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ABSTRACT 

 

Exosomes are small lipid-bound extracellular vesicles (30 – 150 nm in diameter) 

that are released via the endosomal pathway to mediate communication with target 

cells through the delivery of specific cargo. This cargo can include proteins, such 

as growth factors, as well as nucleic acids, such as regulatory miRNA and coding 

mRNA, which can collectively influence biological processes such as cellular 

proliferation and migration.  Exosomes are present in multiple bodily fluids, 

including amniotic fluid, urine, plasma, serum, and saliva; they therefore have 

applications in biomarker development, immune system modulation, regenerative 

medicine, cancer therapeutics and drug delivery. Umbilical cord blood serum 

(UCBS) contains many growth factors, and cytokines and has been shown to be 

efficacious in the treatment of corneal damage and ocular surface disorders; it is 

commercially available as Optiserum, a 20% dilution of UCBS. The current study 

aimed to isolate and characterise exosomes from the cord blood serum in 

Optiserum. The Optiserum samples were provided by Next Biosciences (Midrand, 

South Africa). Exosomes were isolated from Optiserum using PEG6000 and 

characterised using tunable resistive pulse sensing (TRPS), transmission electron 

microscopy (TEM) and immunocytochemistry (ICC). The effect of these exosomes 

vs. UCBS on cell proliferation was determined using the standard MTS assay. Total 

protein and epidermal growth factor (EGF) levels were then determined using the 

Bradford assay and Quantikine EGF ELISA respectively, while cytokine levels were 

measured using the Bio-Plex Pro Human Cytokine Screening Panels (27-plex and 

48-plex). Exosomes, characterised by their cup-shaped morphology and 

expression of Cluster of Differentiation 81 (CD81), with a mean diameter of 111  

12 nm and an average concentration of 6 x 109  3 x 109 vesicles/ml were 

successfully isolated from Optiserum. The average total protein concentration in 

exosomes was determined to be 1  0.1 mg/ml, compared with 14.7  2.5 mg/ml of 

the original Optiserum (indicating 7% of total protein in the exosome fraction). To 

determine the effect of the UCBS-isolated exosomes on cell proliferation over 24 
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hours, human embryonic kidney 293 (HEK293) cells were cultured in the absence 

or presence of 1 x 103 – 1 x 108 exosomes in serum free medium (SFM); serum 

containing medium (SCM) was used as a positive control, whereas SFM was used 

as a negative control, for proliferation.   Exosomes were taken up by HEK293 cells 

and observed to increase cell proliferation in comparison with cells cultured in SFM 

alone; specifically, cells cultured in SFM containing 1 x 108 exosomes promoted 

cellular proliferation to levels that exceeded the proliferative effect of SCM. Protein 

analysis revealed exosome enrichment of β-Nerve Growth Factor (b-NGF) and 

Interleukin-15 (IL-15) when compared with the matched Optiserum batch. Both the 

Chemokine Growth-Regulated Protein–α (GRO-a) and Tumor Necrosis Factor–α 

(TNF-) were present at comparable levels in the exosomes and the Optiserum 

from which they were isolated. In conclusion, exosomes can be successfully 

isolated from cord blood serum and, despite containing a fraction of the total 

protein that exists in the original serum, they can promote proliferation of HEK293 

cells. This may be related to the demonstrated enrichment of specific proteins as 

well as ability to deliver cargo directly to the target cell. Future studies will continue 

to explore the mechanism of action and will additionally include cargo loading with 

proteins of interest as well as the analysis of the effect of UCBS-derived exosome 

on in vitro and in vivo wound healing models. 
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Chapter 1: Introduction 

 

1.1. Exosomes 

Four decades ago, two studies reported the release of small extracellular vesicles (~50 

nm) by immature red blood cells [1, 2].  Initially, these extracellular vesicles were thought 

to be no more than cellular waste carriers, but subsequent studies proved that this was 

very far from accurate [3]. Evidence suggested that they participate in an array of 

biological processes including immunity, carcinogenesis, and regeneration. These 

vesicles would later be termed exosomes by the groups that conducted the studies [4]. 

