type of media used, often 

dependent on the type of cells used. Furthermore, as discussed in section 1.1.2, 

there are a growing number of different EV purification methods, which have 

emerged in the last decade. As there is currently no consensus on the best method 

of purifying of EVs across different sample types, this has led to the appearance of 

varied molecular datasets from EVs of similar origin (108). Based on this 

understanding, we felt that there was a need to re-evaluate the current methods 

used for EV collection, before we could derive an optimal workflow for the purification 

of stem cell EVs for more in-depth characterisation studies. 

 

In chapter 3 of this thesis, we first investigate how the physical parameters (cell 

density, length of time for media collection and type of media) affect EV release and 

content. For practicality purposes, all initial optimization experiments are performed 
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on immortalized mouse and human cell lines available in the lab. Next, we perform a 

systematic comparison study between EVs purified by the established UC method 

versus the LC protocol. As the ultimate aim is to characterise EVs from a novel stem 

cell source, we chose to use the LC methodology, which was the least biased 

approach for purification of EVs.  

 

In chapter 4 in this thesis, we proceed to extend our newly designed LC purification 

method onto mouse stem cells CM. As stem cell media is known to have additional 

complexity over regular culture media, we perform a similar systematic comparison 

study between the UC and LC protocol, to verify our previous findings on EVs from 

immortalized cell lines from serum-free conditions. Furthermore, we attempt to re-

analyse EVs purified by the UC method and account for the discrepancy in 

quantification as shown in our preliminary data (Figure 1.7). 

 

With an optimal method of deriving pure EVs from stem cells, we then perform more 

in-depth characterization studies in chapter 5 of this thesis. From current literature, 

there are only a handful of papers describing EVs released from mouse and human 

ESCs, whereas there has yet to be any data regarding EVs from iPSCs. We first 

purify and characterise EVs from different mouse iPSC lines and compare them with 

EVs from mouse ESCs by both physical and molecular means. To understand the 

roles of these EVs in stem cell biology, we further compare the molecular traits of 

EVs with their parental cell source and across both stem cell types. In addition, we 

conduct some preliminary studies on EVs from human iPSCs and ESCs. 
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To sum up, the aims of this thesis are firstly, to develop an optimal workflow for the 

collection and purification of EVs from stem cell cultures and secondly, to 

characterize EVs derived from pluripotent stem cell sources, including iPSCs and 

unravel their biological functions in stem cell biology.  
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Chapter 2 

 

General material and methods 

 

2.1 Cell culture  

 

2.1.1 Immortalised mouse and human cell lines  

 

Immortalised cell lines (mouse neuroblastoma cells, Neuro2a (N2a), mouse 

neuroblastoma, NSC-34, human embryonic kidney (HEK) and human neuroblastoma 

(SHSY5Y) were all cultured in complete media comprising of Dulbecco's Modified 

Eagle Medium (DMEM) (Life Technologies, Carlsbad, CA, USA) supplemented with 

10% fetal bovine serum (FBS, Life Technologies) and 50 µg/ml of 

penicillin/streptomycin (P/S, Life Technologies). All cells were grown at 37°C with 5% 

CO2. 

2.1.2 Mouse pluripotent stem cell lines and embryonic fibroblasts 

Mouse embryonic fibroblasts (MEFs, derived from Dr Paul Fairchild’s lab) were 

grown in complete MEF growth media comprising of DMEM (Life Technologies) 

supplemented with 15% of FBS and 50 µg/ml of P/S. To prepare feeders for stem 

cell culture, MEFs were treated with mitomycin-C (Sigma, UK) at 1mg/ml of MEF 

media for 2 hours. The treated MEFs were then washed 3 times with PBS and re-

plated on fresh culture flasks. Mouse stem cell lines (embryonic stem cell (ESC): 
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ESF121, ESF116 and induced pluripotent stem cell (iPSC): iMEF14, iMEF19; all 

derived from Dr Paul Fairchild’s lab) were first cultured on mitomycin-C treated MEFs 

feeders. When the cells reached 80% confluence, one-tenth of the cells were plated 

on fresh feeders while the remainder were plated on 0.1% gelatin-coated plates. For 

both feeder and feeder-free conditions, cells were cultured in complete mouse stem 

cell media comprised of DMEM (Lonza, UK) supplemented with 15% knockout 

serum-replacement supplement (KOSR, Life Technologies, UK), 2mM L-glutamine 

(Life Technologies), 1 mM sodium pyruvate (Life Technologies), 0.1mM non-

essential amino acids (Life Technologies), 50 µg/ml of P/S, 0.2mM 2-

mercaptoethanol (Sigma) and 106 units of mouse leukaemia inhibitory factor (mLIF, 

Miltenyi Biotec, UK). All cells were cultured at 37°C with 5% CO2. 

 

2.2 Collection of conditioned media (CM) for EV purification 

 

2.2.1 Immortalized mouse and human cell lines 

 

24 h after seeding the cells, complete growth media was removed; cells were 

washed with PBS and replaced with either pre-spun media cleared of EVs or serum-

free media (OptiMEM, Life Technologies). Pre-spun media for EV collection is 

prepared by supplementing DMEM with FBS which was centrifuged at 120,000g for 

70 min at 4°C. Both pre-spun OptiMEM media is also supplemented with 50 µg/ml 

P/S. CM from the cells were collected 48 h after the media change; cells were 

harvested by trypsin and counted with a haemocytometer. 

 

2.2.2 Mouse pluripotent stem cell lines 
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For both ESC and iPSC cell lines, the stem cells were cultured twice on 0.1% 

gelatin-coated plates to get rid of any contaminating feeder cells. When stem cells 

reached 70% confluence (48 h or 72 h after plating), the growth media was removed; 

cells were washed with PBS and replaced with fresh mouse stem cell media. CM 

from the cells was collected 48 h after the media change; cells were harvested by 

trypsin and counted with a haemocytometer. 

  

2.3 Purification of EVs 

 

2.3.1 Differential centrifugation protocol (UC) 

 

The UC protocol used for purification of EVs is based on an established protocol 

described by Théry et al in 2006 (67). Briefly, CM collected from the cell culture was 

first centrifuged at 300g, 5 min to get rid of cellular debris. The supernatant was 

decanted and further centrifuged at 2,000g, 10 min to get rid of larger particles 

before subjecting to filtration through a 0.22 µm syringe filter. The filtrate was then 

spun at 120,000g, 70 min to pellet EVs. To eliminate any protein contaminations, the 

pellet was re-suspended in 25 ml of PBS and spun again at 120,000g for 70 min. All 

centrifugation steps were performed at 4°C. The resultant pellet was then re-

suspended in 100 µl and kept at -80°C for further downstream analysis. 
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2.3.2 Size-exclusion liquid chromatography (LC) protocol 

 

The LC protocol used for purification of EVs was based on the method described by 

Taylor et al, 2010, with some slight modifications. Briefly, CM collected from cells 

was first centrifuged at 300g, 5 min to get rid of cellular debris. The supernatant was 

then further centrifuged at 2,000g, 10 min to get rid of other large particles before 

being filtered through a 0.22µm syringe filter. The filtrate was then concentrated 

using the Amicon 100k-Da molecular weight cut-off (MWCO) filters (Millipore, UK) at 

3,500g for 15 min. The concentrate retentate was then loaded onto a Sephacryl S-

400 16/60 LC column (GE Healthcare, Sweden) and run with PBS at 0.5 ml/min. 

Fixed-volume 2 ml fractions of the eluted solutions were then collected with a fraction 

collector. Based on the 280nm LC chromatograph, fractions were pooled and 

concentrated with Amicon 10-kDa MWCO filters (Millipore) at 3,500g for 15 min 

down to 100 µl and kept at -80°C for further downstream analysis. All centrifugation 

and LC processes were done at 4°C.  

 

2.4. Quantification and characterisation of EVs 

 

2.4.1 Nanoparticle Tracking Analysis (NTA) 

 

NTA allows for the quantification of total particle amounts and size distribution of 

particles based on Brownian motion of particles. All NTA was done with the NTA2.3 

software on the NS500 Nanosight machine (Nanosight, Malvern, UK). Before each 

run, the NS500 measurements were calibrated with known concentrations of 100nm 

silica microspheres to obtain optimum acquisition detector settings and post-
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acquisition settings. For all our recordings, we used a camera level of 14 (shutter 

speed 600, camera gain 250) and automatic function for all post-acquisition settings: 

detection threshold level 5, blur and minimum expected particle size. EV samples 

were diluted in PBS prior measurement, starting at an initial dilution of 1:100, and 

then further adjusted for each sample individually to achieve a particle count of 

between 2 x 108 per ml to 1 x 109 per ml. Once the dilution of the sample was 

determined, the sample was loaded in the sample chamber and the camera focus 

was adjusted to make the particles appear as sharp dots of light. Using the script 

control facility on the NTA2.3 software, we recorded five 30s videos for each sample; 

incorporating a sample advance and 5s delay between each recording. The 

measurements were then analysed using the batch process facility and results were 

exported as Microsoft Excel spreadsheets for further analysis. If the profiles were not 

in agreement, measurements were then repeated. 

 

2.4.2 Protein quantification of EVs and cell lysates 

EVs and cell lysates were quantified using the microBCA or the BCA assay kit 

(Thermo Scientific, Fisher) respectively as indicated by the manufacturer’s 

instructions. 

 

2.4.3 Western blotting (WB) 

 

Depending on the experimental set-up, either a fixed volume or a set number of 

particles (as calculated by NTA) from the re-suspension of EV pellet was used. For 

cells, after trypsin treatment, cells were collected with PBS and spun at 1,500g, 5 
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min to pellet cells. Cells were washed in PBS and pellet at 1,500g, 5 min again. The 

supernatant was decanted and the cell pellet was lysed in radioimmunoprecipitation 

assay (RIPA) buffer for 1 h at 4°C. The mixture was then spun at 16,000g, 20 min. 

The supernatants were then measured for protein concentration and fixed proteins 

amounts were used for WB. 

 

The EV/ cell sample was mixed with 2x Laemilli sample buffer (Bio-Rad, UK) 

containing 5% β-mercaptanol and heated at 100°C for 10 min. Samples were then 

spun-down briefly before being loaded in 1.5mm, 12% home-made Tris/Glycine 

SDS-polyacrylamide gels and ran at 170 V for 70 min in running buffer, until the dye 

front reaches the bottom of the tank. Proteins on the gel were transferred to a 

polyvinylidene fluoride (PVDF) membrane (Millipore, UK) at 100V for 70 min in 

transfer buffer containing 20% methanol. Membranes were then incubated in 

blocking buffer (5% fat free milk in Tris Buffer Saline with 0.1% Tween-20 (TBS-T, 

Sigma) for 60 min at room temperature (RT) on a rocker with gentle shaking. After 

blocking, the membrane was incubated with freshly prepared primary antibody 

solution (Table 2.1) overnight at 4°C or 2 h at RT. Membranes were then washed 

three times 10 min each using washing buffer (TBS-T) with vigorous shaking before 

adding the secondary antibody solution (Table 2.2) and incubating 2 h at RT. After 

secondary incubation, membranes were washed three times 10 min each with TBS-

T and visualized by scanning both 700- and 800nm channels on the LI-COR 

Odyssey CLx infrared imaging system. For re-probing on the same membrane, the 

membrane was first washed three times 10 min each before re-incubation with the 

next primary antibody. For total gel staining, 0.1% Coomassie Blue R250 (Sigma) in 

10% acetic acid, 50% methanol and 40% deionized water (ddH20) was used. 
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Table 2.1 
 

Primary antibody Dilution factor Cat.no/Company 

 
EV marker 
 
Alix 1: 1000 ab117600, Abcam, UK 
Tsg101 1: 1000 ab30871, Abcam, UK 
CD9 1: 1000 ab92726, Abcam, UK 
CD81 (H-121) 
 

1: 100 
 

sc-9158, Santa Cruz, USA 
 

 
Endoplasmic reticulum (ER) marker 

Calnexin 1: 1000 ab22595, Abcam, UK 

 
Stem cell marker 
Oct4 1: 1000 ab19857, Abcam, UK 

 
Dendritic cell marker 

CD11c/IGTAX 
 

1: 1000 
17342-1-AP, Acris antibodies 
GmbH, Germany 
 

 
Cell lysate loading control 

β-actin 1: 200 ab8268, Abcam, UK 

	
  
Table 2.1 

Table showing the list of primary antibodies used. 

 
Table 2.2 
 

Secondary antibody Type Dilution Cat.no/Company 

                                                                                                       Li-COR, UK 

IRDye® 800CW Goat anti-mouse IgG 1: 10000 925-32210 

IRDye® 800 CW Goat anti-rabbit IgG 1: 10000 925-32211 

IRDye® 680RD Goat anti-mouse IgG 1: 10000 925-68070 

IRDye® 680RD Goat anti-rabbit IgG 1: 10000 925-68071 

 
Table 2.2 

Table showing the list of secondary antibodies used. 
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2.4.4 Transmission electron microscopy  (TEM) 

 

A 200 mesh nickel carbon/formvar grid (AgarScientific) was placed onto a 10µl 

droplet of the EV suspension for 15 min. The grid was then blotted dry with filter 

paper, immediately transferred to a 15 µl droplet of 2% uranyl acetate for 1 min and 

protected from light. The grid was again blotted dry with filter paper before being 

transferred to a 15 µl droplet of filtered distilled and deionized water (ddH20) for 1 

min. The grid was then blotted dry and left to air dry on the bench top for 15 min. 

EVs negatively stained on this grid was then visualized with a JEOL 1010 

transmission electron microscope (JEOL, Tokyo, Japan). 

 

2.4.5 Trizol extraction of RNA from EVs and cells 

 

Total RNA from EVs and cells were extracted based on the manufacturer’s protocol. 

Briefly, 75 µl of the EV suspension or 2x105 cells were mixed in Trizol LS (Life 

Technologies) and incubated for 5 min at RT. 60 µl of chloroform was then added 

and tubes were shaken for 15 sec. The mixed samples were then incubated for 15 

min at RT before being centrifuged at 12,000g for 15 min at 4°C to derive the 3 

distinct phases. The upper colourless phase was transferred to a new tube and 150 

µl of isopropanol with 1 µl of glycogen was added. The sample was vortex briefly and 

incubated at RT for 10 min. The sample was then centrifuged at 12,000g for 10 min 

at 4°C and the supernatant were discarded. The remaining white RNA pellet was 

washed with 300µl of 75% ethanol and then spun down at 7,500g for 5 min at 4°C. 

The ethanol was then discarded and the pellet was air-dried for 5-10 min, till it turned 

transparent, and then re-dissolved in 20 µl of RNase-free water. The mixture was 
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then incubated at 55-60°C for 15 min on a heat block. RNA concentrations of the 

samples were then measured using the Quant-iT™ RiboGreen® RNA Assay Kit (Life 

Technologies).  

 

2.4.6 RNA profiling with Agilent Bioanalyzer software 

 

Quality and size of the EV and cellular RNA were detected using capillary 

electrophoresis with the Agilent RNA 6000 Pico kit and Agilent RNA small RNA kit on 

an Agilent 2100 Bioanalyzer® (Agilent Technologies, Santa Clara, CA, USA) 

according to the manufacturer's protocol. 

 

2.4.7 LC/MS/MS Proteomic analysis 

 

All proteomics and bioinformatics analysis were done in collaboration with Dr Henrik 

Johansson and Dr Janne Lehtiö at Cancer Proteomics Mass Spectrometry Lab 

located in SciLifeLab, Karolinska Institutet, Stockholm, Sweden. 

 

EVs from UC and UF-LC were concentrated by speedvac and lysed with 1% SDS, 

25 mM HEPES, 1 mM DTT. Lysates were heated to 95°C for 5 min followed by 

sonication for 1 min and centrifugation at 14,000g for 15 min. The supernatant was 

mixed with 1 mM DTT, 8 M urea, 25 mM HEPES, pH 7.6 and transferred to a 10-kDa 

cut-off centrifugation filtering unit (Pall, Nanosep®), and centrifuged at 14,000g for 

15 min, followed by an addition of the 8 M urea buffer and centrifugation again. 

Proteins were alkylated by 50 mM iodoacetamide (IAA) in 8 M urea, 25 mM HEPES 

for 10 min, The proteins were then centrifuged at 14,000g for 15 min followed by 2 
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more additions and centrifugations with 8 M urea, 25 mM HEPES. Trypsin 

(Promega) in 250 mM urea, 50 mM HEPES was added to the cell lysate at a ratio of 

1:50 trypsin: protein and incubated overnight at 37°C. The filter units were 

centrifuged at 14,000g for 15 min followed by another centrifugation with milli-Q 

water (MQ) and the flow-through was collected. Peptides were cleaned by a strata-

X-C-cartridge (Phenomenex). 

 

Before analysis on the Q Exactive (Thermo Fischer Scientific, San Jose, CA, USA), 

peptides were separated using an Agilent 1200 nano-LC system. Samples were 

trapped on a Zorbax 300SB-C18, and separated on a NTCC-360/100-5-153 (Nikkyo 

Technos. Ltd) column using a gradient of A (3% acetonitrile (ACN), 0.1% formic acid 

(FA)) and B (95% ACN, 0.1% FA), ranging from 7% to 40% B in 240 min with a flow 

of 0.4 µl/min. The Q Exactive was operated in a data dependent manner, selecting 

top 5 precursors for fragmentation by HCD. The survey scan was performed at 

70,000 resolution from 300-1700 m/z, using lock mass at m/z 445.120025, with a 

max injection time of 100 ms and target of 1 x 106 ions. For generation of HCD 

fragmentation spectra, a max ion injection time of 500 ms and AGC of 1 x 105 were 

used before fragmentation at 30% normalized collision energy, 17,500 resolution. 

Precursors were isolated with a width of 2 m/z and put on the exclusion list for 70 s. 

Single and unassigned charge states were rejected from precursor selection. 

Proteome discoverer 1.3 with sequest-percolator was used for protein identification. 

Precursor mass tolerance was set to 10 ppm and for fragments to 0.02 Da. Oxidized 

methionine and was set as dynamic modification, and carbamidomethylation as 

static modification. Spectra were matched to a combined mus musculus and bos 

taurus ensembl 72 database, and results were filtered to 1% FDR. Identifications in 
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bos taurus was considered to originate from FBS and removed. Gene ontology (GO) 

term enrichment analysis was done using the online Panther software (324). 
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Chapter 3 

 

Optimisation of method for the collection and purification of EVs 

from serum-free cultures 

 

3.1 Introduction 

 

Following evidence that strongly support EVs as being potent mediators in cell-cell 

communication in normal physiological states (118,119) in disease (325) and as 

natural gene delivery agents (294), research on EVs has grown exponentially in the 

last decade. However, there still remain incomplete knowledge on the mechanisms 

controlling EV biogenesis as well as the derivation of an optimal method for EV 

collection and purification from various biological samples, both of which, are crucial 

pre-requisites for elucidating the functions of EVs in biology. 

 

In recent years, several groups have demonstrated and highlighted the identities of a 

number of proteins (e.g. Rab GTPases) that have been shown to control the 

formation of MVEs and direct the fusion of these MVEs to release EVs into the 

extracellular environment (as reviewed in section 1.1.1). Importantly though, in in 

vitro cell cultures, external cell culture factors such as cell confluence, time of 

incubation for EV collection and constituents within the growth media could also 

affect intracellular signaling of cells and subsequently impact on EVs secretion. “Pre-

spun” media, which is depleted of serum EVs prior to use, is one commonly used 
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media for EV collection from cells. Depletion of serum EVs is crucial as they would 

co-purify with cell-derived EVs during the purification process and subsequently 

interfere with downstream quantification and analysis of the cellular-derived EVs. 

However, there have been some doubts if all serum EVs are effectively removed 

during the preparation process. Hence, in studies investigating EVs derived from 

MSCs and neurons (281), some have substituted pre-spun media with the use of 

serum-free media instead for EV harvesting. Knowledge about the relationship 

between environmental factors and EV production, or how these factors could 

interplay with reported EV biogenesis mechanisms, remained limited. Therefore, we 

first conducted a study to elucidate if alterations in culturing conditions could impact 

on the quantity and content of EVs, focusing on mouse and human neuroblastoma 

cell lines. 

 

The most established protocol for EV purification from all sample types currently 

remained to be the UC protocol, as described by Théry et al. in 2006 (67). With the 

availability of improved techniques for evaluating EVs, it is becoming evident that the 

UC protocol presents several limitations, particularly with respect to EV yields, purity 

and integrity. As a result, the reproducibility and reliability of biological data on EVs 

purified by this UC methodology might be compromised. To resolve this issue, a 

number of alternative methodologies for the purification of EVs, each with their own 

technical advantages and disadvantages, have been developed in recent years as 

discussed in section 1.1.2. 

 

One such method is the use of a size-exclusion liquid chromatography column (LC), 

which has been described for purification of proteins and viruses. Similarly, the LC 
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fractionation of the CM would allow for the separation of larger EVs from smaller 

non-associated proteins. Taylor et al. first described the use of LC methodology for 

EV purification from ovary tumour cell cultures (193). Recently, similar positive 

results have been shown for plasma samples (83,85). However, it is still relatively 

unknown how this LC technique compares with UC for EV purification. Similar to 

others in the field, we also found several limitations when using the original UC 

protocol and hence we tried to seek an alternative method for our EV purifications. In 

the latter parts of this chapter, we describe how we came to designing our LC 

protocol for EV purification. In addition, we outline how we systematically performed 

a detailed cross comparison study on EVs purified by LC versus that of the 

traditional UC method. 
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3.2 Materials and Methodologies 

 

3.2.1 Investigation on the effect of external culturing factors on EV 

quantity and content 

 

Mouse neuroblastoma cells Neuro2a (N2a) and a fusion of motor neuron enriched 

embryonic mouse spinal cord with mouse neuroblastoma cells (NSC-34) were plated 

in each T175cm2 dishes at three different densities: low, medium and high which 

correspond to 1.35x106, 3x106 and 7x106 in actual cell numbers. All cells were 

cultured in complete media comprising of Dulbecco's Modified Eagle Medium 

(DMEM) (Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal 

bovine serum (FBS, Life Technologies) and 50 µg/ml of penicillin/streptomycin (P/S, 

Life Technologies) and grown at 37°C with 5% CO2. 24 h after seeding, the growth 

media was removed; cells were washed with phosphate buffer saline (PBS) and 

replaced with fresh pre-spun media or serum-free media (OptiMEM, Life 

Technologies) to generate CM for EV collection. Pre-spun media is DMEM 

supplemented with 10% FBS that was spun at 120,000g for 70 min prior to addition 

to DMEM. The CM was collected from cells seeded at three indicated starting 

densities and at five different time points (24h, 48h, 72h, 96h and 120h from the time 

of media change) for each density type. The CM was subsequently processed for EV 

purification via the UC protocol (section 2.3.1). Following the collection of CM, cells 

were trypsinised, stained with tryphan blue and counted with a haemocytometer. 

Each EV sample was then subjected to NTA (section 2.4.1) for quantification and 

determination of the size distribution of particles and western blotting (section 2.4.2) 
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for reported EV markers (Alix, Tsg101 and CD9) as well as Calnexin, which was 

reported as a good indicator of contamination in EVs. A parallel experiment was 

conducted on EVs released from human neuroblastoma cells (SHSY5Y). To analyse 

the proteomic content of EVs from the two growth conditions, CM was collected from 

post-48h N2a cultures, purified with the UC protocol with an additional PBS wash 

(section 2.3.1) and subjected to LC-MS/MS analysis (section 2.4.7). For more 

details on this study, please refer to Appendix 8.2. 

 

3.2.2 Comparison study between two different purification methods 

 

The comparison study was tested on a number of different cell lines; NSC-34, N2a, 

B16F10, a mouse melanoma and human embryonic kidney (HEK293T). All cells 

were cultured in complete media (DMEM supplemented with 10% FBS and 50 µg/ml 

of P/S (all from Life Technologies). For CM collection, complete media were changed 

24 h after seeding to OptiMEM (Life Technologies) or pre-spun media as indicated. 

CM was then collected 48 h after the media change. 

 

To generate GFP-positive EVs, HEK293T cells were pre-transfected with a CD63-

EGFP plasmid (pDNA) as described. 6x106 cells were seeded in a 15 cm culture 

dish in complete media. 24 h later, cells were transfected with polyethyleneimine 

(PEI, Sigma) at a 1:4 pDNA: PEI ratio; 25 µg of pDNA and 100 µg of PEI were 

diluted in 500 µl of OptiMEM, each type initially in separate tubes. After 5 min 

incubation at RT, the pDNA and PEI were mixed and incubated for a further 30 min 

at RT to form the DNA/PEI complexes. The complexes were then added drop-wise 

to cells. After 4 h, the complete media containing the complexes was removed, cells 
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were washed with PBS and fresh OptiMEM, supplemented with P/S was added on 

cells. 48 h later, the CM was collected for EV isolation. 

 

All CM collected from individual plates were pooled and then equally divided into two 

equal halves: one for purification by the UC protocol (section 2.3.1) and the other for 

UF with subsequent LC protocol (section 2.3.2). 