Contemporarily, exosomes are widely defined as extracellular vesicles (EVs) within the 

30-150 nm diameter size range [5]. However, the exact size range as well as 

nomenclature of exosomes has been met with controversy [6]. Various studies have 

reported contradicting exosomes size ranges. This has led to widespread concerns as to 

whether the term ‘’exosome’’ is appropriate; recent suggestions indicate that they could 

rather be referred to as ‘’small extracellular vesicles’’; however, for the sake of 

consistency and for the purposes of this study, they will be referred to as exosomes [7]. 

Exosomes are now accepted to act as important mediators of inter-cellular 

communication and signalling [8]. This makes them a very interesting research subject 

because understanding how they facilitate this communication could enable us to utilise 

exosomes for various therapies and understand disease progression. Exosomes facilitate 

cellular communication by transporting cargo (which includes biomolecules such as 

proteins, lipids, and miRNA) to a target cell and then inducing physiological changes 

through changes in gene expression which ultimately modifies cellular processes such as 

proliferation and migration [9, 10]. Docking of these message carriers with their target 

cells can be in the form of endocytosis, fusion with the plasma membrane and 

phagocytosis. Sometimes, the exosomes do not even enter the cell, but elicit a biological 

cellular response by interacting with cell surface receptors [11]. Their presence in all body 

fluids therefore makes them interesting subjects for disease biomarker development 

research [12]. 
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Other EVs, apart from exosomes, include apoptotic bodies and microvesicles (MVs); they 

differ from exosomes in terms of size and biogenesis. To understand what sets exosomes 

apart, it is important to understand EV biogenesis. MVs and apoptotic bodies, which both 

bleb directly from the plasma membrane, have respective size ranges of 100 nm to 1000 

nm and 1000 nm to 5000 nm (Figure 1.1)[13, 14].  Exosomes and most MVs are therefore 

substantially smaller than apoptotic bodies as well as non-nucleated and nucleated adult 

cells. Moreover, larger vesicles (MVs and apoptotic bodies) formed via membrane 

budding express CD40, whereas smaller ones (exosomes) are generated through the 

endosomal pathway and express tetraspanins such as CD9, CD81 and CD63 [15]. 

 

Figure 1.1: Illustration of extracellular vesicle sizes in comparison to commonly known human cells (adapted 
from [16]). Exosomes have a size range of 30 - 150 nm, followed by microvesicles with a size range of 100 – 1000 nm 
and lastly apoptotic bodies with a size range of 1000 – 5000 nm [16, 17]. 
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1.1.1. Exosome biogenesis  

Exosomal formation begins with the inward budding of the plasma membrane to form a 

lipid bilayer ring called the endosome (Figure 1.2, step 1). Membranous macromolecules 

such as lipid-anchored proteins, which would be on the extracellular region of the plasma 

membrane are then found on the inner region of the endosome membrane. As the 

endosome passes through various phases of maturation, it also undergoes inward 

budding which is similar to endocytosis. This results in the formation of multiple small 

vesicles in the endosome; these are called intraluminal vesicles (ILVs) and they contain 

cargo (Figure 1.2, step 2). The sorting of cargo into the ILVs is highly specific and is 

controlled by the endosomal sorting complex required for transport (ESCRT). At this point, 

the mature endosome is referred to as the multivesicular body (MVB) and it can now 

follow one of two fates (Figure 1.2, step 3). The first is that it can fuse with the lysosome, 

leading to the degradation of the ILVs. The alternative is fusion of the MVB membrane 

with the plasma membrane. This results in the release of ILVs into the extracellular space 

which are now termed exosomes [18-20]. 

Due to their production via the endosomal pathway, exosomes are enriched in multiple 

proteins characteristic of this pathway. These include the ALG-2-interacting protein X 

(Alix) and the Tumor Susceptibility Gene 101 protein (TSG101). These are cytosolic 

proteins found in exosomes and are responsible for MVB formation via association with 

the ESCRT [21-23]. Other proteins include flotillins (e.g., Flotillin 1) and annexins (e.g., 

Annexin A1) which are responsible for cargo sorting and exosome exocytosis respectively 

[24-26]. Lastly, proteins of the tetraspanin family (e.g., CD9, CD63 and CD81) have been 

reported to be highly abundant in exosomes along with metabolism-linked proteins (e.g., 

GAPDH) and cytoskeleton-linked proteins (e.g., β-actin) [27, 28]. The role of tetraspanins 

and β-actin in exosome formation have not been fully elucidated but GAPDH has been 

reported to be involved in ILV formation [28-30].   
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Figure 1.2: A schematic diagram of exosome formation. 1) Inward budding of the cell membrane forming the early 
endosome. 2) Early endosome undergoing further budding to form intraluminal vesicles (ILVs). 3) Early endosome 
matures into multivesicular body (MVB)/multivesicular endosome (MVE), which succumbs to one of 2 fates: 4) MVB 
fusion with the lysosome. 5) MVB fusion with the cell membrane to release ILVs into extracellular space. 6) Direct 
outward budding of cell membrane forming microvesicles (MVs). Adapted from [31]. 

 

1.2. Characterisation  

Although techniques that determine the size profile, such as nanoparticle tracking 

analysis (NTA) or tunable resistive pulse sensing (TRPS), of an extracellular vesicle 

sample are a first step towards exosome characterisation, it is important to use additional 

methods to identify those aspects which make exosomes unique when compared with 

other EVs (other than potentially size). This is in part due to the fact that the reported size 

ranges of exosomes overlap with that of the MVs (see Section 1). Thus, it is important to 

include additional characterisation methods to confirm the purity of an isolated exosome 

sample. 

As mentioned earlier, the exosome membrane contains proteins which would have been 

found on the plasma membrane of the original generating cell. These include flotillin-1 

and the tetraspanins CD9, CD63 and CD81. These proteins are accepted as general 
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exosomal biomarkers because they are highly expressed on exosome membranes 

compared to other EVs. Tetraspanins are considered as markers of the endosomal 

pathway by which exosomes are produced [32]. They are also involved in an array of 

pathways associated with exosome production, specificity, uptake and cargo sorting [28, 

33]. This information is key to the characterisation of exosomes where antibody-based 

techniques are used to detect these markers. Other methods, such as transmission 

electron microscopy (TEM) can be utilised to identify exosomes based on their specific 

morphology [34]. These techniques will all be discussed in more detail in the next 

sections. 

 

1.2.1. Nanoparticle tracking analysis (NTA) 

NTA is a widely used exosome characterisation method first utilised a decade ago for the 

characterisation of EVs [35]. The foundation of NTA is so-called Brownian motion. 

Particles moving in a liquid collide randomly with the water molecules. By projecting a 

laser beam through the sample, the NTA machinery tracks individual particles in the 

solution and correlates the speed and light scattering to their size (Figure 1.3A). Thus, 

NTA provides quantitative data which includes size, distribution, and concentration of 

vesicles [36]. Figure 1.3B depicts a typical NTA size profile for a range of EV samples. In 

a sample of pure exosomes, the peak is approximately 100 nm and none of the particles 

have a diameter greater than 150 nm, whereas in a sample that includes MVs, the profile 

shows peaks greater than 150 nm. This is an important consideration when it comes to 

assessing the efficiency of an isolation method; it is worth remembering that exosomes 

overlap in size with other EVs.  

NTA can detect particles as small as 10 nm and as large as 2000 nm and sample 

preparation is very short. It however has a sample volume requirement of at least 250 µl. 

This might be challenging to accomplish depending on the vesicle yield as the method’s 

detection range is 2 – 10 x 108 vesicles/ml and outside this range, the accuracy is reduced 

[37, 38]. Moreover, difficulty comparing data generated using NTA has been reported in 

literature. This is because it is heavily user-dependant and cannot distinguish clumped 

particles from large ones [39]. 
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Figure 1.3: NTA basic principle. A) A laser beam is directed on particles suspended in a liquid. The scattered light is 
detected by a microscope and used to generate a size profile B) NTA Profile for a mixture of EVs (MIX), pure exosomes 
(EXO) and pure microvesicles (MVs) [36, 40]. 