 

3.2.3 Molecular quantification and characterisation of EVs for 

comparison study 

 

EVs purified by either method was first analysed by NTA (section 2.4.1), quantified 

for protein and RNA content (section 2.4.2) and loaded on a western blotting gel for 

the detection of EV markers (WB) (section 2.4.3). To analyse the overall proteomic 

content of EVs from the two purification strategies, EVs were subjected to LC-

MS/MS (section 2.4.7). 

 

3.2.4 Biophysical characterization of EVs for comparison study 

 

The biophysical properties of EVs, such as intactness and aggregation, was 

analysed using a number of different techniques; TEM (section 2.4.4), fluorescence 

microscopy, fluorescence correlation spectroscopy, total internal reflection 

fluorescence microscopy and EV biodistribution in mice.  

 

Fluorescence microscopy 
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Briefly, CD63-EGFP positive EVs were quantified by NTA and the UF-LC and UC 

samples were diluted to the same concentration of particles/ml. Before any 

measurements, the EVs were re-suspended with a 27G needle. The samples were 

positioned on a microscope slide and covered with a coverslip and analysed. 

Microscopy was performed using Olympus IX-81 inverted microscope (Olympus 

America, Center Valley PA, USA) equipped with 20X objective. The following 

fluorescence filter-set (Chroma Technology Corp., Bellows Falls, VT, USA) was 

used, with the central wavelength and bandwidth of the excitation and emission 

filters as indicated: GFP (Ex. 470/40 nm; Em. 525/50 nm) 

 

Fluorescence correlation spectroscopy (FCS) 

 

For more quantitative analysis on EV integrity, we collaborated with Dr Wolf 

Heusermann and Dr Nicole Meisner-Kober (Novartis Institutes for Biomedical 

Research, Basel, Switzerland) to perform FCS. In FCS, EV hydrodynamic radius, 

concentration and changes in biophysical properties (e.g. fusion or fragmentation) 

were determined by measuring diffusion and intensity of CD63-eGFP positive EVs 

from HEK293T cells. FCS was performed on a Clarina II Reader (Evotec 

Technologies, Perkin Elmer, Waltham, MA, USA) with 488 nm argon ion laser 

excitation at 50 µW to minimize photo bleaching, a 40x water emersion 1.15 N.A. 

objective (UAPO Olympus), a 488/633 nm major dichroic mirror in the excitation path 

and a HQ535/50m filter in the emission path. In-focus light was collected through a 

50 µm pinhole using a SPCM-AQR-13FC avalanche photodiode (Perkin-Elmer 

Optoelectronics). The confocal volume was calculated in approximation according 

to(3) using the measured diffusional correlation time τdiff of fluorescent Alexa488 free 
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dye standard, the known translational diffusion coefficient of Alexa488 (Molecular 

probes; D = 280 µm2/s) and the axis ratio fitted from calibration measurements.  

 

HEK293T and N2a cells were plated in 15 cm dishes and transfected at 50% 

confluence with CD63-EGFP using Lipofectamine 2000 (Life Technologies) in 

DMEM supplemented with 10% FBS. After 4 h, cells were washed and medium was 

replaced with OptiMEM and cultivated for further 48 h. CM was subjected to either 

UC or UF purification as described in Fig. 2a. The CM (post 0.22 µm), UF retentate, 

UF flow-through (FT), UC pellet and post-UC supernatant was re-suspended in PBS 

supplemented with EDTA free Complete Protease inhibitor (Roche, Basel, 

Switzerland) and analyzed by FCS.  For each sample, several dilutions were made 

and measured in a 96-well glass bottom plate (Whatman, GE Healthcare) with 30 

repetitive measurements of 10 s each. NP-40 at 1% v/v (Cambridge Bioscience, 

Cambridge, UK) was used to induce vesicle disruption. Disruption of vesicles was 

confirmed by dynamic light scattering. Autocorrelation curves were fitted with a one- 

or two-component two-dimensional diffusion model (326,327) to extract translational 

diffusion times, particle numbers and molecular brightness’s. For a two-component 

two-dimensional diffusion model we made the assumption that the two major CD63-

EGFP positive components in the isolations are intact EVs/large vesicles and a 

secondary subpopulation of smaller, potentially disrupted vesicles. We then analyzed 

all detergent treated samples with a one component fit to derive the translational 

diffusion time of disrupted vesicles. Alexa488 measurements in an EV sample with 

and without NP40s confirmed that under these conditions changes in measured 

translational diffusion times due to viscosity and refractive index changes were 

negligible (data not shown). Vesicle disruption by NP40s indeed resulted in almost 
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identical CD63-EGFP translational diffusion times in all samples, including CM. The 

average value from these measurements was then defined as the translational 

diffusion time of the putative small, disrupted particles in a two-component fit of the 

detergent free samples. This allowed to fit the data with significantly improved Chi2 

and delivered a reasonably homogeneous second population with translational 

diffusion times corresponding to a hydrodynamic radius in the range of ca. 70-100 

nm. Data from one experiment representative of at least three independent 

experiments are shown. Error bars represent Standard deviations from the 30 FCS 

measurements. 

 

Total internal reflection fluorescence microscopy (TIRF) 

 

For more quantitative analysis on EV aggregation, we collaborated with Dr Mattias 

Hällbrink (Stockholm University, Stockholm, Sweden) to perform TIRF. TIRF 

microscopy experiments were performed on a Zeiss Laser TIRF 3 system using a 

100x objective. Glass inserts (P35G-1.5-14-C) were from MatTek Ashland, MA, 

USA. TIRF angle was set at 70 degrees (depth of penetration = 86 nm) Experiments 

was performed at 37°C. Before assaying, the EVs were mixed with FAST DiO™ 

Solid; DiOΔ9,12-C18(3), ClO4 (3,3'-Dilinoleyloxacarbocyanine Perchlorate) (Life 

Technologies). Images were recorded after a brief refocusing. 

 

EV biodistribution in mice 

 

To understand the biological implications of EV integrity, we collaborated with MD 

Joel Nordin and MD Oscar Wiklander (Karolinska Institutet, Stockholm, Sweden) to 
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perform biodistribution studies by injecting labeled EVs into mice. Prior to purification 

with UC (section 2.3.1) or LC (section 2.3.2), CM was incubated with 1µM (1,1'-

Dioctadecyl-3,3,3',3'-Tetramethylindotricarbocyanine Iodide, Life Technologies) DiR 

dye. Purified EVs were then quantified by NTA (section 2.4.1) and equal amounts of 

particles from both UC and UF-LC preparations were injected in the tail vein of 

Balb/c mice (n=5). 24 h post injection, the organs were harvested and subjected to 

imaging using the In Vivo Imaging System (IVIS) (Caliper, CA, USA). The IVIS was 

set to record the fluorescence for 2 seconds (excitation 710, emission 760) and the 

data obtained was then analysed with the IVIS software. The Swedish Local Board 

approved all animal experiments conducted for Laboratory Animals. All experiments 

were performed in accordance with the ethical permission and designed to minimize 

the suffering and pain of the animals.  

 

3.2.5 Statistics 

 

A one-way Anova followed by the Dunn’s post-test was applied to the molecular 

brightness data (Figure 3.3.5M). The student’s t-test was used when comparing EVs 

derived by the UC versus LC purification (Figure 3.3.4E, Figure 3.3.5A,B&H, 

Figure 3.3.7G and Figure 3.3.8C). The biodistribution data was analysed using the 

nonparametric Krusckal Wallis test followed by the Sidak post-test (Figure 3.3.8E). 

All bars in the graphs represent mean ±SD.  
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3.3 Results 

 

3.3.1 Proliferation rate and morphology of N2a cells is altered in serum-

free culture conditions 

 

N2a cells, like most other in vitro cell cultures, were normally cultured in media 

supplemented with 10% serum. Hence, we first evaluated how these cells reacted to 

the rapid switch from complete growth media to pre-spun or serum-free (OptiMEM) 

media. Interestingly, N2a cells cultured in OptiMEM displayed a different cellular 

morphology as compared to that prior the media change and to cells in pre-spun 

media. In serum-free conditions, the cells appeared to have longer outgrowths from 

the main cell body (Figure 3.3.1A). Furthermore, N2a cells proliferated at a slower 

rate in OptiMEM than in pre-spun media over the course of the 5-day period. This 

phenomenon appeared to be regardless of the starting cell density (low, medium or 

high). Moreover, cell death, as indicated by the drop in total number of cells at the 

time of media collection, was consistently observed a day earlier in OptiMEM 

cultures than in pre-spun cultures (Figure 3.3.1B). 

 

3.3.2 Serum-free conditions and increased incubation time prior to EV 

collection leads to greater EV yields  

 

Prior to EV purification, both types of media (pre-spun and OptiMEM) were analysed 

by NTA and found to be rather low in particle counts (data not shown). With NTA, the 

overall concentration of particles detected was increased across the first 72 h in both 
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OptiMEM and pre-spun cultures and this was similar across three different starting 

cell densities. The drop in particle concentration occurred at 96 h for OptiMEM 

cultures and at 120 h for the pre-spun cultures with the lowest starting cell density. 

Consistently though, we observed more particles collected from OptiMEM than in 

pre-spun cultures, where this difference was more obvious in cultures with higher cell 

density (Figure 3.3.1C). To further analyse the kinetics profiles of EV secretion, we 

plotted the overall EVs released per cell for the low cell density cultures and found 

that cultures in OptiMEM had a different EV secretion profile to that of pre-spun 

cultures (Figure 3.3.1D).  

 

To verify that our purified particles were indeed EVs, we loaded the same volumes of 

purified EVs (from low cell density N2a cultures) on a SDS-PAGE gel and tested for 

the presence of EV markers. Generally, reported EV markers (Alix, CD9 and 

Tsg101) were consistently detected a day earlier in OptiMEM-derived EVs than in 

pre-spun samples. On the other hand, Calnexin, an endoplasmic reticulum marker 

used to indicate the presence of contaminating vesicles in EV preparations, was 

detected increasingly from post-72h OptiMEM cultures onwards and from post-96h 

pre-spun cultures onwards (Figure 3.3.1E). Moreover, this increasing expression of 

calnexin expression corresponded to the decrease in overall total number of cells 

counts in both OptiMEM and pre-spun cultures (N2a-low density plot in Figure 

3.3.1A). 
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Figure 3.3.1. Analysis of N2a cells and EVs cultured in and collected from OptiMEM 
and pre-spun media 
 
(A) Representative bright-field images of N2a cells cultured in OptiMEM or pre-spun media 
for 48 h. Red arrows in the OptiMEM image indicate the appearance of dendrite-like 
extrusions from the cells. Scale bar represents 400 µm. (B) Graphs showing the total 
number of cells at point of CM collection across the 5-day period for both OptiMEM (white 
bar) and pre-spun (black bar) cultures. (C) Graphs showing the concentration of particles 
(x108/ml) collected at each time point for both OptiMEM (white circle) and pre-spun (black 
circle) cultures across the same 5-day period. The same experiment was repeated across 
cultures with three varying cell densities as indicated. For data points shown in (B) and (C), 
n=1, bars represent mean measurements from 3 technical replicates ±SD. (D) Graph 
showing the kinetics of release of particles from N2a cells cultured at low density in 
OptiMEM (white circle) and pre-spun (black circle). (E) Representative WB pictures of EV 
markers (CD9, Alix and Tsg101) and Calnexin for EVs collected daily over 5 days from N2a 
cells cultured in OptiMEM or pre-spun media. 
 

To confirm this trend of EV secretion from serum-free cultures, we conducted parallel 

experiments with another mouse neuroblastoma cell line, NSC-34. Similar to the 

findings in N2a cells, cell proliferation numbers were consistently lower in OptiMEM 

cultures than in pre-spun cultures. Again, we observed a much higher concentration 

of particles in OptiMEM as compared to pre-spun cultures across all time points 

(Figure 3.3.2A-C).  
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Figure 3.3.2 Analysis of NSC-34 cells and EVs cultured in and collected from OptiMEM 
and pre-spun media 
 
(A) Graph showing the total number of NSC-34 cells at point of CM collected across a 5-day 
period for both OptiMEM (white bar) and pre-spun (black bar) cultures. (B) Graph showing 
the concentration of particles (x108/ml) collected at each time point for both OptiMEM (white 
circle) and pre-spun (black circle) cultures. For data points shown in (A) and (B), n=1, bars 
represent mean measurements for 3 technical replicates ±SD. (C) Representative WB 
picture of EV markers (CD9, Alix and Tsg101) and Calnexin for EVs collected daily over 5 
days from NSC-34 cells cultured in OptiMEM or pre-spun media. 
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3.3.3 Serum-free conditions lead to secretion of EVs with an altered 

proteome 

 

The appearance of calnexin in EV samples collected at prolonged incubation periods 

(more than 48h for OptiMEM and more than 72h for pre-spun media) clearly 

indicated that these preparations contained both EVs and other contaminating 

vesicles, most probably due to the higher levels of cell death in these cultures. In 

order to minimize the contamination of other proteins or vesicles, we chose to focus 

on comparing EVs purified from post-48h CM. Consistently across both mouse cell 

lines (N2a and NSC-34), the total number was higher in OptiMEM than in pre-spun 

cultures, albeit this difference was more pronounced in N2a EVs. Interestingly, the 

same trend was also detected when checking for EVs from the human 

neuroblastoma cell line (SH-SY5Y) (Figure 3.3.3A). Although the mode size of EVs 

between OptiMEM and pre-spun derived EVs in all three cell lines differed slightly, 

these differences were not significant. 

 

In order to elucidate how serum-free culturing conditions may affect EV content, we 

proceeded to perform nano LC-MS/MS proteomic analysis on the N2a EVs collected 

from post-48h cultures. A total of 1742 proteins were identified (1% FDR) in EVs 

derived from both conditions. Of all the identified proteins, 1058 were common in 

both conditions, with 607 and 77 proteins exclusively found in OptiMEM and pre-

spun EVs respectively. From these 1058 commonly identified proteins, 655 were 

expressed at similar levels, while 358 and 45 proteins were considered up regulated 

in OptiMEM and pre-spun EVs respectively (Figure 3.3.3B&C). For further gene 

ontology (GO) enrichment analysis, we sorted proteins in the following three groups: 
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1) 655 proteins with similar levels in both conditions, 2) 964 proteins considered up 

regulated in OptiMEM as compared to pre-spun and 3) 122 proteins considered up 

regulated in pre-spun as compared to OptiMEM. Using the Panther software, we 

then identified the overall GO terms of proteins in each of these three groups and 

listed a selected number of GO annotations, which was found to be significantly 

different in one as compared to the other two groups.  

 

Generally, proteins detected at similar levels in OptiMEM and pre-spun conditions 

consisted of reported EV markers such as Alix, CD9 and heat-shock protein-90 (108) 

and some cytoskeletal proteins. Based on GO annotations, ribosomal proteins and 

other proteins involved in translation were also similar in EVs derived from either 

condition. Interestingly, EVs from OptiMEM conditions were more enriched for G-

proteins, small GTPases and kinases. Moreover, proteins involved in oxygen and 

reactive species metabolic processes were higher in OptiMEM derived EVs over that 

of pre-spun derived EVs. On the other hand, pre-spun EVs were more enriched for 

ribonucleoproteins and microtubule family of cytoskeletal proteins. There was also 

an enrichment of proteins involved in mRNA processing and splicing factors for EVs 

derived from pre-spun cultures (Figure 3.3.3D).   

 

To validate our proteomics results, we selected proteins belonging to the three 

groups (similar in both levels, up-regulated in pre-spun and up-regulated in 

OptiMEM) and compared the expression levels of these proteins by WB, in both the 

EVs and their source cells (Figure 3.3.3E). Expression levels of EV markers (Alix 

and CD9) were similar in EVs and cells from both conditions. Although the 

expression levels of other validation targets were below the detection limit in cell 



	
   89 

lysates, we observed a slightly higher expression of melanocyte proliferating gene 

(MYG1) and ADP ribosylation factor 6 (ARF6) in OptiMEM EVs as opposed to pre-

spun EVs and the reverse trend for serpin F1 (SERPINF1) (Figure 3.3.3F). These 

data corresponded well with the findings from the original mass spectrometry data. 
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Figure 3.3.3 (cont’d) 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.3 NTA and proteomic comparison of EVs collected from cells post-48 h 
incubation in OptiMEM and pre-spun media 
 
(A) Graphs showing the size distribution profiles of EVs collected at post-48 h OptiMEM 
(blue) and pre-spun (red) cultures of N2a (left), NSC-34 (middle) and SH-SY5Y (right) cells. 
(B) Scatter plot showing the correlation of proteins identified in N2a EVs isolated from either 
OptiMEM or pre-spun conditions. Proteins are further classified into three groups; similar 
levels in both conditions (black dots), higher expression in pre-spun (red dots) and higher 
expression in OptiMEM (blue dots). (C) Venn diagram showing a 60% overlap of total 
proteins identified in EVs from both OptiMEM and pre-spun cultures. (D) A selected subset 
of significantly enriched GOs found to be upregulated in either OptiMEM or pre-spun media 
derived EVs. All proteins are grouped under the four categories: all EV IDs (black bar), 
proteins of similar levels in both OptiMEM and pre-spun (grey bar), higher in OptiMEM (blue 
bar) and higher in pre-spun (red bar). (E) Mass spectrometry data showing the ratio of 
OptiMEM/pre-spun (log2) on selected proteomic validation targets (Alix, CD9, SERPINF1, 
ARF6 and MYG1) (*** indicates p<0.001, 1% FDR). (F) Representative WB validation of 
these selected targets in both N2a cells and EVs cultured and collected under either 
OptiMEM or pre-spun conditions. 
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3.3.4 Limitations of the UC protocol for purification of EVs 

 

Similar to many others in the EV field, we initially performed purification of EVs from 

in vitro cell sources with the most established protocol -UC. However, we found that 

this methodology was both laborious and resulted in relatively low yields. In the 

literature, there were several descriptions of other UC protocols with slight variations 

from the original form as reported by Théry et al (67). Hence, we wanted to evaluate 

how these slight variations might impact on the resultant EV product in order to 

devise a more optimized method for EV purification from our samples. For all 

optimization experiments discussed in this chapter, we chose to purify EVs from 

post-48 h CM collected from serum-free cultures based on the following reasons. 

Firstly, as shown in section 3.3.2, serum-free culturing conditions consistently 

resulted in a significantly higher release of EVs from different cell types. Hence, this 

would enable us to perform multiple downstream analyses on the EVs more readily. 

Secondly, as indicated before, serum vesicles might not be effectively removed 

completely from pre-spun media prior to use. Furthermore, other abundant proteins 

in serum (e.g. albumin) might co-pellet with the EVs and interfere with the NTA 

analysis. Using serum-free media for EV collection would allow us to omit these 

confounding factors that could further affect our comparisons on the purified EV 

product. 

 

After collecting post-48h CM from serum-free N2a cultures, EVs were purified by the 

four UC protocol variants described in literature and listed in figure 3.3.4A. Based on 

total particle counts with NTA and WB data for EV markers and calnexin in the 

isolated pellets, we made the following observations regarding the UC protocol 
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(Figure 3.3.4B-D); firstly, initial low speed spins, especially the 10,000g step, was 

necessary for the removal of large apoptotic vesicles and debris that could otherwise 

affect EV purity. Secondly, the 10,000g spin might be substituted with a 0.22µm 

syringe filtration step, as the quantity and of EVs purified with either strategy was 

comparable. Thirdly, the additional PBS wash step was crucial for derivation of pure 

EV preparations as indicated by the disappearance of calnexin on the WB. However, 

this additional process compromised the overall EV yield as shown by the low 

recovery rates in overall particle counts when purifying EVs from N2a EVs 

(50.0±13.9%) and HEK EVs (61.7±8.9%) (Figure 3.3.4E). 

 

 

 

 

 

 

 

 

 

 

 

 

 



	
   93 

Figure 3.3.4 (cont’d) 

 

 

 

 

 

 

 

 
 
 
Figure 3.3.4 Analysis on EVs purified using four different UC protocols 
 
(A) Graphical outline of the four different variations of UC tested. 3a represents the 10,000g 
pellet. (B) NTA size distribution profiles of EVs from the four UC protocols. (C) Table 
showing the exact mode size, mean size and concentration of particles in each of these four 
samples. (D) Representative WB pictures of EV markers (Alix, CD9 and Tsg101) and 
Calnexin in the four UC pellets and 3a pellet. (E) Graphs showing the decrease in total 
number of particles of UC pellet 2 as compared to pellet 1, in both N2a and HEK 293T 
cultures (n=3 for each cell line, bars represent mean ±SD, *indicates p<0.05). 
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3.3.5 Ultrafiltration (UF) of CM allows for purification of higher yields of 

intact EVs than with the UC protocol  

 

Another issue with using the UC protocol for purification of EVs was the low 

percentage recovery of EVs as compared to the original starting material. From our 

data, we observed that the overall number of particles remaining in the supernatant 

after the first high-speed centrifugation is surprisingly higher than in the derivative 

pellet (UC-1); 3-fold for N2a and 2-fold for HEK 293T samples (Figure 3.3.5A). 

Moreover, the overall percentage of particles recovered in the final UC product (with 

the additional wash step) was a mere 14.0% as compared to the original CM, for 

both N2a and HEK samples (Figure 3.3.5B).  

 

To improve on EVs yields, we tested out an alternative protocol - Ultrafiltration (UF). 

Similar to the UC protocol, the CM was subjected to low speed spins and 0.22um 

filtration to get rid of any cellular debris and larger particles. Instead of applying two 

high-speed centrifugation steps, the filtrate was applied on a 100-kDa molecular 

weight cut-off (MWCO) spin filter to concentrate the EVs and filter out smaller non-

vesicular molecules (Figure 3.3.5C). With N2a samples, we observed that 6-fold 

more particles with similar size distribution were collected using the UF method as 

compared to the UC method (Figure 3.3.5D). This observation was consistent 

across other cell lines (HEK 293T and mouse melanoma cells-B16F10) and also for 

CD63-eGFP labeled HEK 293T EVs (Figure 3.3.5E-G). Importantly, there were very 

few particles in the flow-through (FT) of these spin filters, suggesting that most, if not 

all, of the EVs were successfully trapped in the filters (Figure 3.3.5H). To verify that 

the particles we analysed were truly EVs, we performed WB on equal volumes of the 
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UC and UF purified samples. The expression levels of EV markers (Alix and CD9) 

were much higher in UF than in UC samples (Figure 3.3.5I), corroborating our NTA 

data.  

 

Besides improving the overall quantities of vesicles, we were also interested in 

understanding if the type of purification method could impact on the biophysical 

properties of vesicles. Hence, we visualized these EVs using TEM. The TEM 

pictures showed that EVs with rounded and cup-shaped morphology were present in 

both sample types. In some instances, EVs purified by UC appeared disrupted or 

fused, which was not the case with UF-purified EVs (Figure 3.3.5J). Moreover, 

fluorescence microscopy of GFP-positive EVs in suspension revealed the presence 

of GFP-positive aggregates only in UC samples and not for the UF sample (Figure 

3.3.5K).  

 

On hindsight though, these microscopy techniques were more subjective and merely 

semi-quantitative. Therefore, we collaborated with Dr Wolf Heusermann and Dr 

Nicole Meisner-Kober (Novartis Institutes) to employ fluorescence correlation 

spectroscopy (FCS) for more quantitative analysis of EV integrity. Using FCS, the EV 

hydrodynamic radius, concentration and changes in biophysical properties (e.g. 

fusion or fragmentation) of EVs were determined by measuring diffusion and 

intensity of CD63-eGFP positive EVs. The brightness of individual particles (number 

of CD63-eGFP molecules per vesicle) was found to be higher in UC than UF 

samples and this suggested the possibility of vesicle fusion within the UC sample. 

Moreover, we found that only 10% of total vesicles were recovered in the pellet after 

UC. On the other hand, in the post-UC supernatant, only 38% of the vesicles were 
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found to be intact while the remaining 62% of the eGFP-positive material was 

measured to be 2 nm, which was reported to be the putative size of free CD63-eGFP 

(328). Hence, our FCS findings corroborate with our previous data that there was 

very low pelleting efficiency of EVs with the UC method. Furthermore, we were able 

to prove that the UC process led to both fusion of vesicles and vesicle disruption, 

since free CD63-eGFP from these disrupted vesicles could be freely detected in the 

post-UC supernatant (Figure 3.3.5 L&M).  
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Figure 3.3.5 (cont’d) 
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Figure 3.3.5 (cont’d) 

 

 

 

 

 

 

Figure 3.3.5 UF protocol enabled the purification of more EVs with intact biophysical 
properties as compared to UC 
 
(A) Graphs showing a greater number of particles in the supernatant (SN) versus the pellet 
(UC-1) after the first high-speed centrifugation, for both N2a and HEK 293T cultures (n=3 for 
each cell line, bars represent mean ±SD, ** indicates p<0.01). (B) Graphs showing the total 
number of particles in the original starting CM as compared to the final UC product (UC), for 
both N2a and HEK 293T cultures (n=3 for each cell line, bars represent mean ±SD, 
*indicates p<0.05). (C) Graphical outline of the UC and UF protocol. Graphs showing the 
NTA size distribution profiles of EVs purified by the UC or UF method from N2a (D), HEK 
293T (E), CD63-eGFP HEK293T (F) and B16F10 (G) cultures. (H) Graph showing the total 
number of particles in the UF product versus the flow-through (FT) after the UF spin from 
N2a cultures (n=3, bars represent mean ±SD, ** indicates p<0.01). (I) Representative WB 
pictures of EV markers (Alix and CD9) in B16F10 EVs purified by the UC or UF method. (J) 
Representative TEM images of B16F10 EVs purified by UC or UF. Arrows indicate 
phenotype of vesicles detected; 1a: broken vesicle, 1b: fusion of vesicles and 2: intact 
vesicle. (K) Fluorescence microscopy images of CD63-eGFP HEK293T EVs in suspension. 
Arrows indicate presence of GFP aggregates in UC samples only. (L) Absolute 
concentrations of CD63-eGFP molecules (left y-axis) and percentage of intact vesicles (right 
y-axis) according to FCS (SN=supernatant, FT= flow-through). (M) Molecular brightness for 
each particle (counts per particle)(CPP) (n=3, bars represent mean ±SD, * indicates p< 
0.05). 
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3.3.6 UF co-purifies non-vesicular proteins along with EVs  

 

Apart from NTA, we also performed protein and RNA quantification of the EVs 

purified by either method. Interestingly, we noticed that the overall fold change in 

total protein was much higher than that of the NTA and RNA quantifications (Figure 

3.3.6A). As we assumed that the same type of EVs was purified by both methods, 

we speculated that this discrepancy in particle and protein fold changes might be 

indicative of the presence of contaminating proteins in our UF samples. 

 

As shown in Figure 3.3.6B, the same amount of particles (as determined by NTA, 

left panel) or the same amount of proteins (as determined by microBCA assay, right 

panel) were loaded on a gel and blotted for Alix and CD9. When the same number of 

particles was loaded on the gel, the levels of Alix and CD9 appeared similar for both 

samples. In contrast, when equal amounts of proteins were loaded, Alix and CD9 

were only detected in the UC as compared to the UF samples. To work out the 

extent of non-EV associated protein contamination, we used equal number of 

particles from UC and UF samples and back-calculated the exact protein quantities 

in these samples. Based on expression levels of EV markers, 3 µg of the UC product 

corresponded to 35 µg of the UF sample (Figure 3.3.6C). Hence, assuming that the 

same types of particles are isolated by both the UC and UF technique, we postulate 

that the actual protein quantity of the UF sample might have been overestimated by 

around 10-fold. 
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Figure 3.3.6 UF led to co-purification of non-vesicular proteins with EVs 
 
(A) Table comparing total particle, protein and RNA concentration of B16F10 EVs purified by 
either the UC or UF protocol. The bottom row indicates the fold difference as compared to 
UC. (B) Representative WB pictures on EV markers (Alix and CD9) in N2a EVs purified by 
UC or UF, based on equal loading of particles (left) or protein amounts (right). (C) 
Representative WB pictures on EV markers (Alix and CD9) in UC and UF EVs based on 
equal loading of volume equivalent to 1x1010 particles. The total protein amounts indicated 
are calculated based on the volumes loaded. 
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3.3.7 LC separates EVs from non-vesicular proteins 

 

The UF protocol used here was conducted using a 100-kDa MWCO filter, hence 

both EVs and other non-vesicular protein aggregates larger than this cut-off limit 

might remain in the filters, leading to the detection of higher protein amounts as 

discussed in section 3.3.6. To scope out the possible identities of these non-

vesicular proteins, we conducted total protein staining on samples run on a SDS-

PAGE gel. As compared to the UC samples, additional protein bands, particularly 

around the 50-70kDa ranges, were detected exclusively in the UF samples (Figure 

3.3.7A). Preliminary mass spectrometry analysis on proteins within this size range 

revealed one of these proteins to be a short isoform of albumin (data not shown). As 

the OptiMEM used was devoid of any albumin, we speculated that these non-

vesicular protein contaminations might have originated from the original growth 

media prior to the media change, as opposed to being true EV-associated proteins. 

  

As EVs were much larger than these protein contaminants, we chose to fractionate 

the UF product on a Sephacryl S-400 size-exclusion liquid chromatography (LC) 

column and collected fixed 2 ml fractions eluted from the column for the entire run. 

The UV flow cell absorbance at 280 nm showed the presence of two distinct peaks 

across the entire run. After the run, we further checked each individual 2 ml fraction 

for total particle numbers (NTA) and protein amounts (microBCA assay) and plotted 

these values across the elution volume (Figure 3.3.7B). Based on the NTA and 

protein trend, we then pooled selected fractions to generate two distinct sets: fraction 

1 (F1) that spans the particle and first protein peak as well as fraction 2 (F2) which 

spanned the second protein peak. NTA showed that the majority of particles were 
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recovered in F1 (98%) where the mode particle size is 97nm (Figure 3.3.7C-D). 

When we performed total protein staining on the SDS-PAGE gel, we found that 

many of the contaminating proteins previously seen in UF were now detected solely 

in F2 (Figure 3.3.7E).  

 

With WB, we detected EV markers including Alix and CD9 exclusively in F1 and not 

F2 (Figure 3.3.7F). Moreover, the levels of these markers appeared to be slightly 

higher in F1 as compared to the UC sample and this correlated with higher particle 

counts in F1 than in UC sample (Figure 3.3.7G). Furthermore, the particle per 

protein ratio, which was suggested to be a good indicator of preparation purity (329), 

was much lower for F1 compared to UC samples (Table 3.1& 3.2). To ensure that 

the EVs purified by the LC technique were similar to that of the UC protocol, we 

further performed LC-MS/MS on both EV samples. Generally, the proteome of EVs 

from either protocol was congruent as there was a good correlation of overall protein 

expression and gene ontology annotations (Figure 3.3.7H-I). Therefore, we 

concluded that the addition of an LC step allowed for the purification of the same 

EVs with minimal protein contamination as compared to the UC protocol. 

Furthermore, the higher recovery percentage of particles observed with the UF 

protocol was maintained after this additional LC step.  

 

 

 

 

 

 



	
   103 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	
   104 

 

 

 

 

 

 

 

 

 

 
Figure 3.3.7 LC fractionation of UF product allowed for removal of protein 
contaminants without significantly affecting EV yields 
 
(A) Total protein staining of SDS-PAGE gel loaded with EVs derived from NSC-34 or 
B16F10 cells purified by UC or UF. (B) Graph showing the protein concentration (µg/µl) (left 
y-axis) and total particle numbers (x1010) (right y-axis) across the elution volume (ml) from 
the column (x-axis) of CM from N2a cells. Selected fractions are pooled and grouped as F1 
and F2, as indicated on the graph. (C) NTA size distribution profile of F1 and F2 samples. 
(D) Table comparing the mode size, total particle counts and percentage of particles 
between F1 and F2. (E) Total protein staining of membrane with N2a EVs purified by UF, 
UF-LC F1 and UF-LC F2. (F) Representative WB pictures of EV markers (Alix and CD9) in 
N2a UF-LC F1, UF-LC F2, UC and the cell lysate. (G) Graph comparing the total number of 
particles purified by UC (blue) and in the UF-LC F1 sample (green) (n=3, bars represent 
mean ±SD, *indicates p<0.05). (H) Venn diagram showing good over-lap of proteins (79.6%) 
identified in N2a EVs purified by UF-LC F1 (green) and UC (blue). (I) Graphs showing a 
selected number of GO annotations of proteins identified in N2a EVs purified by UF-LC F1 
(green) and UC (blue). 
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Table 3.1 
Table showing the suggested purity index by Webber and Clayton (329) 
 
Table 3.2  
Table showing the purity ratios of UC and LC samples from both N2a serum-free EVs. 
 

 

3.3.8 EVs purified by UF-LC maintain their biophysical properties in 

contrast to EVs purified by UC  

 

As described previously in section 3.3.5, the biophysical properties (e.g. intactness 

and aggregation) of EVs might be affected depending on the purification method. 

Hence, we checked if the additional LC step could affect EV integrity. TEM analysis 

showed that intact cup-shaped vesicles detected in F1 were similar to that in UF 

samples, while F2 contained mainly “chains” of protein aggregates (Figure 3.3.8A). 

To assess the state of aggregation of vesicles, we collaborated with Dr. Mattias 

Hällbrink (Stockholm University) to perform total internal reflection fluorescence 

(TIRF) imaging on HEK 293T GFP-labeled EVs purified by either UC or the LC 

method. Based on TIRF, a greater fraction of EVs purified by the UC method was 

larger than the average size of all vesicles within the image (Figure 3.3.8B&C), 
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indicating that EVs purified by the UC method tend to aggregate more than those 

from the UF-LC method. To understand the in vivo biological implications of this 

aggregation phenomenon, we injected the same number of DiR-labeled EVs in mice 

and visualised the biodistribution of these labeled EVs 24 h after injection. Generally, 

the biodistribution profile was similar for both UC and LC-purified EVs across all 

organs, with most of the overall signal detected in the liver. Interestingly though, UC-

purified EVs showed a 4.6 times stronger signal in the lungs as compared to the LC 

group. Correspondingly, we saw a significantly higher signal in the liver with the LC 

over the UC group of EVs (Figure 3.3.8D-E). Hence, we here demonstrated that the 

change in biophysical properties of the resultant EVs could have a profound impact 

on the bio-distribution of EVs. 
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Figure 3.3.8 LC step did not compromise the EV integrity 
 
(A) Representative TEM pictures showing N2a EVs purified by UC, UF, UF-LC F1 and UF-
LC F2. Scale bar indicates 100nm. (B) TIRF imaging of CD63-eGFP labeled HEK 293T EVs 
by UC and UF-LC F1. (C) Graph comparing the fraction of particles measured to be larger 
than the average size of vesicles within the pool for UC (blue) and UF-LC F1 (green) 
samples (n=3) (D) IVIS imaging of selected organs 24 h post injection of EVs purified by UF-
LC or UC. (E) Graphs comparing the percentage of overall fluorescence signal detected in 
the lungs, liver, spleen and kidneys of mice injected with UC (blue) or UF-LC F1 (green) EVs 
(n=5, bars represent mean ±SD, ****indicates p< 0.0001) 
 
 
 
 
 
 
 



	
   108 

3.3.9 LC methodology is applicable for purification of EVs from serum-

containing media 

 

With the understanding that the LC methodology was suitable for purification of EVs, 

we decided to further test if this protocol could be extended to serum-containing 

media. Using the same protocol as described previously, pre-spun CM was collected 

post 48 h from N2a cells and subjected to the same pre-filtration step (UF), followed 

by fractionation on the LC column. Interestingly we noticed that the protein and total 

particle profiles from the eluted volume were less distinct as compared to serum-free 

CM. Using the same parameters as before, we pooled the individual fractions into 

four general groups (F1-F4) (Figure 3.3.9A). Based on NTA and protein quantities, 

F1 and F2 contained the majority of all the particles eluted, F3 represented the 

intermediate region between the protein and particle peaks and F4 contained the 

bulk of the proteins detected. The latter two fractions contained only few particles 

(Figure 3.3.9B-C). As expected, and in accordance with the previous results on 

serum-free conditioned media, WB for EV markers showed that Alix and CD9 could 

only be detected in F1 (Figure 3.3.9D). All of these results were consistently found 

when testing on pre-spun CM from another cell source- HEK 293T (Figure 3.3.9E-

F). 
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Figure 3.3.9 UF-LC protocol can be applied to serum-containing media 
 
(A) Graph showing the protein concentration (µg/µl) (left y-axis) and total particle numbers 
(x1010) (right y-axis) across the elution volume (ml) from the column (x-axis) after running 
pre-spun CM from N2a cells. Selected fractions are pooled and grouped as F1, F2, F3 and 
F4, as indicated on the graph. (B) NTA size distribution profiles of F1-F4 samples. (C) Table 
indicating the mode size, total number of particles and % of total number of particles across 
F1-F4. (D) Representative WB pictures showing that EV markers (Alix and CD9) were 
exclusively detected in UC and UF-LC F1 samples. (E) Graph showing the protein 
concentration (µg/µl) (left y-axis) and total particle numbers (x1010) (right y-axis) across the 
elution volume (ml) from the column (x-axis) after running pre-spun CM from HEK 293T 
cells. Selected fractions are pooled and grouped as F1, F2, F3 and F4, as indicated on the 
graph. (F) Representative WB pictures showing that the EV marker (Alix) was exclusively 
detected in UC and UF-LC F1 samples. 
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3.4 Discussion  

 

3.4.1 Serum-free conditions lead to increased production of EVs with 

different proteome 

 

In this chapter, we first investigated the relationship between different external 

culturing factors (cell density, incubation period and type of conditioned media) with 

EV quantity and protein content. Generally, we found an inverse relationship 

between the starting cell density and incubation periods for total EV yields. At lower 

cell density cultures, longer incubation periods for CM collection derive similar EV 

yield as shorter incubation periods of higher cell density cultures. This was perhaps 

unsurprising, as all cells could constitutively secrete vesicles into the external 

environment, hence, more cells would lead to a greater release of vesicles. 

However, at longer incubation periods (>48 h for OptiMEM and >72 h for pre-spun 

media), we reported that the use of NTA as a sole indicator of EV yield was 

inaccurate due to the increasing presence of calnexin seen with WB. Generally, we 

noticed that these cultures mostly comprise of unhealthy and dying cells, which were 

capable of releasing apoptotic bodies. Subsequently, some of these smaller 

apoptotic bodies would be pelleted with EVs and attribute partially to the total 

particles counts detected by NTA. Hence, we believed that it is crucially important to 

collect EVs from healthy cells over a suitable shorter incubation period (≤48 h), to 

minimize any cross-contamination in EV analysis. 

 

More interestingly, we found that the absence of serum in the conditioned media 

greatly affected the overall EV yield and content. Across different mouse and human 
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neuroblastoma cell lines, cells cultured in serum-free conditions displayed very 

different EV release kinetics, with more EVs detected, as compared to serum-

containing conditions. This is despite the fact that additional serum EVs, which were 

inefficiently removed from pre-spun media could have contributed to overall total EV 

counts. Importantly, we here showed that this trend was consistent, regardless of 

total cell numbers or conditioning time. Furthermore, nano LC-MS/MS analysis 

revealed that the general proteome of EVs collected from the two conditions were 

slightly different; with only 62% of commonly identified proteins expressed at similar 

levels in EVs isolated from both conditions.  

 

In OptiMEM-derived EVs, we saw an up-regulation of several G-proteins and 

GTPase/Ras-related proteins. Some studies have reported that ARF6 and its 

effector phospholipase D2 (PLD2) could regulate the formation of ILVs in MVBs 

(330). Furthermore, small GTPases such as Rab 27a and Rab 27b, have been 

shown to be directly involved in both MVB re-localization and docking at the plasma 

membrane prior to EV release (331,332). Coincidentally, ARF6 was one of the most 

significantly up regulated protein in OptiMEM-derived EVs highlighted from our 

proteomics data. Apart from G-proteins, proteins involved in oxygen and reactive 

species metabolic process were also significantly higher in OptiMEM-derived EVs as 

compared to pre-spun EVs. Importantly, we know that the absence of serum in 

OptiMEM media can induce a type of cellular stress. Some reports have shown that 

other forms of cellular stresses (e.g. hypoxia, exposure to TNF- α or high glucose) 

have no effect in the physical aspects of EVs but rather altered the intra-EV protein 

and RNA content drastically (333). Similarly, we did not detect any differences in the 

mode size of EVs from the two conditions, but rather found an enrichment of stress-
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related proteins such as macrophage migration inhibitory factor (MIF), epoxide 

hydrolase 1 (EPHX1) and MYG1 (334–336). Hence, we speculated that under 

stressful OptiMEM conditions, some of these stress-related proteins in the cells are 

re-packaged into MVBs. Furthermore; higher levels of ARF6 and other small 

GTPases in cells could have promoted increased MVB docking at the plasma 

membrane and as a result, lead to an increased secretion of EVs containing these 

proteins. Interestingly for pre-spun-derived EVs, proteins involved in mRNA binding, 

splicing and processing activity were enriched as compared to OptiMEM-derived 

EVs. We selected and validated SERPINF1, which was identified as one of the most 

differently expressed proteins in pre-spun as compared to OptiMEM EVs. 

SERPINF1, also known as pigment epithelium derived factor (PEDF), is a serine 

protease inhibitor (337) involved in anti-angiogenic activity and cell proliferation in 

neuroblastoma tumour cells (338,339).  Previously, PEDF was found in EVs from 

pleural effusions (340), however, its role in EVs remained unclear. 

 

Our data here clearly indicated that the absence or presence of serum in culture 

could affect both the quantity and composition of EV released from cells. Based on 

the proteomics data, we hypothesize that under OptiMEM serum-free conditions, 

N2a cells responded to this switch in media by activating specific signaling 

cascades, including those involved in EVs biogenesis and release. Moreover, these 

results could offer some insights into how the extracellular environment can interact 

with intracellular signaling pathways, and subsequently affect EV production and 

content. 
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3.4.2 The UC protocol is not ideal for EV purification 

 

Although EVs have received increasing attention due to the role in intercellular 

communication, one significant bottleneck in EV research was the lack of consensus 

on a purification method that permitted isolation of pure and intact vesicles from both 

in vitro and in vivo samples.  

 

The current most common method used across the field for EV research was the UC 

method. This protocol is easy-to-follow and requires little use of specialized 

equipment, apart an ultracentrifugation unit that could be commonly found in most 

laboratories. With the availability of better EV characterization tools, such as NTA 

and WB for reported EV markers and contaminating markers, it was becoming more 

evident that the UC protocol has several drawbacks. Initially, we compared four 

different UC protocol variations as reported in literature, aiming to evaluate and 

derive an optimal UC protocol. Our preliminary data on the UC protocol showed that 

an additional PBS wash step was crucial for obtaining a pure EV product with 

minimal contamination. Unfortunately though, this extra step resulted in reduced EV 

yields as compared to the pellet after the first high-speed spin. Furthermore, based 

on NTA quantification, the final amount of EVs was found to be only a small fraction 

of the original starting amount in CM. To address this issue, we checked the 

supernatants after the first high-speed spin and to our surprise, there was much 

more particles in the supernatants as compared to the EV pellet, strongly suggesting 

most of the EVs were not pelleted initially. Indeed, there have been some recent 

reports commenting and suggesting solutions to curb the low EV recovery rates with 

the UC protocol. Momen-Heravi et al found that the viscosity of the sample type 
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inversely correlated with EV recovery yields. Hence, they suggest that samples 

should be pre-diluted prior to the UC protocol (69). Alternatively, there were some 

debates that the suggested centrifugation time (70 min) might not be sufficient for 

complete pelleting of EVs. One study demonstrated that an 18 h centrifugation 

period allows for clearance of 95% of RNA-containing FBS EVs (341). On the other 

hand, Cvjetkovic et al report that excessively long spin times (more than 4 h) could 

lead to co-pelleting of non-vesicular proteins (68). Overall, there is still a lack of 

understanding regarding the overall EV yields with respect to the duration of UC 

spin. Furthermore, there has yet to be any detailed study regarding the impact of UC 

spins on EV integrity; one might be tempted to speculate that the high gravitational 

(g) forces applied in the UC protocol might introduce extensive shear forces and 

contribute to potential vesicle rupture, aggregation or even fusion. 

 

Nonetheless, our data here corroborated with previous reports on how the UC 

protocol leads to low and operator-dependent yields (342,343). More importantly, as 

the UC protocol could not be translated easily for large-scale isolation of vesicles, 

which is imperative for large clinical studies, we aimed to seek an alternative method 

for our purification of EVs. 

 

3.4.3 Ultrafiltration (UF) of sample leads to higher EV yields but with co-

purification of proteins 

 

To improve our EV yields during purification, we tested the possibility of using an 

ultrafiltration device that would concentrate CM and filter out smaller non-vesicular 
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proteins. Previously, the use of similar filtration-based strategies for purification of 

EVs had only been described for urine (344) and plasma (345) samples. 

 

Here, our side-by-side comparisons between the UC and the UF protocol on cell 

culture CM showed that UF allows for the purification of 6-fold more vesicles than 

UC. This trend was consistently seen across both human and mouse cell types, and 

also when purifying a specific pool of GFP-labeled EVs. Importantly, we 

demonstrated that the biophysical aspects of EVs are well preserved with the UF 

method and not with UC, based on TEM imaging and with the more quantitative FCS 

methodology. We believe that this phenomenon was simply due to the lack of high g 

force spins in the UF protocol, and this in turn allowed for the purification of EVs in a 

less harsh process.  

 

On hindsight though, we found a huge discrepancy in the fold changes with respect 

to NTA and protein quantifications. Based on mass spectrometry and total protein 

staining, we deduced that certain proteins, such as albumin that was originally 

present in the growth media prior to media change, were not removed even with 

repeated PBS washes of the cells. Instead, these proteins can get trapped in the 

filters (346) and co-purify with the EVs. As a result, the purity of EVs is severely 

compromised and the actual protein quantity and content of the EVs in the UF 

product are grossly overestimated. 

 

3.4.4 Subsequent LC allows for separation of EVs from contaminating 

proteins without affect EV yield and integrity 
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Besides causing problems in EV quantification, the presence of these contaminating 

proteins could also impact negatively on the application of more in-depth analysis of 

the EVs such as proteomics and RNA sequencing. Hence, we devised a second part 

downstream to the UF protocol- size exclusion-based LC, which aimed at separating 

non-vesicular protein aggregates from EVs. Indeed, our LC chromatographs showed 

that we were able to obtain two distinct peaks; the first fraction containing majority of 

the total number of particles that stained positively for EV markers while the second 

fraction consisted of mainly proteins that we had previously identified as 

contaminating proteins from the UF purification. Importantly, we showed that the 

superior yield obtained from the initial UF over the UC purification was not 

significantly compromised even with the addition of this LC step. 

 

To further verify that we had indeed purified EVs by the UF-LC protocol, we 

performed mass spectrometry-based proteomics comparison on EVs purified by UF-

LC to those purified by UC. Overall, the proteins identified in the two groups were 

very similar where the protein abundance of reported EV proteins (108) such as Alix, 

Hsp-90 family of proteins and UBC as well as GO annotations of a variety of different 

molecular pathways matched well between the two groups of EVs. In addition to the 

molecular characterization of EVs, we also checked the biophysical properties of 

EVs after the LC step. Generally, the EVs appeared to be similar as EVs prior to the 

LC process. On the other hand, the formation of aggregates exclusively in EVs 

purified by the UC protocol was again confirmed with TIRF imaging. To assess the 

possible effect of vesicle integrity with the functionality of EVs, we performed in vivo 

bio-distribution studies in mice injected with either group of EVs. Similar to earlier 

reports of large aggregates of different nanoparticle formulations (347,348), we saw 
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a similar trend of UC-purified EVs accumulating in the lungs, which could potentially 

affect the respiratory tract of animals treated with EVs. Besides the therapeutic 

aspects of EVs, we strongly believed that the UF-LC methodology for EV purification 

would also be suitable for studies relating to the biological roles of EVs as hampered 

vesicle integrity and aggregation might have profound impact on their natural activity. 

 

Most of the comparison data reported here have been carried out on EVs purified 

from serum-free CM. There were reports that EVs are constitutively secreted from all 

cell types in normal growing conditions and also into different bodily fluids. Hence, 

we further tested if the UF-LC protocol was equally useful for other sample types, 

such as serum-containing conditioned media. Our data here demonstrated that the 

UF-LC protocol was similarly able to purify EVs from serum-containing media, which 

express similar EV markers as that of UC purified EVs. We strongly believed that our 

finding here was especially useful for others in the field who are investigating EVs 

from different biological fluids, as these samples often contain complex compositions 

of contaminating proteins that could pose as a significant problem when using the 

standard UC protocol for vesicle purification. 
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3.5 Conclusion 

 

In this chapter, we initially showed data on how external factors could affect EV 

secretion and content. From this study though, we realized that there were many 

difficulties associated with the traditional ultracentrifugation protocol. Hence, we 

designed a two-step strategy- UF-LC for EV purification, based on several protocols 

developed by others (84,193). This was the first ever study providing a 

comprehensive comparison on both molecular and biophysical aspects of EVs 

purified by the UC versus the UF-LC protocol, showing that the UF-LC was more 

beneficial in terms of EV purity and yields. More importantly, we demonstrated that 

the harsh conditions employed in the UC protocol had a negative impact on the 

integrity of EVs, and how this had implications for downstream in vivo applications of 

these EVs. We strongly believed that the UF-LC protocol as described here would 

aid in the purification of EVs across the field, such that these EVs could now be 

applied to different biological assays to unravel their biological functions and unleash 

their potential in therapeutic applications.  
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Chapter 4  

 

Optimisation of method for collection and purification of EVs 

from pluripotent stem cell sources 

 

4.1 Introduction 

 

One of the main aims of this thesis was to investigate the roles of EVs released from 

pluripotent stem cell sources, namely iPSCs. Previously, there have only been a 

handful of studies describing EVs released from embryonic stem cell (ESCs) sources 

and their functional roles in the delivery of pluripotency associated molecules 

(120,349,350). However, research on ESCs has been tempered with numerous 

ethical debates regarding the origin of these ESCs and their subsequent scientific 

and medical uses. With the discovery of iPSCs and new understanding on how these 

alternative forms of stem cell could be used to study differentiation status and re-

modeling of diseases, there has been a gradual shift of interest towards this group of 

pluripotent stem cells. Currently, there has yet to be any published data about EVs 

released from iPSCs in their undifferentiated state. 