 

1.2.2. Tunable Resistive Pulse Sensing (TRPS)  

Contrary to detecting light scatter, tunable resistive pulse sensing (TRPS) electrically 

determines vesicle size distribution and concentration. Using voltage and pressure, the 

vesicles are passed through a nanopore in a non-conductive membrane. This membrane 

is located between two fluid cells containing an electrolyte, usually phosphate-buffered 

saline (PBS). When voltage is applied, an electrical baseline current is established in the 

nanopore. When pressure is applied it forces particles to progress through the pore. 

Because EVs such as exosomes are negatively charged, they also move through the 

nanopore via electric repulsion when the voltage is applied. As the particles move through 

the nanopore, the electrical current is disturbed and there is a temporary decrease in 

current. Both the frequency and magnitude of this disturbance (“resistive pulse’’) 

correspond to particle concentration and size respectively. This is quantified by the 
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software and compared to the blockades caused by standard polystyrene calibration 

nanoparticles of known concentration to establish a size profile based on the vesicles in 

the sample [41].  

The Exoid (Izon Science, France) can be used for the purposes of TRPS of EVs. 

Quantitative data is generated, and typical results provide information about the 

concentration, diameter as well as size span of the isolated vesicles (Figure 1,4). Similar 

to NTA, the Exoid can provide information such as the particle diameter and the d-values. 

The particle diameter information provides the mean (with standard deviation) and mode 

diameters of detected vesicles. The d-values (d90, d50, d10) provide information about 

the minimum diameter that a certain percentage of the measured particles fall under. For 

example, the d90 value of 150 indicates that 90% of the particles have a diameter of 150 

nm and below, while a d50 value of 98 indicates that 50% of the particles have a diameter 

of 98 nm and below [42]. However, unlike NTA, the Exoid generates additional data 

depicting the minimum particle size, maximum particle size, as well as the d90/d10 value 

(Figure 1.4). The d90/d10 value measures the spread of the particles and is directly 

proportional to the heterogeneity of the particles. Hence, the more homogenous the 

particles are, the closer this value will be to 1 [43].  Furthermore, following sample 

preparation for TRPS, only 35 µl volume of the diluted sample is required for analysis 

(unlike the 250 µl required in NTA). The method is highly accurate as it can characterise 

each vesicle passing through the nanopore rather than using an algorithm that utilises the 

average reading. 
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Figure 1.4: Size profile of vesicles isolated from umbilical cord blood serum generated using TRPS. The data 
was generated using sample 621 (denoting the Optiserum batch the exosomes were isolated from). The raw 
concentration represents the actual concentration in the original sample as it accounts for the fact that the sample 
measured was diluted prior to analysis.   

 

As with NTA, one of the main challenges with TRPS is the inability to distinguish EVs 

from other non-EV particles such as lipoproteins [44]. Moreover, even though the method 

can detect vesicles ranging from 50 nm to 11300 nm, this requires the use of multiple 

nanopores which is time-consuming (Figure 1.5). This is because each nanopore can 

only quantify particles of a certain diameter range. For example, the NP100 class can 

quantify particles within the 50 nm – 330 nm size range. Although synthetic particles such 

as polystyrene beads may be easily quantified using the NP100, biological samples are 

highly heterogenous and the presence of larger particles and bio-particle aggregates 
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(which may be naturally present in sample or form during the vesicle isolation) cause 

blockade of the pore and prevent further quantification. Sometimes the blockade can be 

undone by applying negative pressure, but it is a futile exercise because it does not 

remove the particles larger than the pore and subsequent blockade becomes inevitable. 

This means that vesicle concentration in samples may be underestimated. An additional 

challenge is the short lifespan of the membranes (exacerbated by inevitable clogging 

which is sometimes irreversible) as well as the cost of replacement nanopores.  