 

In collaboration with Dr Paul Fairchild’s lab (Dunn School of Pathology, University of 

Oxford), we initially attempted to purify EVs from both iPSCs and ESCs using the 

established UC method. However, as shown in our preliminary analysis in figure 1.7, 

we found a number of problems in characterizing EVs from these cells using this 
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method. Firstly, there was a huge discrepancy in the protein and NTA quantifications 

of total EV yield. Furthermore, these quantities did not correlate with the expression 

of EV markers as detected by western blotting. Based on these results, we 

hypothesized that the UC protocol resulted in pelleting of many non-vesicular 

proteins, which would interfere with subsequent downstream analysis of the pure EV 

content. 

 

From our earlier findings in chapter 3, we learned that the derivation of pure EVs 

could be influenced by the following two factors; the type of CM used for EV 

collection and the method used for EV purification. As discussed by others in the 

field (341) and in this thesis, there is still some ambiguity in the use of pre-spun 

media due to the inefficient removal of all serum microvesicles prior to use, which in 

turn can affect subsequent quantification and molecular analysis of EVs. On the 

other hand, complete removal of serum EVs has been recently shown to result in 

reduced growth rate in a number of different immortalized cell types (351). In stem 

cell cultures, an absence of serum has been reported to induce spontaneous 

differentiation of the stem cells (352). Hence, in this chapter, we first described our 

efforts in testing alternative media types for the collection of EVs from stem cells. 

Following a 48 h incubation period in these different media types, we monitored for 

any changes in stem cell viability and the corresponding EV yields to deduce the 

most suitable type of media for EV collection from stem cells. 

 

Previously, we showed that the UF-LC method for EV purification was more 

advantageous than the original UC protocol in terms of EV yield, purity and vesicle 

integrity; all of which are crucial for unraveling the biological functions of EVs. On 
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hindsight though, all of our earlier work on UF-LC were conducted on either serum-

free or pre-spun CM. Stem cell media, however, is more complex and protein-rich 

than the regular pre-spun media used for immortalized cell lines. As there has yet to 

be any data showing if the use of different purification methods can impact on EVs 

purified from stem cell media, we carried out a detailed comparative study of stem 

cell EVs purified by either the UC or the UF-LC method to elucidate which method 

was most suited for purification of EVs from stem cells. All of the data described in 

this chapter was based on CM derived from mouse iPSCs and ESCs. 

 

4.2 Material and methodologies 

 

4.2.1 Evaluation of stem cells in different media types 

 

All mouse ESCs (ESF121 line), mouse iPSCs (imef14 line) and mouse embryonic 

fibroblasts (MEFs) described in this chapter, were derived from Prof. Paul Fairchild’s 

lab (Dunn School of Pathology, University of Oxford). All conditions for culturing 

MEFs and the mouse embryonic stem cells are as described in section 2.1.2.  

 

To evaluate the possibility of using alternative media types for collection of EVs from 

stem cells, we analysed the stem cells and their derivative EVs at 48 h. Generally, 

when the stem cells grown on gelatin approached 70% confluence, growth media 

was removed; cells were washed with phosphate buffer saline (PBS) and replaced 

with fresh stem cell media, pre-spun stem cell media or serum-free media/OptiMEM 

supplemented with 50 µg/ml of P/S and 106 units of mLIF. Pre-spun stem cell media 
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described here is complete stem cell media that had been pre-spun at 120,000g for 

16 h prior to use. 48 h later after the media change, stem cells were imaged under 

the light microscope to investigate their morphology and CM was collected for EV 

collection. The CM collected from all three culturing conditions was initially 

processed for EV purification using the UC protocol (section 2.3.1). Following 

collection of CM, cells were trypsinised, stained with tryphan blue and counted with a 

haemocytometer. Each EV sample was subsequently subjected to NTA (section 

2.4.1) for quantification and determination of the size distribution of particles and 

western blotting (section 2.4.2) for reported EV markers (Alix, Tsg101 and CD9) and 

stem cell marker (POU5F1/OCT-4). 

 

4.2.2 Comparison study of stem cell EVs purified by UC or UF-LC method 

 

A similar comparison study to that described in Chapter 3 was conducted on mouse 

stem cell (ESCs and iPSCs) CM to evaluate the usefulness of UF-LC as a 

purification tool for EVs from complex media sources. For EV collection, CM was 

collected post-48 h after media change and equally divided into two halves, one for 

purification with the UC protocol (section 2.3.1) and the other for UF with 

subsequent LC protocol (section 2.3.2). For more thorough analysis of the UC pellet 

and the initial LC sample, these samples were subjected to an additional LC step as 

described in section 2.3.2 in order to improve on the purity of the EVs. 

 

4.2.3 Sucrose gradient density centrifugation of EVs 
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The sucrose gradient density centrifugation protocol used here was based from the 

protocol described by Théry et al in 2006. Briefly, hydroxyethylpiperazine-N’-2-

ethanesulfonic acid (HEPES)/sucrose stock solution was prepared by mixing 428 g 

of protease-free sucrose (Sigma) in 500 ml of 20 mM of HEPES buffer. The pH was 

adjusted to 7.4 with 1M sodium hydroxide (NaOH) and stored at 4°C. Prior to 

construction of the sucrose gradient, the HEPES/sucrose stock solution was diluted 

with 20mM HEPES buffer to generate 10 concentrations of sucrose solutions (0.25-

2.5M with 0.25 increments). The EV sample collected after UC and LC was pre-

mixed with either 0.25M or 2.5M of HEPES/sucrose stock to 1 ml total volume and 

loaded at either at the top or bottom of the linear sucrose gradient respectively. The 

sucrose gradient was then centrifuged at 200,000g for 16 h or 72 h at 4°C in a SW 

40 swing rotor (Beckman Coulter). 1 ml fractions were carefully collected from the 

top and each fraction was weighed to obtain an estimated density of each fraction. 

Each 1ml sucrose fraction was subsequently diluted in 25 ml of PBS and centrifuged 

at 120,000g for 70 min at 4°C to wash and pellet the particles. The resultant UC 

pellet of each fraction was re-suspended in 50 µl of PBS and subjected to molecular 

analysis. 

 

4.2.4 Molecular and biophysical characterisation of stem cell EVs  

 

EVs purified by either the UC, LC method or with sucrose gradient centrifugation was 

first analysed by NTA (section 2.4.1), quantified for protein and RNA quantification 

(section 2.4.2) and western blotting for reported EV markers (section 2.4.3). RNA 

extracted from the different EV samples was also subjected to RNA profiling using 

the Agilent Bioanalyzer small RNA and Pico chip (section 2.4.6). For better 
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understanding of the biophysical properties of EVs, samples were negatively stained 

and visualised with TEM (section 2.4.4). 

 

4.2.5 Statistics 

 

The student’s t-test was used when comparing EVs derived by the UC versus LC 

purification (Figure 4.3.4B&C and Figure 4.3.5B&C). 
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4.3 Results 

 

4.3.1 Use of alternative types of serum-depleted media is not a viable 

option for EV collection from stem cells 

 

The inclusion of serum in stem cell media culture was deduced as one of the contributing 

factors for the maintenance of stem cells in their undifferentiated state. With the 

potential use of stem cells for cell transplantations, a number of researchers have 

started to use alternatives to serum (e.g. serum-replacement media) to avoid 

potential transmission of animal pathogens. Similarly, the inclusion of serum in stem 

cell media would pose a problem as serum contains microvesicles could be co-

purified and interfere with downstream analysis of stem cell EVs. Hence, we chose 

to adopt the same strategy, by substituting the serum component of our stem cell 

media with knockout serum replacement media (KOSR). From the ingredient list of 

KOSR (353), it is reported that KOSR would not contain any serum microvesicles. 

However, there was less information related to the exact concentrations of the 

different proteins in this replacement media such as albumin. 

 

To evaluate if the KOSR media might display similar problems in NTA quantification 

as that of pre-spun media, we subjected the media alone to the UC purification 

method and analysed the resultant UC pellet by NTA. In addition to the standard 

stem cell media supplemented with KOSR (SR), we further prepared two other 

media types for comparison; pre-spun SR-media (PS) and the serum-free 

media/OptiMEM (OM). Interestingly, the NTA size distribution profiles of all three 
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types of media pellets indicated that some particles could be detected in all three 

media pellets, with the highest concentration of particles detected in the SR-media 

UC pellet (Figure 4.3.1A&B). Importantly, the mode sizes of particles in the SR-

media UC pellet were similar to EVs. 

 

To assess the viability of stem cells grown in these media types for EV collection, we 

changed mouse iPSCs and ESCs cultures to fresh SR-media, pre-spun or OptiMEM 

media. After 48 h, we imaged the cells in culture and purified EVs from the CM using 

the established UC method. Interestingly, both iPSCs (Figure 4.3.1C&D) and ESCs 

(Figure 4.3.1F&G) performed differently in the three media types. Generally in PS 

media, both cell types did not seem to be as healthy based on cell morphology and 

had much lower total cell counts as compared to the normal SR-media condition. On 

the other hand, stem cells appeared to have proliferated at a higher rate and in some 

instances, displayed altered morphology when cultured under OptiMEM media. By 

NTA, we found that the highest amount of particles was consistently recovered from 

SR-CM, followed by OptiMEM and lastly pre-spun SR-media (Figure 4.3.1E&H).  

 

From these preliminary studies, we deduced that using pre-spun SR-media was not 

a viable option for culturing of these cells. On the other hand, although stem cells 

appeared to be more viable in OptiMEM conditions, it appeared that most of the 

stem cells had undergone spontaneous differentiation due to the lack of serum and 

this effect would result in the release of EVs from both stem cells and the 

differentiated cells. Hence, we decided that the most suitable media type for 

collection of EVs from stem cells would be the original stem cell media 

supplemented with KOSR.  



	
   128 

 

 

 

 

4.3.1  

 

 

 

 

 

 

 

 

 

 

Figure 4.3.1 Testing the feasibility of using of alternative types of serum-depleted 
media for EV collection from stem cells 
 
(A) NTA size distribution profiles of UC pellets after centrifugation of the three types of 
media: KOSR-supplemented stem cell media (SR), Pre-spun stem cell media (PS) and 
serum-free media/OptiMEM (OM). (B) Table showing the mode size (nm) and concentration 
of particles (x109/ml) detected in the UC pellet of the each media type. Representative 
bright-field images of mouse iPSCs (C) and mouse ESCs (F) after 48h culture in SR, PS or 
OM. Graph comparing the total number of viable cells in the miPSCs (D) and mESCs (E) 
cultures at point of CM collection. Graphs comparing the total concentration of particles 
(x1010/ml) detected by NTA in the UC pellet of miPSCs (G) and mESCs (H) in the three 
different media types. For figures (C-H), data was collected from one preliminary experiment 
(n=1). 
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4.3.2 UF-LC fractionation of stem cell CM allows for the purification of 

EVs  

 

As described in chapter 3, the UC methodology for purification of EVs was not be 

ideal due to the low EV yields and additional damage of EV integrity due to the high 

gravitational forces applied in the repeated UC spins. Furthermore, we noticed that 

UC pelleting of the SR-media alone resulted in detection of particles by NTA (Figure 

4.3.1A&B), which in turn would affect accurate quantification of particles in the actual 

EV sample itself. Reassured that serum microvesicles were not present in the 

original stem cell media, we speculated that these “particles” were instead free 

proteins that aggregated into nano-sized structures during the pelleting process. 

 

The UF-LC protocol, as described in the previous chapter, omitted the use of any 

high-speed spins. Hence, we first tested how the LC profile of the stem cell media 

alone looked upon fractionation in the size-exclusion column. Generally, the total 

protein and particle number profiles were overlapping, where the fractions with the 

highest amounts of protein corresponded to the fractions with the highest number of 

particles (Figure 4.3.2A). Unlike the LC profiles of serum-free CM, the LC profiles of 

stem cell media were less distinct. Based on parameters used for pre-spun media in 

chapter 3, we portioned the entire LC eluted volume into four general fractions: F1-

F4. Interestingly, NTA profiles of these fractions indicated that F2 appeared to have 

the greatest number of particles, while F1 and F3 had similar particle size distribution 

profiles. F4, on the other hand, had the least number of particles detected (Figure 

4.3.2B). Next, we subjected CM collected from mouse iPSCs and ESCs to the same 

UF-LC protocol. Generally, the LC profiles were similar in both cell types, and 
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contrary to the results on media alone, NTA profiles of these stem cell samples 

displayed the greatest number of particles in F1 followed by F2, while F3 and F4 

contained very few particles overall (Figure 4.3.2C-F) When we overlapped the total 

number of particles of all three LC profiles, we noticed that the particle peak (F1) was 

significantly higher in cell-derived samples than that of media alone. Hence, we were 

certain that the LC purification method for EVs allowed for reliable EV quantification 

by NTA, which was not possible with the original UC method (Figure 4.3.2G). 

 

In addition to checking the NTA profiles, we further confirmed the presence of EVs 

through the detection of EV markers (Alix and CD9) exclusively in F1 (Figure 

4.3.2H&I). Although we had previously detected particles in the other three fractions, 

none of these were positive for either EV marker. Besides protein markers, we also 

extracted and investigated the general RNA profiles for the media only sample and 

CM from mouse iPSCs and ESCs. Based on the small RNA bioanalyzer data, we 

showed that the RNA profiles of the F1 fractions were highly similar across both cell 

types with the appearance of a distinctive peak at the 60-nucleotide range. 

Expectedly for the media only F1 sample, there were very little amounts of small 

RNA detected (Figure 4.3.2J).  
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4.3.2  
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Figure 4.3.2 (cont’d) 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 4.3.2 UF-LC fractionation of stem cell CM allows for purification of EVs  
 
Graph showing the protein concentration (µg/µl) and the total number of particles (x1010) 
across the LC run of stem cell media only (A), miPSCs CM (C) and mESCs CM (E). The 
entire elute sample was partitioned into four general fractions as indicated: F1-F4. NTA size 
distribution graphs of the four fractions from stem cell media only (B), miPSCs (D) and 
mESCs (F). (G) Graphs comparing the total number of particles (x1010) from the media only 
versus the CM from miPSCs and mESCs. Representative western blotting pictures for EV 
markers (Alix and CD9) in miPSCs (H) and mESCs (I) samples where equal volume of 
fractions were loaded in each well. (J) Small RNA bioanalyzer profiles of the F1 from stem 
cell media only, miPSCs and mESCs. 
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4.3.3 LC protocol is highly reproducible for EV purification from stem 

cells 

 

In our preliminary study (Figure 1.7), we noticed that there was a huge mismatch in 

the quantification and detection of EV markers on different batches of EVs purified 

from stem cells. Based on data in section 4.3.2, we speculated that the pelleting of 

additional protein aggregates during the UC process could have contributed to the 

overestimation of the actual protein and particle amounts in our earlier samples. 

Additionally, we noticed that there was low reproducibility in the total EV yields with 

the UC method; previously in serum-free cultures (Chapter 3) and here in our stem 

cell replicate samples (Figure 1.7). 

 

To assess if the LC method of EV purification presented with a similar drawback, we 

cross-compared replicate runs of both the mouse iPSCs and ESCs CM. Generally, 

the LC chromatograph of the fractionated stem cell CM was consistent across all 

three replicates in both cell types (Figure 4.3.3A&D) and more importantly, the peak 

was consistent in the void volume range where EVs eluted  (Figure 4.3.3B&E). 

Moreover, we verified that the size distribution profiles of the pooled F1 were 

overlapping and the total number of particles was comparable across all three 

replicates (Figure 4.3.3C&F). With western blotting, we showed that the expression 

level of EV markers (Alix and CD9) was comparable across EV replicates in both cell 

types (Figure 4.3.3G). Furthermore, the small RNA profiles showed very similar 

trends across the replicates and between cell types (Figure 4.3.3H). 
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Figure 4.3.3 LC protocol is highly reproducible for EV purification from stem cells 
 
LC chromatographs showing the detection of 280nm absorbance across the eluted volume 
after fractionation of replicate samples (R1-R3) from miPSCs CM (A) and mESCs CM (D). 
The region where EVs eluted is indicated with the red dashed rectangle. A zoomed-in of the 
LC chromatographs at the region where EVs were eluted for miPSCs (B) and mESCs (E). 
NTA size distribution profiles of the EVs collected from three replicates (R1-R3) of miPSCs 
(C) and mESCs (F). (G) Representative western blotting pictures for EV markers (Alix and 
CD9) in duplicate EVs samples (R1-R2) from miPSCs and mESCs. The same number of 
particles (4x1010), as determined by NTA, was loaded in each well. (H) Small RNA 
bioanalyzer profiles of duplicate EV samples (R1-R2) from miPSCs and mESCs. 
 

4.3.4 UC purified samples contain more particles, protein and RNA than 

LC-derived samples 

 

Although we had shown that the LC protocol was more reproducible than the original 

UC protocol, it was still unknown if the LC protocol was more efficient in terms of EV 

yields, better purity and maintenance of EV integrity as demonstrated for serum-free 

conditions in the chapter 3. Hence, we performed a systematic comparison of stem 

cell EVs purified by either the UC or the LC method. 

 

Generally, the size distribution profile of particles in the F1 fraction of iPSCs CM was 

found to be similar to the UC sample; where the mode size of particles were 

overlapping in both groups. Contrary to our expectations, we detected a significantly 

higher number of particles in the UC group as opposed to the LC group (Figure 

4.3.4A&B). This trend was also observed in our total protein and RNA quantification 

of the EV samples (Figure 4.3.4C). To verify our findings, we repeated the same 

experimental setup on mouse ESC CM. Interestingly; we observed the same trends 

of higher particle numbers, protein and RNA detected in the mouse ESC UC-purified 

EV (Figure 4.3.5A-C). Previously in serum-free conditions (Chapter 3), we had 

consistently observed higher particle yields in the LC sample over the UC sample. 
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Hence, we decided to perform more in-depth analysis on the stem cell EV samples 

to unravel the basis of this opposite trend.  

 

4.3.5 UC pellet displays different molecular characteristics as compared 

to the LC product 

 

To better understand the molecular characteristics of the EVs prepared by either 

method, we subjected the purified samples to further RNA, protein and TEM 

analysis. Firstly, with small RNA bioanalyzer profiling, we observed that the UC and 

LC samples of mouse iPSCs displayed slightly different small RNA size distribution 

patterns. When comparing the same amount of RNA, a greater proportion of small 

RNAs were detected around the size range for miRNAs (15-40nt) in the UC pellet 

than RNAs in the LC sample. Furthermore, the LC sample had a distinctive peak of 

RNAs detected at the 60-nucleotide size range, a feature that was not observed in 

the UC sample (Figure 4.3.4D). Interestingly, these findings were consistent in both 

mouse iPSC and ESC samples (Figure 4.3.5D). As there had not been any reports 

stating the actual small RNA profiles of EVs, we were unable to discern which one of 

these RNA profiles was the more accurate representation of RNAs in stem cell EVs.  

 

Assuming that the same EVs were purified with either method, we hypothesised that 

the expression levels of reported EV markers would be similar when loading the 

same number of particles of the UC and LC samples on a gel. Interestingly, we 

detected a stronger expression of both Alix and CD9 in the LC sample as compared 

to the UC sample. In addition, we also probed for the expression of a pluripotency 

marker, OCT-4, in both samples. Interestingly, we observed the opposite trend; 
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where the expression of OCT-4 was higher in UC than in LC samples (Figure 

4.3.4E). All of these observations were again similarly found in EVs purified from 

mouse ESCs (Figure 4.3.5E). In literature, it has been suggested that EV markers 

are highly enriched in EVs as compared their parental cells (108,354). When we 

cross-compared the expression levels using same amount of total protein of mouse 

iPSC cells and their EVs, we noticed that the expression levels of EV markers (Alix, 

Tsg101 and CD9) were similar between the cell lysates and the LC-purified samples. 

However, there was negligible detection of any of these proteins in the UC sample. 

On the other hand, there was a higher detection of OCT-4 in the UC pellet than in 

the LC sample (Figure 4.3.4E). Next, from the total protein staining of gels loaded 

with equal number of particles, we found that there was a slightly stronger protein-

staining pattern in the UC sample than in the LC sample, particularly at two different 

size ranges (51-76kDa and 17-20kDa) (Figure 4.3.4F). This difference was more 

pronounced when considering EVs samples from mouse ESCs (Figure 4.3.5F).  

 

Besides RNA and protein analysis, we were also interested in assessing whether the 

biophysical properties of EVs were altered by the different purification method used, 

as demonstrated in chapter 3. Moreover, we wanted to verify our NTA results on the 

size and quantity of stem cell EVs with TEM. Interestingly, the TEM pictures of UC 

and LC-purified EVs were drastically different from each other (Figure 4.3.4G). In 

the UC sample, there was a general observation of high ‘cloudy’ background, which 

made it more difficult to visualize the EVs. In contrast, the LC sample had a clearer 

background where particles could be easily detected. Again, the exact same 

observation was made for EVs purified by UC or LC from mouse ESCs (Figure 

4.3.5G).  
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Figure 4.3.4 Comparison study on the miPSCs EVs purified by either UC or LC 
 
(A) NTA size distribution profiles of EVs purified by UC or LC. (B) The mode size (nm) and 
total number of particles (x1010) detected by NTA in UC or LC samples (n=4, bar 
represented mean ±SD, **p<0.01). (C) Protein and RNA quantification of EVs in the UC and 
LC samples (n=4, bar represented mean ±SD, *p<0.05). (D) Small RNA bioanalyzer profiles 
of the UC and LC samples (E) Representative western blotting pictures of UC and LC 
sample; left panel comparing equal amount of particles (4x1010), right panel comparing equal 
amount of protein (10µg) of cell lysate (CL) and the EV samples. (F) Total protein staining of 
the UC and LC samples (G) Representative TEM images of the EVs purified by UC or LC. 
The scale bar represents 100nm. 
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Figure 4.3.5 Comparison study on the mESCs EVs purified by either UC or LC 
 
(A) NTA size distribution profiles of EVs purified by UC or LC. (B) The mode size (nm) and 
total number of particles (x1010) detected by NTA in UC or LC samples (n=4, bar represent 
mean ±SD, *p<0.05). (C) Protein and RNA quantification of EVs in the UC and LC samples 
(n=4, bar represent mean ±SD, *p<0.05). (D) Small RNA bioanalyzer profiles of the UC and 
LC samples (E) Representative western blotting pictures of UC and LC sample; comparing 
equal amount of particles. (F) Total protein staining of the UC and LC samples (G) 
Representative TEM images of the EVs purified by UC or LC. The scale bar represents 
100nm. 
 

From all of these datasets, we postulate that the ‘cloudy’ background in the UC 

sample was due to the huge amount of protein aggregates that were pelleted 

together with the EVs during the UC process. As a result, this led to the detection of 

more proteins in the UC sample. Furthermore, when we calculated the particle per 

protein ratio (P/µg) and compare them to benchmark values suggested for EV purity 

(Table 4.1.1) (329), we found that the P/µg ratio for UC sample matched with the 

values defined for impure vesicles. In contrast, the LC samples had slightly higher 

P/µg ratios and were considered to be of low vesicular purity (Table 4.1.2).  

 

 

 

 

 
Table 4.1.1 
Table showing the suggested purity index Webber and Clayton (329) 

 
 
 
 
 
 

 
Table 4.1.2  
Table showing the purity ratios of UC and LC samples from both stem cell types. 
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4.3.6 Sucrose gradient flotation of UC pellet shows discrepancy in EV 

density determination  

 

One of the proposed methods for deriving pure, clinically-grade EVs was by floating 

EVs on a discontinuous sucrose gradient overnight (343). Furthermore, EVs have 

been shown to float at a unique density range (1.15-1.19g/ml), differing to vesicles 

derived from other organelles and free proteins aggregates (355). In order to confirm 

our earlier hypothesis that there was a huge amount of free protein aggregates in the 

UC pellet, we floated the mouse ESC UC pellet on the top of a discontinuous 

sucrose gradient. Generally, the overall particle counts peaked across fractions 5-9 

(Figure 4.3.6A). Interestingly though, the expression of EV markers (Alix and CD9) 

was exclusively detected in fractions 5 and 6 and these fractions corresponded to 

the reported EV density range of 1.15-1.18 g/ml (Figure 4.3.6B). However, there 

have been some reports suggesting that the top-loading method of EVs on a sucrose 

gradient might be inaccurate. Hence, we used the alternative protocol where the pre-

made gradient was loaded on our impure EV samples. Interestingly in the bottom-

loaded fractions, we noticed a rather different trend in particle counts across the 

fractions where the particle counts peaked at fraction 8 instead (Figure 4.3.6A). 