  

 

Figure 1.5: Nanopore classes and their particle diameter detection range. Nanopore classes are grouped 
according to the range of particle size range that they can measure, the type of calibration particles to be used as well 
as the sample target concentration [45].  
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1.2.3. Flow Cytometry 

Using multiple apparatuses including lasers and filters, flow cytometry optically qualifies 

exosomes based on how they scatter light or the fluorescence they emit based on the 

fluorophore and antibody used to detect them [46]. Although up to 12 different exosomal 

membrane markers can be detected using flow cytometry, most conventional flow 

cytometers are not ideal for exosome characterisation due to the small size of these 

vesicles and the fact that they have a low refractive index [47, 48]. Most commercially 

available flow cytometers have a resolution of 500 nm [49, 50].  

To combat this hurdle, the exosomes would have to be captured using antibody-coated 

beads [51]. The optimised technique involves producing magnetic beads with a high 

affinity for a specific exosome marker (e.g CD9) by incubating streptavidin-coated beads 

with biotinylated antibodies against the first marker. This is followed by the capture of the 

exosomes by incubating the sample with the beads. The bead-bound exosomes are then 

labelled for a second marker such as CD81 via incubation with an anti-CD81 antibody. 

Flow cytometry is then performed on this bead-exosome conjugate.  However, this 

method is not time-effective or cost-effective and may require additional steps such as 

size-exclusion chromatography or a sucrose cushion to remove unbound antibodies 

which cause background fluorescence [52]. 

An alternative would be to use an optimised high-end imaging flow cytometer (IFC) such 

as the AMNIS® ImageStreamXMk II which would be the most suitable for exosome 

characterisation as it has a 20 nm sensitivity [50]. These are similar to conventional flow 

cytometers, but their detectors use not photomultiplier tubes (PMT’s) but rather charge-

coupled device (CCD) cameras which have lower noise as well as more sensitivity [53]. 

However, these require a highly experienced user to configure the instrument and there 

is high variability between equipment, making data comparison challenging. Lastly, the 

calibration beads used for this method are generally polystyrene and/or silica 

nanospheres, but these can scatter up to 300-fold more light than exosomes [54]. This 

causes concern as to the accuracy of the calibration.   
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1.2.4. Electron Microscopy 

Electron microscopes use an electron beam and have a high resolving power compared 

to traditional light microscopes; this is because the electron wavelength is about 100,000 

times shorter than the photons of visible light and thus the magnification can be a 1000-

fold compared to light microscopy. Extracellular vesicles can be analysed using 

Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM) and 

cryogenic electron microscopy (CryoEM) (Figure 1.6). 

 

Figure 1.6: Microscopy-based characterisation of exosomes. A) Exosomes visualised using TEM depicting (A1) a 
cup-like morphology or (A2) round morphology [55, 56]. B) Exosomes visualised using SEM [34]. C) TEM principle 

versus Cryo-EM and the image of an exosome generated using Cryo-EM [57, 58]. 

 

In TEM, electrons are passed through the sample. This gives detailed information 

including the size of the exosomes as well as their membrane morphology. Depending 

on the sample preparation, exosomes appear to have a cup/doughnut shape or a round 

shape (Figure 1.6A1 and A2, respectively). When analysing samples, one is therefore 

looking for a specific morphology in order to confirm the exosome nature of the sample. 

The images produced are 2-dimensional and the resolution can be as little as 1 nm. 
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Sample preparation generally includes fixation using 2% paraformaldehyde where the 

formaldehyde causes the formation of permanent protein linkages which causes the 

preservation of the vesicle structure [59]. This is followed by mounting onto TEM grids 

(copper or nickel), rinsing with PBS, incubation with glutaraldehyde, rinsing with water, 

staining with uranyl acetate, air-dying and then finally imaging [60]. Although the method 

provides excellent ultrastructural information, these microscopes are costly, and TEM 

cannot provide data about the particle size distribution of a large number of exosomes.  

Similarly, sample preparation for SEM includes fixation with formaldehyde (for optimum 

results [61]). Following fixation and dehydration, the sample is coated with a conductive 

metal, usually gold. The metal serves to scatter the electrons and from that scatter, 

external information about the exosomes can be obtained [62]. Although commonly used, 

gold provides low resolution images compared to the likes of tungsten or carbon [63]. 

SEM images provide detailed morphological information about exosomes (Figure 1.6B) 

as well as quantitative information such as particle size distribution.  