Furthermore, the detection of the same EV markers was more prominent in fractions 

7 and 8, which corresponded to a higher density range of 1.21-1.22 g/ml (Figure 

4.3.6B). Importantly, these fractions were the exact same fractions where there was 

the greatest detection of proteins, which we hypothesized to be non-vesicular 

contaminants (Figure 4.3.6C). 
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From these data, we speculated that the presence of non-vesicular proteins in the 

UC pellet might have stalled the migration of EVs to their true densities. Hence, we 

tested if the use of a longer sucrose gradient fractionation centrifugation time would 

allow for vesicles to reach their true density equilibrium. Interestingly, the trend in 

total number of particles was similar in both the overnight (16 h) and 72 h sets, 

where the bulk of particles were consistently detected in fractions 8-10 (Figure 

4.3.6D). Furthermore, this pattern was similarly observed when considering the total 

amount of proteins across the gradient fractions (Figure 4.3.6E). To verify the 

location of EVs or non-vesicular proteins, we probed for the expression levels of 

another EV marker (CD81) and OCT-4. For the 16 h sample, the detection of CD81 

was positive in two different regions: fractions 8-9 (1.25-1.28g/ml) and fractions 10-

11 (1.30g/ml). On the other hand, OCT-4 was mainly detected in fractions 8-10 only 

(Figure 4.3.6F). Interestingly, the detection of CD81 in the 72 h sample was more 

widespread, with the appearance of faint bands in fractions 5-9 (1.14-1.25g/ml) and 

much stronger bands at fractions 10-11 (1.28g/ml). On the other hand, the 

expression of OCT-4 in the 72 h sample was identical to that observed in the 16 h 

samples, where it was exclusively detected in fractions 8-10 (Figure 4.3.6G). Based 

on total protein staining, the expression of CD81 was present in the same fractions 

as those positive for the appearance of background proteins in the 16 h samples 

(Figure 4.3.6H), this corroborated our earlier findings in Figure 4.3.6C. Similar to the 

16 h sample, the 72 h sample showed the appearance of background protein 

staining bands in fractions 8-11. Interestingly though, there was minimal background 

protein staining in fractions 5-7, which had also stained positively for CD81 (Figure 

4.3.6I). Overall, based on the expression of CD81, we deduced that prolonged 
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periods of fractionation on the sucrose gradient only allowed for a partial separation 

of stem cell EVs from protein contaminants within the UC pellet. 
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Figure 4.3.6 (cont’d) 

 

 

4.3.6  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.3.6 Sucrose gradient fractionation of UC pellet shows the co-existence of 
EVs with non-vesicular proteins  
 
(A) Graph showing the total number of particles detected in each sucrose gradient fraction 
with either top loading (light blue) or bottom loading (dark blue) of the sample. The samples 
are numbered accordingly from the top to the bottom of the gradient. (B) Representative 
western blotting pictures of EV markers for the top-loading and bottom-loading gradients. UC 
represents the original UC pellet. (C) Total protein staining of the membrane with gradient 
fractions from the bottom-loading sample. Graphs showing the total number of particles (D) 
or protein (E) detected in each fraction when UC samples was bottom-loaded and floated for 
16 h (dark blue bar) or 72 h (striped blue bar). Representative western blotting pictures of 
UC samples floated in the sucrose gradient for either 16 h (F) or 72 h (G). Total protein 
staining of the membrane of UC samples floated in the sucrose gradient for either 16 h (H) 
or 72 h (I) 
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4.3.7 LC fractionation of UC pellet reveals co-precipitation of proteins  

 

Our sucrose gradient data showed that we were unable to ascertain the absolute 

distinction of EVs from non-vesicular proteins in the UC pellet. Hence, we tested the 

possibility of subjecting the mouse iPSC UC pellet for fractionation on the LC column 

(Figure 4.3.7A). Interestingly, the LC chromatograph of the UC pellet indicated the 

presence of several peaks: the first peak corresponding to the region where EVs 

elute from the column and a second peak appearing just after the first peak (Figure 

4.3.7B). We next proceeded to pool the individual fractions spanning these two 

peaks (UC-LC1 and UC-LC2) and analysed them by NTA. Generally, the size 

distribution profiles and mode size of particles detected in UC-LC1 and UC-LC2 

samples were very similar (Figure 4.3.7C). Based on total particle counts by NTA, 

we observed a low 20% recovery rate of particles in UC-LC1 sample as compared to 

the original UC pellet (Figure 4.3.7D).  

 

To certify the presence of EVs in UC-LC1, we proceeded with western blotting for EV 

markers. Generally, the expression levels of Alix and CD9 were slightly less in the 

UC-LC1 than in the original UC sample. Interestingly, we observed a much fainter 

band of OCT-4 in the UC-LC1 as compared to that of the UC pellet (Figure 4.3.7E). 

With total protein staining, we observed that most of the extensive protein bands 

detected in the original UC pellet were now detected in UC-LC2. Importantly, UC-

LC1 appeared much cleaner than UC and UC-LC2, with some remnant protein 

bands at around the 51-76kDa-size range (Figure 4.3.7F). To understand if this 

fractionation had any additional effect on the biophysical properties of the vesicles, 

we proceeded with TEM analysis. In the UC sample, we visualized the same 
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“cloudy” image as reported in section 4.3.5. However, the UC-LC1 had a much 

lighter background with clear appearance of nano-sized structures (Figure 4.3.7G). 

Interestingly, this image of the UC-LC1 sample resembled that of the LC sample 

previously shown in figure 4.3.4G. Furthermore, when we calculated the P/µg ratio 

for vesicle purity, we found that the UC-LC1 sample had a slightly higher ratio than 

the original UC pellet and were now classified under low vesicular purity (Table 

4.1.3). From all of these data, we concluded that the original UC pellet contained 

non-vesicular protein contamination and by performing sequential fractionation on a 

size-exclusion column, we were able to improve the overall EV purity of the UC 

pellet. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	
   149 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 



	
   150 

Figure 4.3.7 LC fractionation of UC pellet reveals co-precipitation of proteins with EVs 
in UC pellet 
 
(A) Schematic outline of LC fractionation of UC pellet. (B) LC chromatograph showing the 
280nm absorbance across the elution volume from the LC column for three replicate 
samples (R1-R3). The first peak (pink box) corresponds to the region where EVs elute. The 
second peak (orange box) shows the appearance of another peak after EVs. (C) NTA size 
distribution profiles of particles in the original UC sample (blue) and in the pooled fractions of 
the first peak (UC-LC1) and second peak (UC-LC2). (D) The mode size (nm) of particles in 
original UC sample, UC-LC1 and UC-LC2 (n=3, bar represent mean ±SD). Graph showing 
the overall percentage of particles detected in the UC versus UC-LC1 sample (n=3, bar 
represent mean ±SD). (E) Representative western blotting pictures when loading the sample 
amount of particles for UC and UC-LC1. (F) Total protein staining of the membrane with UC, 
UC-LC1 and UC-LC2 samples. (G) Representative TEM images of UC and UC-LC1 sample. 
The scale bar represents 100nm. 
 

 

 

 

 

Table 4.1.3  
Table showing the purity ratios of UC and UC-LC1 samples from miPSCs. 
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4.3.8 LC samples float at lower densities than UC samples 

 

Although the LC sample was found to be cleaner than the UC pellet (Table 4.1.2), 

total protein staining of the LC sample on a gel still indicated the presence of 

excessive protein bands similar to those detected in the UC samples (Figure 

4.3.4F& 4.3.5F). Importantly, we found that these bands corresponded exactly to the 

bands seen in the F1 fraction of the media only sample (Figure 4.3.8A) Hence, we 

speculated that even within the cleaner LC sample, there might still be inclusion of 

some non-vesicular proteins from the media.  

 

In order to separate these proteins from our EVs, we first attempted to float the LC 

samples through a discontinuous sucrose gradient and analysed each individual 

fraction for particle counts and total protein amounts. After a 16 h centrifugation 

period, we found that the estimated density of each individual fraction was generally 

similar, regardless of the type of sample loaded in the gradient (Figure 4.3.8B). 

Generally, we noticed that the peak of particles appeared in fraction 7 in both LC 

samples, with fewer particles detected in fractions 8 to 10. Interestingly, the peak of 

particles for LC samples consistently appeared to be two fractions earlier than that of 

the UC pellet (fraction 9) (Figure 4.3.8C&D). To evaluate if particle counts 

corresponded to the presence of actual EVs, we performed western blotting on the 

purified fractions. For mouse ESC samples, EV markers (Alix, Tsg101 and CD81) 

were detected at two regions, around fractions 4-5 (1.12-1.16g/ml) and at fractions 7-

9 (1.21-1.25g/ml) (Figure 4.3.8E). As for mouse iPSC samples, the detection of 

these EV markers were mainly in fractions 7-9 (1.22-1.27g/ml), which corresponded 

directly with the fractions that had the most number of particles overall (Figure 



	
   152 

4.3.8F). Next, to check if this sucrose centrifugation step was able to weed out the 

contaminating protein bands detected previously, we performed total protein staining 

and absolute protein quantifications of each individual fraction. From these data 

though, we noticed that the fractions that had the most number of particles and the 

expression of EV markers, also displayed high protein concentrations (Figure 

4.3.8G-H). Overall, it seemed as if the sucrose gradient centrifugation process was 

not able to completely separate EVs-purified by LC from these other proteins. 
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Figure 4.3.8 Sucrose gradient fractionation of LC samples reveals the presence of 
some non-vesicular proteins with EVs  
 
(A) Total protein staining of membrane with the media only F1 sample (Md) and a LC 
sample. (B) Graph showing the overlaps in estimated densities of individual fractions from 
four different gradients. Graphs comparing the total number of particles detected in each 
gradient fraction of UC versus LC samples, for both mESCs (C) and miPSCs (D) samples. 
Representative western blotting pictures of EV markers (Alix, Tsg101 and CD81) in each 
gradient fraction derived from the LC samples of mESCs (E) and miPSCs (F). LC represents 
the original sample prior to sucrose gradient fractionation. Total protein staining of the 
membranes and protein quantification of each gradient fraction derived from mESCs (G) and 
miPSCs (H) samples.  
 

4.3.9 Additional LC fractionation improves the EV purity marginally 

 

From section 4.3.6 and 4.3.7, we found that LC fractionation was more efficient than 

the sucrose gradient centrifugation process in the separation of non-vesicular 

proteins from EVs. Hence, we subjected the LC sample to an additional LC 

fractionation step to check if we could further improve on the purity of the LC-derived 

EV sample (Figure 4.3.9A). 

 

From the LC chromatograph of the fractionated LC sample, we observed the 

presence of two distinct peaks, the first peak corresponding to the region where EVs 

elute and a second peak much later at around 90 ml of the eluted volume (Figure 

4.3.9B). As we were only interested in comparing the EVs before and after this 

additional LC fractionation step, we pooled the fractions spanning the first peak 

(LC’1). From NTA, it appeared that the size distribution profiles of the LC and LC’1 

were generally similar and they both have similar mode sizes. However, in terms of 

overall quantities, only 22.8% of particles were from the original LC product (Figure 

4.3.9C&D). With western blotting, we observed that the expression levels of Tsg101 

was slightly greater in the LC’1 fraction while the opposite trend was noticed for the 
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CD9 protein (Figure 4.3.9E). Moreover, we deduced that the additional LC step had 

improved the vesicle purity marginally as shown by the detection of fainter bands 

with total protein staining on the gel (Figure 4.3.9F) and a small increase in the P/µg 

ratio in the LC’1 versus LC sample (Table 4.1.4). 

 

As we were unsure if the remaining unidentified protein bands on the LC’1 profile 

were true EV proteins or the result of protein-EV association due to the initial 

concentration step (UF) prior to LC fractionation, we concentrated stem cell CM 

using the tangential flow filtration (TFF) device instead. The LC chromatograph 

showed that both the UF and TFF samples had rather similar 280nm absorbance 

profiles. The only slight difference detected was a higher 280nm absorbance in the 

UF sample, most evidently in the regions spanning F3 and F4 (Figure 4.3.9G). NTA 

analysis of each individual fraction across the eluted samples indicated that there 

was a similar sharp peak for both sample types and this corresponded to the F1 

fraction of EVs. In the latter fractions, there was a slightly different trend; where there 

were more particles detected in the UF sample than in the TFF sample. Interestingly, 

this pattern overlapped with the fractions where higher 280nm absorbance was 

detected in the UF sample (Figure 4.3.9H).  

 

When comparing the EVs from both preparations, we observed that the particles 

were of similar mode size and overall quantities (Figure 4.3.9I). Western blotting of 

equal amounts of particles quantified in each sample type showed that the 

expression of EV markers (Alix and Tsg101) was generally comparable (Figure 

4.3.9J). Furthermore, the small RNA bioanalyzer analysis showed that the RNA 

profiles were overlapping across both types (Figure 4.3.9K). Lastly, the total protein 
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staining of the gel and the P/µg ratio for vesicle purity was very similar between the 

UF and TFF sample (Figure 4.3.9L and Table 4.1.5). 
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Figure 4.3.9 (cont’d) 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.9 Additional LC fractionation of the LC sample improves the EV purity 
marginally 
 
(A) Schematic outline of the additional LC fractionation set-up. (B) LC chromatograph 
showing the 280nm absorbance across the elution volume from the LC column for three 
replicate samples (R1-R3). The first peak (green box) corresponds to the region where EVs 
elute. (C) NTA size distribution profiles of particles in the original LC sample and the pooled 
fractions of the first peak (LC’1). (D) The node size of particles in the original LC sample and 
the LC’1 sample (n=3). Graphs showing the overall percentage of particles detected in the 
LC versus LC’1 sample. (E) Representative western blotting pictures when loading the same 
amount of particles for LC and LC’1. (F) Total protein staining of the membrane with LC and 
LC’1 samples. (G) LC chromatograph showing the 280nm absorbance across the elution 
volume from the LC column for UF (line) or TFF (dashed line) concentrated samples. (H) 
Graph showing the total number of particles detected across the elution volume for UF (line) 
or TFF (dashed line) samples. (I) Table showing the mode size (nm) and total number of 
particles (x1010) of UF and TFF samples. (J) Representative western blotting pictures of the 
when loading the sample number of particles for UF and TFF samples. (K) Small RNA 
bioanalyzer profiles of the UF (line) and TFF (dashed line) samples. (L) Total protein staining 
of the membrane for UF and TFF samples. 
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Table 4.1.4  
Table showing the purity ratios of LC and LC’1 samples from miPSCs. 
 
 

 
 
 
 
 
 
 

Table 4.1.5  
Table showing the purity ratios of UF-LC and TFF-LC sample from miPSCs 
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4.4 Discussion 

 

In chapter 3, we discussed how two different factors; the type of media used for EV 

collection and the purification strategy, could impact on the subsequent molecular 

and biophysical characterization of EVs from cell lines. Drawing from the lessons 

learnt in these earlier studies, we attempted to translate these findings into the 

purification of EVs from pluripotent stem cells. As the type of cell culture for stem 

cells was relatively more complex than for immortalized cell lines, we first sought to 

evaluate an optimal type of media and purification method for derivation of pure EVs 

from mouse pluripotent stem cells. 

 

4.4.1 The use of serum-replacement media is ideal for collection of stem 

cell EVs 

 

In stem cell culture, inclusion of serum has been reported to be of major importance 

for maintenance of the stem cells in their undifferentiated state. However in early 

stem cell transplantation studies, there were some concerns raised about the risks in 

pathogen transmission in relation to the use of animal derived components (e.g. cow 

serum) in the culturing media (356). Consequently, extensive efforts were made in 

the development of serum alternatives (e.g. KOSR) to substitute the serum 

component without affecting the viability and differentiation state of stem cells.  

 

Although KOSR did not contain any serum microvesicles, we detected particles that 

were similar to EVs in terms of size in the UC pellet of the KOSR stem cell media 
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alone, which could affect downstream EV quantification by NTA. Hence, we 

prepared a separate set of ‘pre-spun’ stem cell media, by overnight centrifugation 

and OptiMEM as two alternative media types for EV collection.  

 

Our preliminary studies on alternative media types for stem cell cultures clearly 

demonstrated that a short-term incubation (48 h) of stem cells in different media 

types had a profound impact on the viability of cells and subsequent EV release. We 

hypothesised that during the overnight preparation step of pre-spun media, many 

growth factors, proteins and RNAs may have been pelleted. Hence, the stem cells 

did not appear viable in pre-spun media. The low cell counts in pre-spun cultures 

would also account for the low amount of EVs pelleted. On the other hand, cells 

cultured in OptiMEM had the highest cell counts after 48 h. Although the expression 

of the pluripotency marker OCT-4 could still be detected in the cells (data not 

shown), we believed that this culture contained a mixture of stem cells and 

differentiated cells as judged by the visible change in cellular morphology. As we 

were doubtful if the EVs collected from OptiMEM cultures were still representative of 

undifferentiated stem cells, we chose to continue our EV studies on stem cells using 

the original KOSR stem cell media. 

 

4.4.2 LC method highlights the various problems associated with UC 

purification of EVs from stem cell sources 

 

As the KOSR was reported not to contain any serum, we were surprised to detect 

particles in the UC pellet of the stem cell media alone. This led us to speculate that 

the high-speed spins in the UC process might have promoted the pelleting of protein 
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aggregates, which appeared as nano-sized particles that could be quantified by 

NTA. Furthermore, this would explain the discrepancy in the overall particle 

quantifications and detection of EV markers in our preliminary EV samples from stem 

cells as shown in Figure 1.7. We thus concluded that UC was not a suitable 

purification method for EVs from stem cells. 

 

The alternative purification method- UF-LC that we demonstrated in Chapter 3 

would not comprise of any high-speed spins. Hence, we speculated that this protocol 

would allow us to bypass the problems identified with using the UC technique. 

Indeed, fractionation of the stem cell media alone showed that very few particles 

were detected in the region where EVs were expected to elute. Surprisingly, majority 

of particles were detected overall were found in the latter two fractions that 

correspond directly with higher protein amounts. For stem cell CM, we observed that 

the LC fractionation pattern was reproducible across replicates and consistent 

across different cell types. On hindsight though, we noticed that there was a lack of 

distinct cut-off points between the particle and protein peaks in the LC profile of stem 

cell CM as compared to serum-free conditions. As a similar trend was observed for 

pre-spun media (chapter 3), we hypothesized that this could be a common LC 

profile when fractionating complex media types. With western blotting, we verified 

the presence of EV markers exclusively in F1. Hence, we strongly believe that this 

data supports our earlier hypothesis that the ‘particles’ detected in the stem cell 

media only UC pellet were protein aggregates. 

 

Previously, we found that the LC protocol allowed for high EV recovery rates. 

Unexpectedly, however, for the stem cell media, we observed that the purified EVs 
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by LC only accounted for approximately 10% of the total number of particles in the 

original CM. We were unsure if this finding meant that the LC protocol was inefficient 

in purifying EVs from stem cell media and hence, we performed a systematic 

comparison study to investigate stem cell EVs purified by the original UC method or 

this new LC protocol. 

 

Surprisingly, our side-by-side UC and LC comparison indicated that the UC pellet 

contained more particles, total protein and RNA amounts than the LC sample. This 

result, observed across both stem cell types, was rather unexpected, as we had 

observed the opposite trend previously in serum-free CM. However, as we were 

aware that protein aggregates in the UC pellet would appear as ‘particles’ on the 

NTA, the actual reliability of these NTA and protein quantifications of UC-purified 

EVs could be questioned. Hence, we performed more detailed comparison 

characterisation studies on the EVs from either purification strategy.  

 

From the previous chapter, our proteomics analysis of EVs derived from serum-free 

conditions demonstrated that the overall proteome was congruent across both 

purification strategies; including that of reported EV markers. Unexpectedly, we 

found that the expression levels of these EV markers were generally higher when 

comparing equal number of particles of the LC sample to the UC pellet. On the other 

hand, the expression level of OCT-4 followed the opposite trend to that of the EV 

markers. Although OCT-4 was previously reported to be present in ESC-EVs (349), 

recent reports have shown that OCT-4 could also be secreted from cells directly into 

the extracellular environment (357). Hence, we speculated that the a portion of these 

secreted OCT-4 proteins in the CM might have pelleted together with the stem cell 
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EVs during the UC process and explain for the higher levels of OCT-4 detected by 

western blotting of UC-purified EVs.  

 

Besides the differences in protein expression, we also observed significant 

differences in other aspects such as small RNA profiles and TEM imaging of 

vesicles. In the latter study, we hypothesized that the excessive presence of free 

proteins in the UC pellet contributed to the ‘cloudy’ background and interfered with 

the proper visualization of the EVs. Furthermore, the P/µg ratio was slightly lower in 

the UC as compared to the LC samples; which corroborate with our earlier data that 

the UC pellet was of lower vesicle purity. 

 

Hence, all these lines of evidence led us to further conclude that the UC 

methodology was not suitable for purification of EVs from stem cell media as this 

process involved the pelleting of non-vesicular proteins that could not be easily 

removed with additional PBS washes. At the same time though, we were unsure 

what percentage of these UC-purified particles were truly EVs and if an additional 

clean up step would allow the removal of these contaminations. 

 

The first clean up strategy we attempted was sucrose gradient centrifugation. 

Previously, it has been reported that EVs float uniquely at 1.15-1.19 g/ml, which is 

slightly different to other vesicles originating from other cellular organelles such as 

the endoplasmic reticulum (1.18-1.25 g/ml) or the Golgi (1.05-1.12 g/ml). These 

flotation interval have been verified by several other on different cellular sources of 

EVs and found to be regardless of the actual method of loading the EV sample on 

the top or bottom of the sucrose gradient (22,358,359). However, others have 
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debated that overnight centrifugation was insufficient for vesicles to efficiently 

penetrate in the denser fractions and reach density equilibrium within 16 h 

centrifugation period (59).  

 

We first tested floating the UC pellet on a sucrose gradient with both loading 

strategies and at two different lengths of centrifugation period. Unexpectedly, we 

noticed an inconsistency in the total particle counts and presence of EV markers 

when cross comparing the two loading strategies. Importantly, we noted that for the 

bottom-loaded sample, the gradient fractions positive for EV markers were 

overlapping with those containing non-vesicular protein bands. Hence, we 

hypothesised that the EVs in UC pellet might be trapped by the protein aggregates at 

higher densities and thereby are unable to freely migrate to their actual density within 

the overnight time frame.  

 

When we bottom-loaded and floated EVs for a longer time frame (72 h), we did not 

observed any difference in the general trend for particle counts in total protein 

quantification across the gradient fractions as compared to the shorter time frame. 

Interestingly though, the expression of the EV marker, CD81 was more diverse at 72 

h than in the 16 h sample. Hence, we hypothesized that indeed at this longer 

incubation period, a portion of EVs were able to escape from the protein aggregates 

and float at their true densities. On hindsight though, the detection of CD81 was 

consistently higher in the higher density fractions. Based on these data alone, it was 

very difficult to ascertain if the particles appearing at higher densities and stained 

positively for CD81 were truly EVs remaining trapped with non-vesicular proteins. 
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In an attempt to better clean up the UC product, we next chose to fractionate the UC 

pellet on an LC column. Here, we detected another protein peak immediately after 

the initial EV peak, which signified the presence smaller proteins within the UC pellet 

with our EVs. Importantly though, the particles in this second peak did not express 

any of the tested EV markers and this further supports our previous deduction that 

proteins could appear as particles on the NTA. Overall, it appeared that the 

additional LC fractionation of the UC pellet could eliminate some of these 

contaminating proteins and this result greatly contributed to the better visualization of 

vesicles under TEM, the decrease in the overall expression of non-vesicular proteins 

(OCT-4) as well as the increase in the P/µg vesicle purity ratio. However, there was 

a relative low percentage recovery of EVs from the starting UC pellet. Hence, we 

deduced that the UC method was not suitable for purification of EVs from stem cell 

media as the derivation of pure EVs required additional cleanup processes that was 

time consuming and would further compromise on the overall EV yields. 

 

4.4.3 EVs may function as ‘sponges’ for free proteins in the extracellular 

environment 

 

Although the LC product was an improvement in the derivation of purer EVs from 

stem cells as compared to the traditional UC method, residual proteins matching 

those found in the media only sample were also present in the LC sample. In order 

to re-evaluate if these were non-vesicular associated proteins, we adopted the same 

clean up strategies as before, first by floating the LC product through a sucrose 

gradient. Compared to the UC pellet, the peak in particle counts and expression of 

EV markers and OCT-4 appeared to be consistently one fraction earlier in the LC 
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sample. Since the LC product had much lower protein contamination than the UC 

pellet, we hypothesized that the lack of these contaminating proteins allowed for EVs 

to migrate more quickly to their actual densities. Despite that, these LC-purified EVs 

still floated at a slightly higher density range than reported of EVs previously. 

Furthermore, total protein staining indicated that these fractions still contained some 

protein bands that were similar to those detected in the media only sample. Hence, 

we proposed two possibilities; first, the sucrose gradient centrifugation methodology 

was unable to accurately separate EVs from these proteins or second, stem cells 

EVs functioned as a sponge and sequestered free proteins from the media, hence 

they truly floated at a higher density as compared to other EVs. 