Both TEM and SEM involve sample dehydration, and this can cause vesicle shrinkage. 

Cryo-EM combats this challenge as no sample fixation is involved and is a superior 

approach to TEM and SEM [58]. This method uses the TEM principle, but as there is no 

fixation there is less shrinkage of the exosomal membrane [64]. The sample containing 

exosomes is placed on a grid, vitrified then kept frozen in liquid nitrogen before imaging 

[65]. This method appears to be preferable due to its simplicity and the ability to clearly 

displays the exosome bilayer (Figure 1.6C). However, additional sample freezing 

equipment, not available in all institutions, is required [66, 67]. 

 

1.2.5. Immunocytochemistry (ICC) 

This is a technique generally used in biomedical research for the identification of specific 

biomolecules such as proteins (in or on cells) using antibodies [68]. These cells are 

generally allowed to adhere onto glass slide coverslips before fixation and subsequent 

antibody labelling [69]. As mentioned in Section 1, exosomes are enriched in membrane 

proteins such as CD81 that are used as specific exosome biomarkers. Moreover, they’re 

produced from the cell membrane and therefore have the same adhesion molecules the 
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cells use to adhere to the slide coverslips. Hence, ICC can be applicable in exosome 

detection [70]. Importantly, ICC cannot only be used to confirm the presence of exosomes 

but can also be used to confirm their internalisation by cells. To do this, the isolated 

exosomes are usually stained with a membrane dye, such as the PKH26 membrane 

labelling dye, before being incubated with cells prior to ICC. The possibility of false 

positives associated with the use of the membrane dyes must be addressed when using 

this approach, by including the appropriate negative controls [71, 72]. 

 

1.3. Isolation  

Exosome isolation techniques capitalise on the various qualitative and quantitative 

aspects of these EVs. Techniques such as size exclusion chromatography, ultra-

centrifugation and filtration are based on their size, while antibody-based techniques are 

based on the enrichment of certain proteins (such as tetraspanins) that exosomes display. 

Each isolation method has its advantages and disadvantages, some of which are 

highlighted in the following sections and summarised in Table 1.1. 

 

1.3.1. Differential centrifugation 

Making up more than 50% of all exosome isolation techniques reported in literature, this 

method is regarded as the gold standard for exosome isolation [73, 74]. The basic 

principle involves concentrating vesicles based on their size and density using a stepwise 

increase in centrifugal force [75]. The initial step involves the removal of high density and 

mass biounits such as cells and cell lysis products via centrifugation typically at 300 x g 

at 4°C for 10 minutes. This is followed by the removal of larger vesicles such as apoptotic 

bodies via centrifugation at 10 000 x g at 4°C for 30 minutes. Exosomes are then 

concentrated via ultracentrifugation at 100 000 x g at 4°C for 2 hours. A final wash step 

is added to remove contaminating non-vesicle proteins via another ultracentrifugation 

step (100 000 x g at 4°C for 2 hours). This final step increases purity, but decreases 

exosome yield [76].   

There is no universal ultracentrifugation protocol as additional steps can be added to 

remove other cellular components and the ultracentrifugation step(s) can range from 100 
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000 x g to 200 000 x g [77]. These also depend on the biological fluid type as well as 

sample viscosity because viscous samples require extended centrifugation at higher 

centrifugal forces just as in exosome isolation from serum/plasma in comparison to 

conditioned medium [78]. 

The efficiency and length of the centrifugation also depends on the rotor’s maximum 

rotation speed (k factor) and type of rotor (fixed angle rotor or swing bucket rotor) [79]. 

When using a fixed angle rotor, the sample particles travel longer before sedimentation 

compared to a swing bucket rotor. Hence, even though the sedimentation efficiency of a 

swing bucket rotor is lower, it is more suitable for separating samples with sedimentation 

coefficiency values that are similar, which is often the case in biological samples [79]. 

Surprisingly, the type of rotor can even affect the protein/RNA ratio of isolated vesicles 

[80]. 