 

Similar to the approach on the UC pellet, we subjected the LC product to a 

sequential LC step. Interestingly, after the initial EV peak, a second protein peak 

appeared much later in the eluate, which could be due to the presence of some free 

small proteins that possibly did not get separated properly in the first LC run or was 

part of the proteins which fractionated at the end boundaries selected for F1. 

Interestingly, when comparing EVs from the second LC run to the original LC 

product, we noticed that there was a slightly lower expression of the transmembrane 

protein (CD9), while the opposite trend was noticed for the intraluminal protein 

(Tsg101). With this data, it was tempting to speculate if one might need to take 

caution in the choice of EV markers to use for identification of EVs. Overall, we 

demonstrated that an additional LC step allowed for marginal improvement in vesicle 

purity as evident by the slight increase in P/µg ratio as well as the decrease in 

background bands on the total protein gel staining. 
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Albeit subjecting the purified EVs to a second LC run, the protein bands were not 

completely removed. Previously, we demonstrated that concentration of serum-free 

CM lead to the accumulation of non-vesicular proteins such as albumin in the filters. 

From literature, we knew that KOSR also contained high amounts of albumin and 

other proteins to replace the serum component; hence we postulated that the 

concentration step of the stem cell CM with spin filters might have contributed to the 

capture of albumin aggregates in the filters. Unlike the conventional spin filters, the 

tangential flow filtration (TFF) device bypassed the potential problem of clogging the 

filters through diafiltration-based processing of the CM. As expected, the sample 

concentrated by spin filters contained more proteins of smaller sizes than the sample 

concentrated by TFF, despite using the same molecular cut-off size (100-kDa). 

Interestingly though, there was not a major difference in the overall quantities and 

molecular characteristics of EVs concentrated and purified by either method. Hence, 

we speculated that some free proteins in the media could have bond onto EVs by 

non-covalent means and be ferried to other cells as a means of cell-cell 

communication.  
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4.5 Conclusion 

 

In conclusion, we first learnt that the use of serum-free media or pre-spun media was 

not compatible with stem cell culturing and subsequent EV collection, as these 

conditions impact greatly the phenotype of the stem cells. Additionally, we learnt that 

KOSR was a good alternative to serum as it kept the stem cells viable and 

undifferentiated. In chapter 3, we found that the UC methodology presents with 

several drawbacks in terms of EV yields and integrity as compared to the newer LC 

strategy for serum-free cultures. As for stem cell cultures, we initially noticed the 

opposite trend for the overall EV yields. Here, we have shown that non-vesicular 

proteins could be pelleted during the UC process and appear as particles on the 

NTA. This additionally led to the detection of higher overall amounts of proteins 

(such as OCT-4) and RNAs, which are not normally associated with the EVs in the 

UC pellet. Furthermore, additional strategies that were needed to improve the purity 

of UC-derived EVs turned out to be inefficient and time-consuming. Hence, we 

concluded that UC was not an appropriate method for purification of EVs from stem 

cell media or other protein-rich biological fluids. In contrast, the LC sample appeared 

significantly cleaner. Although we could improve on the vesicle purity of LC samples 

with an additional LC step, there remained some protein background bands in these 

samples. Hence, we speculate that free proteins in the extracellular environment 

bound naturally onto EVs and get co-purified during the LC step. Overall, we have 

demonstrated that the LC method was a more suitable for purification of EVs. As 

stem cell media used here is highly complex and rich in proteins, we strongly believe 

that this technique could be extended to the derivation of EVs from other complex 

culture conditions or biological fluids such as plasma and serum. 
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Besides the derivation of a more suitable purification method for stem cell EVs, our 

data here have highlighted the need to be cautious when using current tools for the 

interpretation of EVs purified from more complex media or biological fluids. In this 

chapter, we have many lines of evidences, which clearly demonstrated that 

contaminants such as protein aggregates could be readily detected and quantified as 

particles on NTA, or detected as additional proteins and RNAs by quantification kits. 

Hence, it would not be advisable to rely solely on the overall particle, protein and 

RNA quantifications for the evaluation of EV yields. Next, one would need to be 

careful in the interpretation of the vesicle purity ratio. This ratio was calculated by 

dividing the total particle numbers by the overall protein amounts. As discussed 

before, since our protein aggregates were detected as ‘particles’ in NTA, purified 

samples with higher amounts of protein aggregates might similarly appear to have a 

relatively high vesicle purity ratio than expected. From these data, we learnt that one 

should perform both quantification and molecular characterization studies of EVs in 

parallel in order to accurately discern and evaluate the molecular and physical 

characteristics of EVs.  
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Chapter 5 

 

Characterisation of EVs from pluripotent stem cells 

 

5.1 Introduction 

 

As mentioned in section 1.1.4.1, there has only been two studies characterising and 

showing the horizontal transfer of ESC-EV cargoes across cell lines. Firstly, 

Ratajczak et al. showed that the EVs purified from mouse and human ESCs express 

Wnt-3 proteins and are selectively enriched in mRNAs coding for pluripotent 

transcription regulatory factors such as OCT-4, Rex-1, Nanog, Scl and GATA-2 as 

compared to parent cells. Subsequently, when these EVs were added onto HPCs, 

the HPCs had prolonged survival and increased expansion. Interestingly, the authors 

found that these treated HPCs carried mRNAs for pluripotency markers (e.g. OCT-4, 

Nanog and Rex-1), expression of some early haematopoietic stem cell markers such 

as Scl, HoxB4 and GATA-2. Furthermore, these cells were found to have increased 

phosphorylation of MAPK and AKT post-treatment with EVs (118). In the other study, 

Yuan et al. published a similar study on ESC-EVs, with more focus on the types of 

miRNAs in ESC-EVs. Based on RT-PCR analysis, they found that ESC-EVs contain 

less polyA-containing RNA than the cells. Subsequently, they looked at a number of 

different ESC-specific miRNAs (miR-290, miR-291-3P, miR-292-3p, miR-294 and 

miR295) as well as two miRNAs (miR-21 and miR-22), which were normally up 

regulated in differentiated ESCs. Generally, all of these miRNAs were less abundant 
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in EVs as compared to their parent cells when normalizing to the same amount of 

RNA. Interestingly, there were some significant differences in the relative abundance 

levels when cross comparing each individual miRNAs within this selected group. 

Further, the authors reported on the kinetics of EV uptake when treating MEFs; the 

increase in levels of all of these ESC-specific miRNAs was as early as 1 h after 

treatment. The peak in miRNA detection was observed at between 12-36 h. After 54 

h, the levels of these miRNAs in treated MEFs were found to be back to basal levels. 

Interestingly, it was observed that miRNAs, which were more abundant in ESCs over 

MEFs, had the highest transfer efficiency (120). All in all, both of these studies 

showed that ESC-EVs contain mRNAs and miRNAs, which encode for pluripotency 

factors. Furthermore, these EVs could transfer their cargoes onto other non-related 

cells and induced functional changes in these recipient cells.  

 

The idea of a stem cell niche was first brought up by Schofield in 1978, where he 

described the presence of a specialised environment containing functional attributes 

of stem cells to maintain their self-renewal capacity (360). Similarly, the continuum 

model of stem cell biology proposed by Quesenberry and Aliotta (section 1.1.4.4) 

showed that stem cells could undergo cellular changes through the introduction of 

mRNAs and proteins via EVs from differentiated or injured cells. Hence, based on all 

of these evidences, we postulate that stem cell secrete EVs that contain mRNA 

coding for pluripotency factors (e.g. OCT-4, Nanog and Rex1). Subsequently, these 

release EVs can be taken up by other surrounding stem cells and as a result ensure 

the maintenance of stem cells in their undifferentiated state. 

 

Apart from stem cell maintenance, a certain group of stem cell EVs (MSC-EVs) has 



	
   173 

recently been described for use in regenerative medicine. Due to their natural low 

tendency to induce immune responses and their natural ability to home on disease 

cells, MSCs has been the primary type of cell used for the cell-based therapies in a 

number of different disease states such as graft versus host disease, bone 

regeneration and acute kidney diseases (see section 1.1.4.4). Interestingly, it has 

been shown that the CM or EVs alone can often induce beneficial effects, which are 

comparable to that of using MSCs alone. Studies have indicated that the EVs from 

MSCs are enriched in specific miRNAs and ribonucleoproteins that are involved in 

the regulation of intracellular RNA trafficking. Furthermore, it was deduced that these 

MSC-EVs could regulate the expression of anti-apoptotic genes at the site of injury 

and stimulate the proliferation of remaining surviving cells to replace injured cells.  

 

Recently, Katsman and colleagues demonstrated that EVs from ESCs transferred 

specific mRNAs (e.g. OCT-4 and Sox2) and the miRNAs of the 290 cluster, which 

are all involved in the maintenance of pluripotency, when they were incubated with 

Müller cells. Furthermore, there was an up-regulation of genes and miRNAs involved 

in the induction of pluripotency, cellular proliferation, early ocular genes and genes 

important for retinal protection and remodeling. On the other hand, there was down-

regulation of inhibitory and scar-related genes and miRNAs involved in differentiation 

and cell cycle arrest (350). Hence, based on these data, it is becoming increasingly 

evident that stem cell EVs could play important roles in both the maintenance of 

stem cell biology and in the promotion of regeneration in injured cells.  

 

As ESCs are able to differentiate into any cell type, there was a great interest in the 

use of these cells for transplantation or tissue engineering applications in 



	
   174 

regenerative medicine (361–363). Furthermore, ESCs were found to be invaluable 

for studying diseases lacking appropriate modeling systems, such as Fragile-X 

syndrome and cystic fibrosis (364,365). With hindsight though, ESCs are normally 

derived from the inner cell mass (ICM) of the embryos. Hence, the process of 

obtaining ESCs would subsequently lead to the destruction of the blastocyst (366). 

With this knowledge, the use of ESCs for medical research has been rather 

controversial, with numerous ethical debates on whether the use of these embryos is 

morally justified (367). As a result, access to such cell lines is highly restricted in the 

United Kingdom and other countries. 

 

More recently, Yamanaka and his colleagues demonstrated the derivation of another 

type of pluripotent stem cells- iPSCs, through the introduction of four pluripotency 

markers (OCT-4, NANOG, cMYC and KLF4) in fibroblast cells via transfection. This 

reprogramming technique was first demonstrated in mouse and a year later, in 

human cells (321,322). Unlike ESCs, it has now been shown that iPSCs can be 

easily generated from a variety of adult somatic cell types and reprogrammed using 

a number of different methodologies (368–373). For example, the original strategy 

was based on the use of viral vectors such as retroviruses and lentiviruses, to 

introduce the reprogramming factors into host genomes. However, concerns were 

raised that such strategies may increase the risk of tumour formation in the cells. 

Hence, there have been reports discussing non-integration methods, which could 

overcome these safety concerns. For example, one could use adenovirus vectors or 

plasmid to transiently express the reprogramming factors. On the other hand, others 

have directly delivery these reprogramming proteins or synthetic mRNAs to induce 

pluripotency. Subsequently, such iPSCs can be used for a wide variety of biological 
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applications such as modeling of both monogenic and polygenic diseases (374) or 

even to replace the use of animals testing for toxicology studies, similar to that of 

ESCs. 

 

Based on different gene expression studies, there have been two different schools of 

thought about the overall similarity of DNA methylation patterns, differentiation ability 

and rate of teratoma formation between iPSCs and ESCs. On one hand, it has been 

shown that iPSCs closely resemble ESCs in both of these aspects (375–377). On 

the other hand, there are several others studies which contradict these findings 

(378–385). Interestingly, Yamanaka recently commented that the different 

observations in these comparison studies may simply be due to other physical or 

technical factors such as dissimilar culturing conditions between laboratories or even 

on the total number of cell lines used in the comparison study (386). 

 

Currently, there has yet not been any published data regarding the release of EVs 

from undifferentiated iPSCs and their role in stem cell biology or in regenerative 

medicine. As both iPSCs and ESCs are types of PSCs, we hypothesise that stem 

cell derived EVs from iPSCs could play a similar role in the maintenance of the stem 

cell state. Next, we, and others, have previously discussed that there are several 

common factors across all EVs, regardless of their parent cell. For example, all EVs 

are enriched in a set of EV RNAs and proteins.  

 

In collaboration with Mr Tim Davies and Dr Paul Fairchild, we first tried to purify EVs 

from mouse iPSCs reprogrammed in their laboratory (387). Unfortunately, as shown 

in our preliminary study (Chapter 1- Figure 1.7), we faced several problems in the 
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initial quantification and derivation of pure EVs due to the lack of an optimal 

methodology for EV purification. With the positive data from the systematic 

comparison studies described in Chapter 3 and Chapter 4, we successfully showed 

that the LC methodology was significantly better for the purification of EVs from 

mouse iPSCs cultures. 

 

In this chapter, one of the main aims is to perform novel characterization studies on 

EVs from iPSCs. Here, we started with the LC purification of EVs from two different 

mouse iPSC lines. As both iPSCs and ESCs have been described to be highly 

similar, where both are self-renewing and multipotent, we chose to perform an in-

depth comparison study between EVs from mouse iPSCs to that from mouse ESCs 

with LC/MS-MS. Similar to the previous studies done by Ratajczak et al. and Yuan et 

al, we then compared the overall proteome of EVs with that of the parent cells, to 

find out the similarities of EVs as compared to cells. Lastly, we share some 

preliminary data on EVs released from human stem cell sources. 
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5.2 Material and methodologies 

 

5.2.1 Comparison of EVs from mouse iPSCs and mouse ESCs 

 

All mouse ESCs (ESF121 line and ESF166 line), mouse iPSCs (imef14 and imef9) 

and MEFs described in this chapter were provided by Dr Paul Fairchild’s lab (Dunn 

School of Pathology, University of Oxford). All conditions for culturing MEFs and the 

mouse stem cells are described in section 2.1.2. For the derivation of EVs from 

ESCs and iPSCs, CM was collected from the cell cultures (section 2.2.2) and 

processed by the LC protocol (section 2.3.2).  

 

5.2.2 Molecular quantification and characterisation of mouse EVs and 

cell lysates for stem cell comparison study 

 

Each purified EV sample was subjected to NTA for quantification and determination 

of the size distribution of particles (section 2.4.1), western blotting for reported EV 

markers (Alix, Tsg101 and CD9) (section 2.4.3) and TEM (section 2.4.4). 

Subsequently, EVs and cell pellets were subjected to LC-MS/MS for proteomics 

analysis (section 2.4.7). For this set of LC-MS/MS, the reference list used was 

generated based on all proteins identified within this stem cell set. In order to classify 

the commonly identified proteins when comparing two sample types, we calculated 

the ratio of area of proteins of one sample over the other. Proteins that had a 2-fold 

change in ratio were designated to be “up-regulated”. These groups were then 

analysed in Panther to evaluate enrichment of GO terms. 
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5.2.3 Characterisation of EVs from human pluripotent stem cell lines 

 

5.2.3.1 Culturing conditions of Human iPSCs 

 

Dr Alison Leishman and Miss Patty Sachmitr (from Dr Paul Fairchild’s lab) cultured 

all the human iPSCs described in this chapter. Human iPSC lines (C15 derived from 

Lee Carpenter’s lab (388) and NHDF1 derived from Dr Sally Cowley’s lab, University 

of Oxford) were cultured on matrigel-coated plates in mTeSR™1 (Stem Cell 

Technologies, UK) with a daily change of fresh media. For the comparison across 

different stem cell media, TeSR™-E8™ media (Stem Cell Technologies, UK) was 

used in place of mTeSR™1. All cells were cultured at 37°C with 5% CO2. For 

derivation of EVs from human iPSCs, CM was collected every 24 h and processed 

by the UC (section 2.3.1) or LC protocol (section 2.3.2) as indicated. 

 

5.2.3.2 Culturing conditions of Human ESCs 

 

Dr Sarita Panula (from Dr Outi Hovatta’s lab, Department of Clinical Science, 

Karolinska Institutet) cultured all the human ESCs described in this chapter. Human 

ESCs (HS401 cell line) were cultured on matrigel-coated plates in mTeSR™1 (Stem 

Cell Technologies, UK) with a daily change of fresh media. All cells were cultured at 

37°C with 5% CO2. For derivation of EVs from human iPSCs, CM was collected 

every 24 h from these cells and were processed by the UC (section 2.3.1) or LC 

protocol (section 2.3.2) as indicated. 
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5.2.3.3 Molecular quantification and characterisation of human EVs for human stem 

cell comparison study 

 

Each purified EV sample was subjected to NTA for quantification and determination 

of the size distribution of particles (section 2.4.1), western blotting for reported EV 

markers (Alix, Tsg101 and CD9) (section 2.4.3) and TEM (section 2.4.4).  

 

5.2.4 Characterisation of EVs from DCs differentiated from human 

iPSCs 

 

5.2.4.1 Directed differentiation of Human iPSCs into DCs 

 

Dr Alison Leishman and Miss Patty Sachmitr performed differentiation of human 

iPSCs to DCs based on the differentiation protocol developed in Dr Paul Fairchild’s 

lab (389–391). Briefly, human iPSCs were seeded at a density of 3x106 cells/well on 

ultra low attachment (ULA) 6-well plates in differentiation media (X-VIVO-15, Lonza, 

UK) supplemented with growth factors (50ng/ml of recombinant human bone 

morphogenetic protein-4 (BMP-4), 50ng/ml of recombinant human vascular 

endothelial growth factor (VEGF), 20ng/ml of recombinant human stem cell factor 

(SCF) and 50ng/ml of recombinant human granulocyte macrophage-colony 

stimulating factor (GM-CSF)) in a 37°C incubator with 5% CO2. Over the 

differentiation process, cultures were fed every other day and growth factors were 

successively removed from the differentiation culture until only GM-CSF remained. 

When macrophages were observed in the cultures at around days 13-17, 25ng/ml or 

recombinant human interleukin-4 (IL-4) was added to the cultures in increasing 
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concentration to 100ng/ml. IL-4 was added to skew monocyte-like cells or DC 

precursors towards a DC phenotype. Generally, the generation of DCs from human 

iPSCs took 24-28 days, although there might have been some variation between 

wells within the same differentiation batch of cells. 

 

5.2.4.2 Maturation of DCs differentiated from human iPSCs 

 

At the final day of the differentiation experiment, immature DCs were harvested by 

gentle pipetting, leaving behind the embryoid bodies and macrophages. The 

harvested DCs were re-plated at 1x106 cells/well into 6-well plates. After 2-4 days, 

DCs were matured using X-VIVO-15 media containing 50ng/ml of GM-CSF, 

100ng/ml of IL-4 and a cocktail of cytokines (50ng/ml of recombinant human tumour 

necrosis factor-α (TNF-α), 20ng/ml of recombinant human interferon-γ (IFN-γ) and 

1µg/ml of prostaglandin-2) for 48 h.  

 

5.2.4.3 Collection of EVs and molecular characterisation of EVs from DCs 

 

To investigate the release of EVs across the entire differentiation process, CM was 

collected at various different stages of the differentiation process (as indicated by the 

asterisks in Figure 5.3.8A) and from the subsequent cultures of immature and 

mature DCs. The different CM samples were processed by the LC protocol (section 

2.3.2) and each individual 2ml fractions eluted from the column was subjected to 

NTA for quantification and determination of the size distribution of particles (section 

2.4.1) and protein quantification (section 2.4.2). The F1 fractions containing the EVs 

released from immature and mature DCs were concentrated and characterized by 
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NTA (section 2.4.1) and western blotting for reported EV markers (Alix and Tsg101) 

and the DC marker (CD11c) (section 2.4.3). RNA was subsequently extracted from 

both immature and mature DC EV samples and subjected to RNA profiling using the 

small RNA and Pico chip (section 2.4.6). 

 

5.2.5 Statistics 

 

All bars in graphs represent mean ±SD.  
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5.3 Results 

 

5.3.1 EVs from mouse iPSCs and ESCs have similar size distribution 

profiles and expression of EV markers  

 

Previously in chapter 4, the LC method was demonstrated to be a better method for 

purification of EVs from stem cell sources as compared to the original UC protocol as 

the presence of non-vesicular protein contamination was high in the UC pellet. In 

order to accurately unravel the molecular characteristics of EVs, we chose to employ 

the use of the LC protocol for all EV purification from mouse stem cells. 

 

First, we collected CM from two different mouse iPSC lines (imef14 and imef19) and 

subjected them to fractionation on the LC column. Generally, both sample types 

showed a similar 280nm absorbance pattern across the eluted volume (Figure 

5.3.1A), with a peak at the F3 region. As we were only interested in the EVs, we 

pooled fractions across the region where EVs elute (F1) and analyzed the particles 

with NTA. As shown in figure 5.3.1B, the size distribution profiles of both mouse 

iPSC-derived EVs were overlapping. Next, we performed the same purification for 

two different mouse ESC lines (ESF121 and ESF166). The LC chromatograph of 

these ESC samples were generally similar to each other (Figure 5.3.1C) and with 

that of the iPSC-derived CM. Further, NTA showed that the size distribution across 

both ESC sample types were highly similar (Figure 5.3.1D). Overall, EVs derived 

across these four cell lines were found to be similar in both their mean and mode 

sizes (Figure 5.3.1E). Moreover, TEM on EVs from both mouse ESCs and iPSCs 
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verified the NTA measurements and showed that the particles from both cell types 

appeared to be relatively similar (Figure 5.3.1F). Furthermore, we detected similar 

expression levels of EV markers (Alix and CD9) across both mouse iPSC and ESC-

derived EVs (Figure 5.3.1G). Lastly, we found that the P/µg ratio of the EVs across 

all four sample types were similar to each other (Figure 5.3.1H). 
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Figure 5.3.1 Characterisation of EVs from mouse iPSCs and ESCs with NTA, TEM and 
western blotting 
 
Representative LC chromatographs of two different mouse iPSC cell lines (imef14 and 
imef19) (A) and mouse ESC cell line (ESF121 and ESF166) (C). NTA size distribution 
profiles of EVs from mouse iPSCs (B) and mouse ESCs (D). (E) Table showing the mean 
and mode size of EVs from both mouse iPSCs and ESCs. (F) Representative TEM images 
of EVs from mouse iPSCs and mouse ESCs. (G) Representative western blotting of EV 
markers (Alix and CD9) when loading the same amount of EVs from mouse iPSCs and 
mouse ESCs in each well. (H) Table showing the P/µg ratio of EVs purified from two mouse 
iPSCs and ESCs experiments. 
 

5.3.2 EVs display different protein and RNA profiles as compared to their 

parental cells 

 

Besides comparing the EVs across mouse iPSCs and ESCs, we were interested in 

understanding how EVs compared to their parental cells. First, we performed 

western blotting analysis for EV markers (Alix and CD9) as well as a stem cell 

marker (Pou5f1/Oct4) when loading equal protein amounts. Interestingly, we noticed 

that there was a slight enrichment of Alix and CD9 in the EVs as compared to the 

cell lysates (Figure 5.3.2A). On the other hand, the opposite trend was noticed for 

OCT-4. Next, we investigated the RNA profile of EVs versus their cells. Using the 

small RNA chip, we noticed that the small RNA profiles of EVs were highly similar, 

where EVs from both cell types showed a peak around the 60-nucleotide region. On 

the other hand, the small RNA profiles of both cell types were distinctly different to 

that of the EVs (Figure 5.3.2B). Next, with the Pico chip, we checked for a broader 

size range of RNA. Again, we found that the RNA profiles were more similar between 

EV samples than between EVs and their parental cells. For example, one obvious 

difference between EVs and cells was the absence of the 18S and 28S ribosomal 

peaks in the EV samples (Figure 5.3.2C). 
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Figure 5.3.2 Comparison of EVs and their parental cells by western blotting and RNA 
bioanalzyer 
 
(A) Western blotting comparing the expression of EV markers and Oct4 in cell lysates (CL) 
and EVs. The same amount of protein (10 µg) was loaded in each well. Small RNA chip (B) 
and pico chip (C) bioanalyzer data of RNA in EVs and cells. 
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5.3.3 Preliminary proteomics on stem cell media reveal the presence of 

contaminating proteins  

 

In order to characterise our EVs more thoroughly, we decided to run EVs derived 

from mouse iPSCs and ESCs for LC-MS/MS proteomics analysis. As mentioned 

previously, the P/µg ratios for all our EV samples (section 5.3.1) was considered to 

be of low purity, possibly suggesting that the remnants of some contamination 

present in our EV samples. To scope out the amount of contaminants from the stem 

cell media only, we fractionated 15 ml of the stem cell media on the LC column. 

Subsequently, we pooled individual fractions corresponding region where EVs elute 

and termed this pool as Md. With total protein staining on the gel, we detected the 

presence of unknown protein bands in this Md fraction of stem cell media (Figure 

5.3.3A&B). Hence, to evaluate the degree of non-vesicular protein contamination in 

our EV samples, we first performed LC-MS/MS on the Md fraction from stem cell 

media and the gelatin used for coating the cell culture plates. 

 

Based on absolute protein identities, we detected 35 cow and 29 mouse proteins in 

the Md fraction (Table 5.1A), with many of mouse proteins mapping to specific 

proteins such as fibronectin, heat shock protein and keratins (Table 5.1B). In the 

gelatin sample, majority of the proteins detected was collagen (Table 5.2). In both 

the Md fraction and gelatin, we detected both cow albumin protein and mouse 

keratin proteins (Table 5.3). Unfortunately, many of these proteins were detected at 

high abundance within our EV samples as shown by the correlation graph of protein 

areas (Figure 5.3.3C). In order to analyse true EV proteins, we decided to subtract 
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the identities of all of these contaminating proteins prior to performing bioinformatics 

on the EV proteomic data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3.3 Preliminary proteomics on media and gelatin sample  
 
(A) LC chromatograph of unconditioned stem cell media. Md indicated the region where EVs 
normally elute from the LC column. (B) Total protein staining of the Md sample indicates  
presence of unknown protein bands. (C) Scatter plot showing the correlation between the 
areas of proteins identified in the preliminary run on both iPSC and ESC EV samples. 
Proteins detected from different species are as labeled: mouse (black dots), cow (red dots) 
and pig (blue dots) 
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Table 5.1 
 
Table showing the list of cow (A) and mouse (B) proteins exclusively identified in the media 
sample. 
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Table 5.2  
 
Table showing the list of mouse proteins exclusively identified in the gelatin sample. 
 

 

 

 

Table 5.3  
 
Table showing the list of proteins commonly identified in both the media and gelatin sample. 
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5.3.4 EVs from iPSCs and ESCs contain proteins mapping to similar GO 

annotations  

 

After filtering out these contaminating proteins, we found that a total of 1387 proteins 

were detected across both EV populations from iPSCs and ESCs, where 33.1% of 

them over-lapped across both groups (Figure 5.3.4A). Interestingly, more proteins 

were detected in the iPSC-EVs than that in ESC-EVs (593 versus 35). However, 

upon more in-depth analysis, many of these exclusively detected proteins in either 

iPSCs or ESCs-derived EVs, were found to classify under similar GO annotations 

such as protein binding and cytosol. Next, we considered the 459 proteins, which 

were common in both types of EVs and divided them into three groups: proteins with 

similar expression, proteins up regulated in iPSC-EVs and proteins up-regulated in 

ESC-EVs. Generally, majority of these common proteins were of similar protein 

levels to each other (Figure 5.3.4B). To cross-compare this dataset to our previous 

western blotting for EV markers, we checked for the fold enrichment of vesicle-

associated GO terms. As expected, we found that the EVs were of similar levels and 

enrichments in GO terms for extracellular vesicle, extracellular exosome, membrane-

bound exosome and vesicle, in both stem cell sample types (Figure 5.3.4C). Upon 

deeper analysis of the individual identities of proteins, we noticed the appearance of 

EV markers that we had earlier used for characterisation (e.g. CD9, CD81 and Alix) 

as well as other reported EV-associated proteins as shown in Figure 5.3.4D. On the 

other hand, there were a handful of GO terms, which were significantly different 

between the two types of EVs. For example, GO terms for translation initiation factor 

activity, translation factor activity, RNA binding and protein heterooligomerisation 
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was up-regulated in EVs from iPSCs, while proteins in the plasma membrane part 

GO term was up-regulated in EVs from ESCs (Figure 5.3.4E).  
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Figure 5.3.4 Preliminary proteomics on EVs from mouse iPSCs and ESCs 
 
(A) Venn diagram showing the overlap of proteins identified from the two pools of stem cell 
EVs. (B) Scatter plot showing the correlation between the areas of commonly identified 
proteins in both iPSC-EVs and ESC-EVs. All proteins were classified into three distinct 
groups: up regulated in iPSC-EVs (red dots), up regulated in ESC-EVs (blue dots) and of 
similar levels in both iPSC and ESC-derived EVs (black dots). (C) Graph showing the fold 
enrichments of both iPSC-EVs and ESC-EVs over the reference list, in four vesicle-related 
GO terms: extracellular vesicle, extracellular exosome, membrane-bound exosome and 
vesicle. (D) List of individual proteins identified in these four GO terms. (E) A subset of 
significantly enriched GOs from proteins considered to be up regulated in either iPSC or 
ESC-derived EVs. All proteins are grouped under the four categories: all EV IDs (black bar), 
proteins of similar levels in both iPSC-EVs and ESC-EVs (grey bar), up regulated in iPSC-
EVs (red bar) and up-regulated in ESC-EVs (blue bar). 
 

 

5.3.5 EVs from mouse iPSCs have distinct proteomic features as  

compared to their parental cells 

 

To analyse if the lack of differences in the EVs was related to the proteome of their 

parental cells, we further analysed the cellular proteome from the exact batch of 

iPSCs and ESCs from which the EVs were derived. Overall, there were more 

proteins detected in cells than in EVs (3565 versus 1387). Of these proteins, there 

was an overlap of 71.6% of them in both cell types (Figure 5.3.5A). Although there 

were some proteins, which were exclusively detected in either group, most of these 

proteins mapped to similar GO terms (e.g. nucleotide and RNA binding, organelle 

and membrane part). Similar as before, we segregated the commonly identified 

proteins into three broad groups; similar in both, up-regulated in iPSCs and up-

regulated in ESCs. Although there appeared to be some differences in GO 

enrichments, none of these differences were found to be significant. Interestingly, the 

correlation plot of individual protein areas showed the exception of two outliers: 

mitochondrial ribosomal protein S25 (MRPS25) and activating signal cointegrator 1 
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complex subunit 3 (ASCC3), both of which were found to be more abundant in ESCs 

than in iPSCs (Figure 5.3.5B).  

 

Our initial proteomics data here indicate that the enrichment of GO terms was similar 

across EVs and cells from two cell types. However, in our previous western blotting 

cross-comparing EV and cell samples, we noticed a difference in the expression 

levels of EV markers (Figure 5.3.2A). Hence, we proceeded to compare the 

individual EV samples back to their parental cells. Interestingly, we found that there 

was much less overlap across EVs and cells; 28.5% for the iPSC set and 15.5% for 

the ESC set (Figure 5.3.5C&E). From the correlation graphs of commonly identified 

proteins in EVs versus cells, we observed that many protein identities were 

differentially detected in one group than the other (Figure 5.3.5D&F). As a result, 

these differences contributed to the enrichment of certain GO terms in each group. 

For example, in the iPSC set, the GO terms for translation initiation factor activity, 

translation factor activity, RNA binding, extracellular matrix and extracellular space 

were all found to be up regulated in EVs. On the other hand, GO terms for structural 

constituent of ribosome, mRNA binding, cytosolic part and intracellular non-

membrane-bounded organelle was up regulated in cells (Figure 5.3.5G). As for the 

ESC set, we observed enrichment of GO terms for glycolipid binding, G-protein 

beta/gamma-subunit complex binding, external side of plasma membrane and 

extracellular matrix component in the EVs. As for the ESCs, there was an up-

regulation of GO terms for the structural constituent of cytoskeleton, histone binding, 

protein-DNA complex assembly and chromatin assembly or disassembly, as 

compared to EVs (Figure 5.3.5H). Interestingly, there were some GO terms, which 

were similarly enriched in EVs as compared to cells, across both stem cell types. For 
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example, the GO term for basal lamina was enriched in EVs from both iPSCs and 

ESCs as compared to their parent cells. On the other hand, GO terms for protein-

DNA complex subunit organisation, DNA replication-dependent nucleosome 

organisation, nuclear chromosome and nuclear nucleosome were more enriched in 

both cell samples as compared to their EVs (Figure 5.3.5I). 
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Figure 5.3.5 Preliminary proteomics comparing GO terms in EVs and cells from 
mouse iPSCs and ESCs 
Venn diagram showing the high overlap of proteins identified from the two stem cells (A), 
between mouse iPSC-EVs and iPSCs (C) and mouse ESC-EVs and ESCs (E). Scatter plots 
showing the correlation between the areas of commonly identified proteins in each of these 
three pairing: iPSCs versus ESCs (B), iPSC-EVs versus iPSCs (D) and ESC-EVs versus 
ESCs (F). All proteins were classified into three distinct groups as indicated in the graphs. 
(G) A subset of significantly enriched GOs from proteins considered to be up regulated in 
either iPSC or ESCs (G), in either iPSC-EVs or iPSCs (H) and in either ESC-EVs or ESCs 
(I).  
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5.3.6 LC purification of EVs from CM of human iPSCs show very low 

levels of secreted EVs 

 

As discussed in section 5.1, human iPSCs are becoming useful tools in medical 

sciences in terms of re-modeling of different disease phenotypes and potentially for 

personalised medicine. Hence, we felt that it would be interesting to investigate the 

release of EVs from human iPSCs. In collaboration with Dr Alison Leishman and 

Miss Patty Sachmitr (Dr Paul Fairchild’s lab, University of Oxford), we collected and 

purified EVs from human iPSCs.  

 

One major difference between human and mouse stem cells are the type of media 

used for culture and the exact culturing conditions. Unlike that for mouse cultures, all 

human iPSCs and ESCs discussed in this thesis were cultured on matrigel-coated 

plates and stem cell media (mTeSRTM) was replaced daily on the cells. As a result of 

this different culturing methodology, we initially started with daily collections of CM to 

check the trend of vesicle release in relation to the different time points within the 

same passage of cells. Furthermore, our initial studies showed that the human stem 

cell media was similarly complex and protein-rich as mouse stem cell media (data 

not shown). Hence, all human stem cell EVs described here were purified by the LC 

method.  

 

Generally, the LC chromatograph of CM from different time point of collection of the 

human iPSC cultures showed the same trend as that of complex media types: a 

huge broad peak around the 75-110ml elution volume (Figure 5.3.6A). This peak 

generally corresponded with the F3 region of mouse stem cell media. As we 
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expected the EVs to be of the same size range as those discussed earlier, the same 

limits for the F1 fraction of mouse stem cell lines was used here. Interestingly, the 

three replicate sets of human iPSC-EVs displayed different trends with respect to the 

total number of particles across cell confluence. In particular, the total number of 

particles for sets 2 and 3 peaked on the first time point of collection, before dropping 

down to low levels for the rest of the time points. At the final collection time point 

(when cells were around 90-100% confluence, the total number of particles across 

all three sets were comparable (Figure 5.3.6B). At the first 24 h time point, we 

postulate that there may have different levels of apoptosis and necrosis of freshly 

trypsinised cells across different batches of cultures. Hence, we chose to focus on 

the EVs purified from the last 24 h where cells were at their highest confluence state. 

NTA showed that the overall size distribution profiles of EVs at this stage was 

variable across replicate sets of EVs, although the mode size of EVs was still around 

100nm (Figure 5.3.6C&D). Furthermore, we found that the total number of particles 

detected per well was around 7x108 (Figure 5.3.6D), which is substantially lower 

than the levels seen for mouse stem cells or other immortalized cell lines tested (e.g. 

HEK293T). To verify this finding was accurate, we further tested culturing the iPSCs 

in an alternative, more defined media type – TeSR™-E8™ (E8). As compared to 

mTeSRTM, E8 media only contains 8 ingredients with the total absence of albumin. 

As a result, these differences in media composition were clearly reflected in the LC 

chromatograph of CM; where the E8 sample did not show the huge protein peak 

around the 75-110ml elution volume (Figure 5.3.6E). When we simply considered 

the F1 fraction of EVs derived from both media types, we found that both the overall 

particle counts and the size distribution profiles were largely similar (Figure 5.3.6F). 

Unfortunately, we were unable to detect any expression of EV markers (Alix and 
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CD9) via western blotting from any of these human iPSC-derived EVs (data not 

shown). 
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Figure 5.3.6 LC purification and characterisation of EVs from human iPSCs.  
 
(A) LC chromatograph showing the profiles of CM samples collected every 24 h, over a total 
of four days (d1-d4). (B) Graph showing the total number of particles pelleted from the 24 h 
samples across cell confluence, in three replicate sets. (C) NTA size distribution profiles of 
EVs purified on the final 24 h (d4) time point. (D) Graphs showing the mode size of particles 
and the total number of particles per well from the final 24 h time point. (E) LC 
chromatograph showing the profiles of CM samples collected from two different media 
conditions (E8 and mTeSR) of human iPSCs. (F) NTA size distribution profiles of EVs 
purified from these two media conditions. 
 

5.3.7 Human ESCs display higher secretion of EVs than human iPSCs 

 

From section 5.3.6, we noticed low particle counts from the human iPSCs, as 

compared to the mouse samples. As we were unsure if this phenomenon was a 

species or cell type dependent effect, we collaborated with Dr Sarita Panula 

(Karolinska Institutet) to investigate whether human ESCs could be similar to human 

iPSCs in displaying low levels of EV secretion, under the same culturing conditions.  

 

After fractionation of the human ESC sample on the LC column, there was the 

similar detection of a peak at the region corresponding to the F3 protein peaks 

(Figure 5.3.7A). As with the human iPSC samples, we pooled the same region of 

fractions where EVs were expected to elute and performed NTA on this F1 fraction. 

Interestingly, the size distribution of EVs was relatively broader and with multiple 

peaks (Figure 5.3.7B) and this trend was rather different as compared to the human 

iPSC sample (Figure 5.3.6C). In particular, particles from the human ESCs were 

much larger (average mode size was around 150nm) and around 5-fold more 

particles per well (35x108) (Figure 5.3.7C). Furthermore, we were able to detect the 

presence of Alix and Tsg101 in these human ESC-derived EVs through western 

blotting (Figure 5.3.7D). 
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Figure 5.3.7 LC purification and characterisation of EVs from human ESCs.  
(A) LC chromatograph showing the profiles of replicate CM samples from human ESC 
cultures. (B) NTA size distribution profiles of EVs purified from human ESCs. (C) Graphs 
showing the mode size of particles and the total number of particles per well from human 
ESC cultures. (D) Representative western blotting pictures for EV markers (Alix and Tsg101) 
in EVs purified from three replicate sets of human ESCs. 
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5.3.8 DCs differentiated from iPSCs release high amounts of EVs  

 

From section 5.3.7, we observed that there were some differences in the particles 

purified from human iPSCs and human ESCs in terms of the size, the overall 

amounts and the presence of EV markers. To investigate further if this phenomenon 

was specifically due to our iPSC line, we tested collecting EVs derived from DCs 

differentiated from these human iPSCs in collaboration with Dr Alison Leishman and 

Miss Patty Sachmitr (Dr Paul Fairchild’s lab, University of Oxford). 

 

The protocol used for directed differentiation from human iPSCs to DCs was 

developed in Dr Paul Fairchild’s lab. As illustrated on figure 5.3.8A, there is the 

inclusion and subsequent removal of different factors during the entire differentiation 

process, with a change of the media every 48 h. Initially, we collected CM from the 

different stages of the differentiation process (as indicated by the asterisks) and 

purified the EVs using the LC protocol. Across the eluted volume, we saw that all of 

the samples had the same huge protein peak corresponding to the region where the 

F3 protein peaks were found for previous stem cell samples (Figure 5.3.8B). 

Interestingly, when quantified the total number of particles across the eluted volume, 

there was an increase in the peak height at the F1 region, corresponding to the 

progress of the differentiation process (Figure 5.3.8B). 

 

At the end of the differentiation process, the DCs were harvested and half of pool 

was matured. We then collected the CM from these two populations of DCs 

(immature and mature) and fractionated them on the LC column. From the NTA data 

on the F1 fractions, we observed that both the immature and mature DC-derived EVs 
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were had very similar size distribution profiles (Figure 5.3.8C). Overall, the mode 

sizes and total amount of particles were quite similar in both groups of DCs (Figure 

5.3.8D). To further verify these particles as EVs, we extracted RNA and subjected 

them to the small RNA bioanalyzer chip. Interestingly, we saw a similar RNA profile 

in both samples where there was a significant peak at the 60nucleotide range 

(Figure 5.3.8E). Lastly, western blotting of the EVs from both immature and mature 

DCs showed the presence of both EV markers (Alix and Tsg101) and a DC marker 

(CD11c). Interestingly, there appeared to be slightly higher amounts of CD11c in the 

mature than in the immature sample (Figure 5.3.8F). 
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Figure 5.3.8 LC purification and characterisation of EVs from DCs differentiated from 
human iPSCs 
 
(A) Schematic outline of the directed differentiation of human iPSCs into DCs. (B) Graphs 
showing the total protein amounts (µg/µl) (left panel) and total number of particles (right 
panel) across the fractions eluted from the LC column. Samples from the different days of 
differentiation (day 5, 7, 14, 18 and 21) are overlayed on each other. (C) NTA size 
distribution profiles of EVs purified from immature and mature DCs. (D) Table showing the 
mode size and overall yields of EVs from immature and mature DCs. (E) small RNA 
bioanalyzer profiles of EVs purified from immature and mature DCs. (F) Representative 
western blotting pictures for EV markers (Alix and Tsg101) as well as a reported DC marker 
(CD11c) when loading the same number of EVs purified from immature and mature DCs.   
 

 

5.4 Discussion 

 

Based on the data from chapter 3 and chapter 4, we deduced that the LC protocol 

was an optimal method for purification of EVs from stem cell. Hence, we first used 

this methodology to purify and characterise EVs from mouse iPSCs and ESCs, in 

order to unravel their biological functions in stem cell biology. 

 

To verify that our data on EVs from stem cell sources, we purified EVs from two 

different mouse iPSC and ESC lines and quantified these EVs by NTA. Moreover, to 

minimise any differences due to gender or the strain of the mice, we specifically 

selected cell lines, which were derived from female mice of the same mouse strain- 

CBA. Generally, the physical aspects (size distribution, mode size) and the purity of 

EVs from the different iPSCs and ESC lines appeared to be similar with each other. 

Furthermore, the appearance of Alix and CD9 was similar in the EVs and across 

both iPSCs and ESCs. To improve our understanding regarding the exact molecular 

features of these EVs and as compared to their parental cell sources, we performed 

some preliminary proteomics studies on all of these samples. 
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5.4.1 Proteomics of EVs reveal the presence of contaminating proteins 

derived from the media and gelatin 

 

Unlike previous studies on stem cell derived-EVs which were collected from serum-

free conditions (120,349,350), we chose to use the addition of the serum-

replacement media component to all our cultures as we had observed spontaneously 

differentiation of our stem cells in the absence of serum (chapter 4). However, the 

exact composition of the different ingredients in the serum-replacement component 

was not clearly reported. Furthermore, we observed the presence of a huge 

unknown protein bands in the F1 fraction of media alone. Hence, prior to proteomic 

analysis on the stem cell-derived EVs, we first analyzed the identities of proteins in 

the Md media fraction and in the gelatin used for coating the plates. 

 

Most of the proteins in the Md fraction of the media alone were mapped to a variety 

of different cow and mouse proteins. Expectedly for the porcine derived gelatin, we 

detected some pig and mouse proteins. Importantly in both samples, there were 

relatively high amounts of cow albumin and a number of mouse keratin proteins. As 

the serum-replacement media contained AlbuMaxTM (Life Technologies, UK), we 

hypothesised that this is the main source of the cow albumin in our samples. 

Importantly, as it was rather difficult to be certain if these other mouse proteins were 

purely contaminants or possibly EV-associated proteins, we chose to pre-filter and 

eliminate the identities of these proteins before analysing the EV samples. 
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5.4.2 EVs across both stem cell types show high similarity in the overall 

proteome 

 

Generally, we show that the EVs from iPSCs and ESCs have rather similar 

proteome. Although, there was a disparity in the total number of proteins detected in 

the iPSC-EVs as compared to ESC-EVs, most of these exclusively expressed 

proteins did not have any significant difference in enrichments of GO terms. 

Furthermore, we observed a similar enrichment of EV-related GO terms in both 

iPSC-EVs and ESC-EVs over the reference data, which corroborated with our 

western blotting data of EV markers in EVs. Furthermore, from the proteomics data, 

we uncovered the identities of other reported EV markers, which could serve as 

useful indicators for future studies on stem cell EVs.  

 

Next, to understand if these similarities between EVs were specific to EVs or related 

to their parental cells, we analysed the proteome of the cells from which the EVs 

were derived. Generally, the cell proteome of both stem cells were found to be highly 

similar. However, when we cross-compared the EVs individually with their cellular 

source, we noticed very little overlap between the overall total protein identities, due 

to the large difference in overall proteins identified in the cells versus that in the EVs. 

Of the commonly identified proteins, we observed enrichment of specific GO terms in 

EVs over cells, which was unique to iPSC or ESC individually and common 

regardless of cell types. Interestingly, based on the GO terms listed, there is some 

preliminary indication that GO terms enriched in EVs are associated to extracellular 

processes while GO terms enriched in cells are involved in cytoplasmic or nuclear 

processes. Furthermore, we did not detect significant amounts of pluripotent stem 
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cell markers in the EVs as compared to their parental cells. Hence, we speculate that 

the little difference in proteome of EVs from both iPSCs and ESCs could be due to 

both the huge similarities in their parental cell source and the encapsulation of 

specific proteins common to all EVs. 

 

On hindsight though, the proteomics data we described here are general trends 

noticed from our preliminary runs on individual EV and cell samples. Furthermore, it 

is uncertain how the contamination from the media and gelatin might have affected 

the overall mass spectrometry data. To date, there has only been a handful of 

published proteomics studies on mouse ESCs (392) and human iPSCs and ESCs 

(393,394), all of which have been performed on different ESC and iPSC lines. On the 

other hand, there has yet to be any published proteomic data about EVs from 

pluripotent sources. Hence, we believe that by performing more proteomic analysis 

across more EVs samples and across EVs from different stem cell lines, we would 

be more able to ascertain the relevance and applicability of stem cell EVs in stem 

cell biology and regenerative medicine. 

 

5.4.3 Reduced EV secretion from human iPSCs may be cell type 

specific 

 

From our mouse data, we thought it would be interesting to see if the same 

phenomenon was happening in human iPSCs too. Hence, we performed some 

preliminary studies purifying EVs from human iPSCs. The culturing conditions for 

human cells were different from that of mice, where a daily change of media was 

required to maintain the human stem cells in an undifferentiated state. Hence, we 
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decided to capitalise on this set-up and investigate the trend of EV release across 

increasing cell confluence. 

 

Generally, we found that the total number of particles detected peaked at the first 

collection time point. We hypothesise that the release of apoptotic or necrotic 

vesicles from freshly trypsinised cells as they were plated could have skewed the 

particle counts. Hence, we focused on last collection time point instead. 

Unexpectedly, at the final collection time point where the cell confluence was the 

highest, the CM was shown to contain the least number of particles. Furthermore, 

this trend was consistent across two different types of stem cell media for human 

PSCs. Interestingly, these results contradicted with our findings in chapter 3 where 

we found that the total number of particles was proportional to the overall cell 

confluence from both mouse and human immmortalised cell lines. Moreover, the 

overall absolute counts of particles as measured by NTA from human iPSCs was 

significantly lower than that of the mouse iPSCs, when considering similar overall 

cell counts at point of CM collection. 

 

From literature, there have been discussions concerning the species differences in 

stem cells (395). For example, mouse and human pluripotent stem cells (PSCs) 

have been suggested to have contrasting signaling pathways (396). Moreover, 

studies have shown that core developmentally regulated epigenetic factors such as 

myeloid/lymphoid or mixed-lineage leukemia 4 (MLL4), histone deacetylase 2 

(HDAC2) and Kruppel-like factors (KLF) are differentially expressed in the two 

species. Furthermore, the specific targets of both pluripotency markers, such as 

OCT-4, SOX2 and NANOG, and these epigenetic regulators differ significantly 



	
   212 

between species. Moreover, as shown here, mouse and human PSCs were cultured 

differently with respect to the media used and the method of culture. Hence, we 

believe that these differences may have contributed to fundamental differences 

between mouse and human PSCs, and account partially for the differences in our EV 

data. Furthermore, it was not possible to cross compare our earlier mouse EV data 

to these data derivative from the human stem cells. Hence, we sought to investigate 

the trend of EVs from other human cells. 

 

To understand if this phenomenon of low EV secretion from iPSCs was cell type 

specific, we analyzed the release of EVs from human ESCs. Using the same 

experimental set-up as that for iPSCs, we observed that 5-fold more particles were 

purified from ESCs. Furthermore, these particles stained positively for EV markers 

such as Alix and Tsg101. Although iPSCs and ESCs are both PSCs, there have 

been reports about contradictory results from comparison studies conducted 

between these two cell types (386,397,398). On one hand, some have reported on 

the lack of significant differences between ESCs and iPSCs (399–401), rather it was 

commented that variations within individual clones of ESC and iPSC appeared 

greater (402–404). However, there have also been a wealth of papers showing 

differences between iPSCs and ESCs in various aspects such as their differentiation 

potential, DNA methylation status and expression levels of core genes in iPSCs as 

compared to ESCs (376,378,380,381,385). Moreover, some of these differences 

could be linked to the presence of residual transgene expression and epigenetic 

memories of the donor cell in iPSCs (382–384). Interestingly, it was reported that 

other non-described genes responsible for other biological process such as cell-cell 

communication was also found to be expressed at lower levels in iPSCs (405). 
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Hence, we speculate that these differences could possibly explain the lower levels of 

EVs from iPSCs than that from ESCs. 

 

To further ensure that our findings were not due to an unknown abnormality specific 

to our iPSC cell line, we differentiated these iPSCs to DCs and investigated the 

release of EVs from these differentiated cells. Interestingly, we observed an increase 

in particle numbers as the differentiation process to DCs progressed. At the end of 

the differentiation process, both immature and mature iPSC-DCs were found to 

secrete relatively higher numbers of EVs with the expression of both EV markers and 

a DC-specific marker (CD11c) (406). From this data, we believe that the 

phenomenon we observed with human iPSCs may be a specific feature of iPSCs.  

 



	
   214 

5.5 Conclusion 

 

Following the development of an optimal method for purification of EVs from complex 

media sources, as described in chapters 3 and 4, we here performed some 

characterisation studies on the EVs from pluripotent stem cells. First, we 

demonstrate that EVs from both mouse iPSCs and ESCs display similar size 

distributions, appearance under the TEM and purity levels. With our preliminary 

proteomics, we initially demonstrated that there was extensive contamination from 

both the media alone and the gelatin used for coating the culture plates. After 

eliminating the identities of these proteins, we observed that the proteome was 

generally similar in across EVs and cells in these two types of pluripotent stem cells. 

On the other hand, the expression levels of certain proteins in EVs were found to be 

rather different as compared to their parental cells. Next, we performed some 

preliminary experiments to determine if these results were similar in human 

pluripotent stem cells. Unexpectedly, we found that human iPSCs secrete lower 

levels of EVs as compared to human ESCs and DCs derived from these iPSCs. 

Based on these data, we hypothesise that the lower secretion rates of EVs from 

human iPSCs is a cell type specific phenomenon. 
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Chapter 6  

 

General discussion 

 

6.1 Summary of findings from the current study 

 

There have been several lines of evidence showing the roles of different stem cell 

EVs in both stem cell biology and regenerative medicine. However, there has yet to 

be any data published regarding the release and possible roles of EVs derived from 

iPSCs. At the start of this study, we attempted to purify and characterize EVs from 

mouse iPSCs. However, as illustrated in our preliminary test (Chapter 1- Figure 

1.7), we observed a significant discrepancy in the quantities of particles (as 

measured by NTA) with respect to the detection of EV markers. Although EVs are 

known to play an important role in cell-cell communication in both normal physiology 

and in some pathophysiological situations, there was still a lack of consensus on the 

optimal methods to be used for collection and purification of EVs for subsequent in-

depth molecular analysis. Hence, we decided to first re-evaluate the methods for 

collection and purification of EVs, in order to derive a suitable workflow for 

characterization of EVs from iPSCs, which would be of use to the rest of the EV field. 

 

6.1.1 LC is a better method for purification of EVs than UC 
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In chapter 3, we first demonstrated that different physical factors, such as the cell 

density, length of time for CM collection and the type of media used for CM 

collection, had profound effects on the overall quantities and content of EVs released 

in vitro. Generally, the overall quantity of EVs collected was proportional to the cell 

density at the time point of CM collection. However, if the collection period was 

extended to more than 48 h, the pelleted EV samples would typically contain some 

contaminating apoptotic bodies, most probably released from dying cells in the 

culture. This result is of particular importance as we found that these contaminating 

proteins could not be efficiently separated from EVs, even after the use of a sucrose 

gradient centrifugation protocol (Appendix 8.2.1). Moreover, one interesting 

observation from this study was that serum-free culture led to an increase in overall 

EV amounts. However, these EVs derived from serum-free conditions had a 

noticeable difference in overall proteome as compared to EVs derived from cells 

grown under serum-containing conditions1. 

 

For these initial experiments, we employed the use of the most established method 

for EV purification- UC. However, we began to realize that the UC protocol was 

associated with several drawbacks such as operator-dependent yields, low purity 

and implications for vesicle integrity. Hence, we designed an alternative strategy - 

LC and evaluated the resultant LC-purified EVs compared to those pelleted by the 

UC technique. For practical reasons, we first conducted this systematic comparison 

study on EVs derived from serum-free cultures. Here, we demonstrated that the LC 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1	
  This data described here is now published in the Journal of Extracellular Vesicles (Appendix 8.2). 
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methodology was clearly superior to the UC protocol in terms of overall EV yield, EV 

purity and biophysical properties2.  

 

6.1.2 LC allows for the purification EVs of stem cell sources 

 

With these positive findings on using the LC protocol, we next applied the protocol 

for purifying EVs from stem cell media sources. As described in chapter 4, we found 

that stem cells required media supplemented with serum-replacement components, 

for both their normal growth and to maintain pluripotency. Unlike serum-free media, 

stem cell media was found to be relatively more complex, as they contain much 

higher amounts of proteins than regular media types. Hence, we chose to perform a 

similar comparative study, as shown in chapter 3, between the UC versus LC 

protocol for purification of EVs from stem cell sources. Unexpectedly, we observed 

the opposite trend for stem cells; where there were higher particle counts by NTA, 

protein and RNA in the UC pellet than in the LC fraction. Through more thorough 

molecular and physical analysis of the UC pellet, we found that the initial 

comparisons of EV yields based on NTA, protein and RNA measurements were 

misleading. Using LC fractionation, we proved that the UC pellet contained a mixture 

of EVs with non-vesicular proteins and RNAs that had co-precipitated in the UC 

process. Comparatively, the LC protocol was able to purify EVs more efficiently and 

of higher purity. 

 

6.1.3 EVs from mouse iPSCs and ESCs are similar in both molecular 

and physical aspects 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
2	
  The data described here is now published in Nanomedicine (NBM) (Appendix 8.2).	
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Using the LC protocol, we initially started with characterisation of EVs from mouse 

iPSCs and ESCs, as described in chapter 5. Generally, EVs from both pluripotent 

stem cells had similar size distribution profiles, appearance under TEM and similar 

levels of purity. Based on preliminary proteomics studies, the proteome of these EVs 

was generally similar across both iPSCs and ESCs, with the exception of a handful 

of GO terms such as translation processing that was found to be more enriched in 

EVs from iPSCs than those from ESCs. To investigate if these similarities were due 

to the source cells, we investigated and found the proteome of both cells to be rather 

congruent. On the other hand, the comparison between EVs and their respective 

parental cells showed much lower overlap in commonly identified proteins and 

enrichment of several GO annotations of one group over the other.. Interestingly, 

there was a number of GO terms which was commonly identified to be enriched in 

EVs over cells, across both iPSCs and ESCs.  

 

Next, we attempted to extend these findings on EVs to human PSCs. Hence, we 

tried purifying EVs from both human iPSCs and ESCs. Unexpectedly, we found that 

human iPSCs secrete significantly lower levels of EVs as compared to human ESCs. 

On the other hand, once iPSCs are differentiated into DCs, there was a 

corresponding increase in the release of EVs from the differentiating cells. Based on 

these preliminary data, we hypothesised that the lower secretion rates of EVs from 

human iPSCs is cell type specific phenomenon. 
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6.2 Limitations and future directions from the current study 

 

6.2.1 LC method for purification of EVs 

 

Although we have clearly demonstrated that the LC method is optimal for purification 

of EVs in different sample types, there are a number of aspects with respect to the 

current LC protocol, which could be further addressed to supplement our data here 

on the use of LC as a purification method for EVs.  

 

One of the main reasons we advocated the use of LC for purification of EVs was 

based on the ability to maintain vesicle integrity and prevent EV aggregation during 

the purification process. As shown by our biodistribution study (chapter 3), vesicle 

aggregation led to a higher accumulation of UC-purified EVs in the lungs, which 

ultimately could have detrimental effects for the use of EVs for therapeutic uses. 

However, we have yet to demonstrate if maintaining the intactness of vesicles could 

have a similar positive impact on their functionality. Currently, there is an increasing 

number of groups who are keen to use EVs as a form of gene delivery agent for 

different diseases. Hence, it would be particularly relevant to evaluate if the LC 

method of EV purification method could positively influence on both the integrity and 

functionality of EVs. 

 

Next, all of the LC-based purification experiments conducted in this thesis was using 

the same type of gel-filtration column (Sephacryl S-400). On hindsight though, we 

noticed that the LC chromatograph profiles differed slightly, depending on the 
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sample type. Generally in serum-free samples, the vesicular fractions were clearly 

separated from the protein peak (chapter 3). However, in the more protein-rich 

samples such as pre-spun or stem cell CM, the distinction between peaks was less 

obvious. As a result of this poor resolution between the EVs and non-vesicular 

proteins, some of these larger protein contaminants may be included in the stem cell 

EV samples and as a result, were detected in in our proteomics data (chapters 4 

and 5). Apart from the Sephacryl S-400 column we have used here, there are 

several other column types with gel beads of variable pore sizes. Furthermore, some 

studies have recently demonstrated the purification of EVs from plasma using a 

different type of gel material (Sepharose) (83,85). Unfortunately, there is very little 

understanding if the purification of EVs might differ with different gel filtration 

materials. Moreover, depending on the sample type or the downstream applications 

of EVs, one might have to factor in the length of column used. For example, for 

health screening purposes, one might prefer the use of shorter columns for quick 

purification of EVs. On the other hand, when analyzing more complex, protein-rich 

sample types like stem cell media or serum, one might want to utilise longer columns 

for better separation of EVs from the non-vesicular proteins. Hence, there are still 

several aspects of the LC protocol that require more refinement before it could be 

considered as an optimal method for purification of EVs. 

 

In this thesis, we consistently showed that the LC protocol is better than the most 

established protocol for EV isolation- UC. Furthermore, LC is a useful methodology 

for the purification of EVs from a novel cell type- iPSCs. Although we managed to 

improve on the purity of EVs from stem cells significantly with LC, our proteomics 

data showed that these samples were still plagued with contaminants from the media 
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and require further downstream strategies to clean up the sample. Here we tested 

the usefulness of a sucrose gradient centrifugation subsequent to LC, which has 

been reported to be an optimal strategy for purification of EVs (343). Unfortunately, 

we here demonstrated that this extra step did not significantly eliminate the 

contaminants from EVs. Furthermore, we postulate that we were only able to recover 

a low percentage of particles after the gradient centrifugation as most of the vesicles 

may have been fragmented during the centrifugation step or damaged due to the 

differences in osmotic pressure when the starting EV samples were mixed in 2.5 M 

of sucrose. In recent years, there has been the emergence of alternative purification 

methods to replace UC such as precipitation-based capture and immuno-based 

capture (as discussed in chapter 1). Hence, it would be particularly interesting to 

cross compare the LC protocol with these alternative purification protocols and test 

whether some of these purification strategies could be used in combination to 

improve on the purity of EVs.  

 

All in all, we here demonstrated that the molecular and biophysical phenotype of EVs 

could change depending on the type of purification method used. As a result of 

different studies employing the use of different purification strategies, the molecular 

data on EVs from the same cell type present fairly varied results. We feel that these 

additional comparison studies would contribute to the search for an optimal method 

for EV purification across different sample types and in turn, ensure more coherent 

EV data from the various labs across the world. 

 

On a side note, we here focused solely on EVs purified by the LC column. However, 

one could also collect fractions after the initial EV peak to investigate the overall cell 
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secretome. As discussed in chapter 1, MSCs were found to secrete EVs and free 

cytokines, which contributed to a regenerative effect when applied to injury models 

such as myocardial infarction and acute renal injury. Hence, apart from purifying 

EVs, we feel that the LC protocol would serve as a useful tool for the evaluation of 

the entire secretome from cells. In particular, the LC column could be used to 

evaluate how vesicular RNAs and circulating extracellular RNAs from the non-

vesicular fractions could contribute to various physiological and pathological 

conditions. 

 

6.2.2 Characterisation studies on stem cell vesicles  

 

In chapter 5, we performed more in-depth characterisation studies on EVs derived 

from mouse iPSC and ESCs to elucidate their roles in stem cell biology. On hindsight 

though, there were some aspects of the current study set-up that could be improved 

on and followed up with future investigations. 

 

Firstly, our proteomics analysis showed presence of high levels of cow albumin, 

which could have interfered with both the protein quantification and mask the 

detection of other less abundant EV proteins. As discussed in section 6.2.1, one 

solution would be to find alternative strategies to further improve on the purity of the 

LC product. Alternatively, one could switch to more chemically-defined media and 

control the inclusion of ‘contaminating’ proteins such as albumin. For human 

pluripotent stem cells, there has already been several papers reporting on the 

availability of serum-free and albumin-free media for human stem cells such as the 

TeSRTM-E8 media (407–409). Importantly, the total protein content in this media is 
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433 times less than mTeSRTM-1 media. Furthermore, when we tested this media on 

the LC, we found that the second extensive protein peak in LC chromatograph of 

stem cell media was notably absent. Hence, it would be very useful to develop 

similar defined media formulations for future studies on EVs from mouse stem cells. 

 

Next, we here show that the overall small RNA profiles of EVs across different cell 

types: mouse stem cells (chapters 3 and 4) and human DCs differentiated from 

iPSCs (chapter 5) are largely similar. Notably, there was a distinct peak at the 60 

nucleotide size range consistently across all EVs types, regardless of their parent 

cells. Furthermore, the small RNA pattern of EVs was rather different from cell 

samples (chapter 5). This unique small RNA profile in EVs was previously similar to 

that in EVs collected from B-lymphoblasts (410). Furthermore, several deep-

sequencing studies on EVs suggest the enrichment of several small non-coding RNA 

species such as tRNAs, snoRNAs and Y-RNAs (411). Also, the two early studies on 

ESC-EVs demonstrated the selective enrichment of RNAs associated with 

pluripotency factors into EVs. Hence, it would be interesting to further analyse the 

exact identities of RNAs across our EVs samples derived from the different cell types 

and evaluate the presence of common and cell-specific RNA markers. Subsequently, 

these common RNA markers could be useful for identification of purified EVs, similar 

to how EV protein markers are currently being applied.  

 

Lastly, all of our EV data here were merely descriptions of the molecular phenotypes 

of stem cell EVs. In order to link these data to their biological functions, it would be 

crucial to perform more functional studies such as the transfer of stem cell EVs to 

recipient cells or via the use of co-culture systems. On the side, we attempted to 
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transfer our mouse iPSC-EVs and ESC-EVs onto mouse fibroblasts. Unfortunately, 

we failed to detect any transfer of any stem cell markers (data not shown). Apart 

from our data here, there has only been two other reports about EVs from iPSCs to 

date. The first is a poster presentation which described the transfer of bioactive 

content following the incubation EVs from mouse iPSCs on human cells. The second 

presentation described the transfer of active content in EVs derived from human 

iPSC onto primary mature cardiac cells. In both of these studies, the authors suggest 

that these iPSC-EVs may be carriers of pro-angiogenic, cardiomyogenic factors for 

use in future heart regeneration strategies (304). With hindsight though, the authors 

had employed the use of the UC methodology for purification of their EVs. In 

chapters 3 and 4, we demonstrated that purification using UC led to the co-pelleting 

of other proteins from the protein rich media. Hence, it would be interesting to cross-

compare if our LC-purified EVs from iPSCs could have a similar therapeutic effect as 

shown by these authors. 

 

Beside EVs from stem cells, another interesting finding from this study was the 

increasing amounts of EVs released as the differentiation of stem cells progressed 

into DCs. In a recent report, Nair et al. demonstrated that EVs from preosteoblasts 

were able to direct ESC differentiation to a neuroectodermal state (412). Similarly, 

we hypothesis that the EVs released through the differentiation process may 

encourage the differentiation state of stem cells through the exchange of DC-specific 

factors. Furthermore, we here proved that EVs are released from DCs differentiated 

from human iPSCs. In line with the idea of using DC-EVs as immunotherapeutic 

agents, we postulate that these iPSC-DCs could potentially serve as one alternative 

source of such EVs. Interestingly, one recent report has shown that EVs released 



	
   225 

from MSCs differentiated from iPSCs were beneficial in cutaneous wound healing 

and tissue repair through the promotion of collagen synthesis and angiogenesis 

(413). 
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6.3 Concluding remarks  

 

From the studies described in this thesis, we have discovered that the type of 

purification method could have a profound impact on both the molecular and physical 

aspects of EVs. Subsequently, these results could have huge implications on 

downstream characterisation or application of EVs in therapeutic settings. Here, we 

demonstrated that the LC protocol is clearly superior to the original UC method in 

terms of vesicle yield, purity and integrity. This phenomenon was consistently 

observed for the derivation of EVs from both serum-free and complex stem cell 

media. Stem cell EVs (e.g. MSC-EVs) have been postulated to influence the stem 

cell maintenance and used as potential therapeutic agents in regenerative diseases. 

Here, we show novel characterisation data on EVs purified from both mouse and 

human iPSCs. Our preliminary proteomics data indicated that EVs from mouse 

iPSCs closely resembled that of EVs from mouse ESCs. However, the general 

proteome of EVs differed greatly from that of their parental cells; GO terms enriched 

in EVs were observed to be associated to extracellular processes while GO terms 

enriched in cells were found to be involved in cytoplasmic or nuclear processes. On 

the other hand, we observed that human iPSCs release relatively fewer EVs as 

compared to human ESCs and DCs differentiated from the same iPSCs. We believe 

that this phenomenon may be a cell-specific feature due to the different molecular 

state of iPSCs. Nonetheless, our data here clearly indicate that both iPSCs and 

ESCs do release EVs. Hence, it would be interesting to further investigate how these 

EVs could be used for studying stem cell biology or as potential tools for 

regenerative medicine. 
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Chapter 8: Appendix 
 
Appendix 8.1 Conferences and Seminar presentations 
 
Year: 2012 
 
Name of conference: International Society for Extracellular Vesicles (ISEV) 2012 
Location of conference: Gothenburg, Sweden.  
Date of conference: 18th-21st April 2012 
 

• Abstract 1 accepted for oral presentation 
“Characterisation of exosomes isolated from dendritic cells differentiatied from human iPS 
cells” 
Lee Y, Li J, Gardiner C, Leishman A, Davies T, EL Andaloussi S, Sargent I, Fairchild P, 
Wood MJ 
 

• Abstract 2 accepted for oral presentation 
“Characterisation of exosomes secreted from neuronal sources” 
Li J, Lee Y, Gardiner C, EL Andaloussi S, Lakhal-Littleton S, Sargent I, Wood MJ 
 
 
Year: 2013 
 
Name of conference: International Society for Extracellular Vesicles (ISEV) 2013 
Location of conference: Boston, USA 
Date of conference: 17th- 20th April 2013 
 

• Abstract 1 accepted for poster presentation 
“ Characterisation fo exosomes from human induced pluripotent stem cells (hiPSCs) and 
dendritic cells differentiated from hiPSC (hiPSC-DCs)” 
Lee Y, Leishman A, Sachamitr P, Davies T, EL Andaloussi S, Fairchild P, Wood MJ 
 

• Abstract 2 accepted for poster presentation 
“LC purification of exosomes: way forward or dead end?” 
Nordin, JZ, Lee Y, Wiklander OPB, Vader P, Smith Ed, EL Andaloussi S 
 

• Abstract 3 accepted for poster presentation 
“Exosomes for delivery of small RNAs to tumours” 
Vader P, Nordin JZ, Wiklander O, Lee Y, Roberts T, Seow Y, El Andaloussi S, Wood MJ 
 

• Abstract 4 accepted for poster presentation 
“Characterisation of exosomes secreted from in vitro neuronal cell lines” 
Li J, Lee Y, Vader P, EL Andaloussi S, Mager I, Gardiner C, Sargent I, Wood MJ 
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Year: 2014 
 
Name of conference: International Society for Extracellular Vesicles (ISEV) 2014 
Location of conference: Rotterdam, Netherlands 
Date of conference: 30th April- 3rd May 2014 
 

• Abstract 1 accepted for poster presentation 
“Characterisation of extracellular vesicles (EVs) from the secretome of human induced 
pluripotent stem cells (iPSCs) during the differentiation into dendritic cells (DCs)” 
Lee Y, Leishman A, Sachamitr P, Davies T, EL Andaloussi S, Fairchild P, Wood MJ 
 

• Abstract 2 accepted for oral presentation 
“Ultrafltraton and size exclusion liquid chromatography enable high yield isolation of pure 
exosomes that retain their biophysical properties” 
EL Andaloussi S, Nordin JZ, Lee Y, Vader P, Johansson H, Gardiner C, Heusermann W, 
Wiklander O, Mager, Wood MJ 
 

• Abstract 3 accepted for poster presentation 
“Characterisation fo proteomic and RNA profiles of extracellular vesicles and non-vesicular 
secreted material” 
Mager I, Lee Y, Sork H, Nordin J, Heldring N, Wiklander O, Vader P, Johansson H, Lethio J, 
Le Blanc K, EL Andaloussi S, Wood MJ 
	
  

• Abstract 4 accepted for poster presentation 
“Extracellular vesicles for delivery of small RNAs” 
Vader P, Lee Y, Mager I, EL Andaloussi S, Wood MJ 
 

• Abstract 5 accepted for poster presentation 
“Biodistribution of exosomes: evaluation of different cell sources, does and time points” 
Wiklander O, Nordin J, O’Loughlin A, Lee Y, Alvarez-Erviti L, Mager I, Vader P, Smith Ed, 
Wood MJ, EL Andaloussi S 
 
Year: 2015 
 
Name of conference: International Society for Extracellular Vesicles (ISEV) 2015 
Location of conference: North Bethesda, Washington DC, USA 
Date of conference: 23rd April- 26th April 2015 
 

• Abstract 1 accepted for poster presentation 
“Investigation on how different purification methodologies can affect the characterization of 
extracellular vesicles from pluripotent stem cell sources” 
Lee Y, Mager I, Wood MJ, EL Andaloussi S 
 

• Abstract 2 accepted for poster presentation 
“Characterization and functional evaluation of distinct subpopulations of extracellular 
vesicles released by melanoma cells” 
Vader P, Willms E, Johansson H, Mäger I, Lee Y, Lehtio J, EL Andaloussi S, Wood MJ 
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Appendix 8.2 Manuscripts accepted for publication 
  
Year 2012 
 
Title of review: Exosomes and microvesicles: extracellular vesicles for genetic information 
transfer and gene therapy. 
List of authors: Lee Y, EL Andaloussi S, Wood MJ 
Name of journal: Human Molecular Genetics, Vol 21(R1): R125-34 
doi: 10.1093/hmg/dds317 Epub on Aug 7, 2012 
 
Title of paper: Exosome-mediated delivery of siRNA in vitro and in vivo 
List of authors: EL-Andaloussi S*, Lee Y*, Lakhal-Littleton S*, Li J, Seow Y, Gardiner C, 
Alvarez-Erviti L, Sargent IL, Wood MJ 
Name of journal: Nature Protocols, 7(12): 2112-26 
doi: 10.1038/nprot.2012.131 Epub on Nov 15, 2012 
* co-1st author 
 
Year 2014 
 
Title of paper: Correlating In Vitro Splice Switching Activity With Systemic In Vivo Delivery 
Using Novel ZEN-modified Oligonucleotides 
List of authors: Hammond SM, McClorey G, Nordin JZ, Godfrey C, Stenler S, Lennox KA, 
Smith CI, Jacobi AM, Varela MA, Lee Y, Behlke MA, Wood MJ, EL Andaloussi S 
Name of journal: Molecular Therapy Nucleic Acids 
2014 Nov 25;3:e212. doi: 10.1038/mtna.2014.63 
 
Year 2015 
 
Title of paper: Serum-free culturing conditions alter the quantity and protein composition of 
neuroblastoma-derived extracellular vesicles 
List of authors: Li J*, Lee Y*, Johansson H, Mager I, Vader P, Nordin JZ, Wikander O, Lehtio 
J, EL Andaloussi S, Wood MJ 
Name of journal: Journal of Extracellular Vesicles (JEV) 
Manuscript accepted on 15th April 2015 
* co-1st author 
 
Title of paper: Ultrafiltration with size-exclusion liquid chromatography for high yield isolation 
of extracellular vesicles preserving intact biophysical and functional properties 
List of authors: Nordin JZ*, Lee Y*, Vader P, Mager I, Johansson H, Heusermann W, 
Wiklander O, Hallbrink M, Seow Y, Bultema, J, Gilthorpe J, Davies T, Fairchild P, 
Gabrielsson S, Meisner-Kober N, Lehtio J, Smith CI, Wood MJ, EL Andaloussi S 
Name of journal: Nanomedicine: Nanotechnology, Biology and Medicine (NBM)  
2015 Feb 4. pii: S1549-9634(15)00027-1. doi: 10.1016/j.nano.2015.01.003 
* co-1st author 
 
Title of paper: Extracellular vesicle in vivo biodistribution is determined by cell source, route 
of administraiton and targeting 
List of authors: Wiklander OPB, Nordin JZ, O’Loughlin A, Gustafsson Y, Mager I, Vader P, 
Lee Y, Corso G, Sork H, Seow Y, Heldring N, Alvarez-Erviti L, Smith CI, Le Blanc K, 
Macchiarini P, Jungebluth P, Wood MJ, EL Andaloussi S 
Name of journal: Journal of Extracellular Vesicles (JEV) 
Manuscript accepted on 20th March 2015, 10.3402/jev.v4.26316 
 
 