The need for expensive and specialised equipment as well the long processing time 

makes this method less suitable for diagnostic purposes in environments such as 

hospitals [81]. Moreover, this method is plagued with vesicle contamination by 

lipoproteins and protein aggregates, a low reproducibility, and potential damage to the 

exosomes due to harsh centrifugal forces [79]. 

 

1.3.2. Density gradient centrifugation 

Using ultracentrifugation for lengthy periods in a sucrose or iodixanol gradient, particles 

are separated based on their buoyant densities [82]. An iodixanol gradient is preferable 

because it is less harsh to the exosome’s structural integrity compared to a sucrose 

gradient [73]. Generally, iodixanol solutions of increasing concentrations [e.g., 5% (w/v), 

10% (w/v), 20% (w/v) and 40% (w/v)] are prepared and carefully layered in descending 

order from the bottom of a polyallomer centrifuge tube. This is followed by overnight 

ultracentrifugation (100 000 x g) at 4°C. The fractions are then carefully collected before 

a wash step involving a dilution in PBS and another ultracentrifugation for 3 hours at 4°C 

[83].  
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This method is applicable for the separation of particles with a diameter less than 2000 

nm [84]. It is more favourable over classic ultracentrifugation as it is more efficient at 

separating exosomes from non-vesicle proteins and apoptotic bodies [79, 85]. However, 

it also results in low yield (≤ 25%) due to the use of large centrifugal forces [79, 86, 87]. 

Moreover, it is time consuming, requires expensive equipment and arduous [88, 89]. 

Thus, just like classic ultracentrifugation, applying it in a clinical setting would be 

challenging [90]. 

 

1.3.3. Size exclusion-based methods 

The size range of extracellular vesicles, including exosomes, has been greatly studied 

and documented. Hence, methods, such as size exclusion chromatography and 

ultrafiltration, that capitalise on the exosomes’ size are utilised [91, 92]. Generally, these 

are added as final steps following other techniques such as ultracentrifugation, but they 

can be utilised on their own [93].  

 

1.3.4. Size exclusion chromatography  

With size exclusion chromatography, samples are passed through a column containing 

porous beads in a buffer. The largest particles are eluted first, followed by smaller ones 

such as exosomes [94]. The researcher keeps small fractions of the eluted sample and 

subsequently determines which one contains the target particles [95]. No extensive force 

is applied as the samples pass through the beads via gravitational force only. Hence, this 

method preserves the structural integrity of the exosomes [96, 97]. The shortcomings 

associated with most methods such as ultracentrifugation are avoided using this method 

as it can separate exosomes from protein aggregates and lipoproteins [79]. Moreover, 

this method can easily be scaled up, and it has been shown that the height of the column 

is directly proportional to the separation efficiency [98, 99]. This method however results 

in low vesicle yield, worsened when it is used as a secondary step to techniques such as 

ultracentrifugation [100]. Should it be used as the sole isolation method the yield may still 

be affected due to sample dilution that is required before separation [101]. Hence, the 

vesicles may need an additional step to concentrate them [102]. 
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1.3.5. Ultrafiltration 

This method relies on commercial membrane filters that have varying pore sizes. These 

are generally 0.1, 0.2, 0.5 or 0.8 µm in diameter, allowing for the separation of particles 

as small as 100, 200, 500 and 800 nm respectively [79]. Since biological samples 

generally consist of a heterogenous mixture of particles this method is best used as an 

additional purification step following methods like size exclusion chromatography [103, 

104]. For it to be used alone, the sample would have to be passed through a series of 

membranes in descending order of pore size [105]. The main disadvantage of this method 

is membrane clogging which traps the exosomes, thereby decreasing yield as well as 

destroying the costly filter [106]. Moreover, shear stress due to the force applied during 

filtration could potentially damage the exosomes [107]. 

 

1.3.6. Polymer-based precipitation 

Polymers such as polyethylene glycol (PEG) have long been used for the precipitation of 

various biomolecules such as proteins and nucleic acids [108]. Various studies have 

successfully utilised PEGs of various molecular weights to isolate exosomes [109]. In fact, 

this is the second most-used vesicle-isolation method following ultracentrifugation [79]. It 

is preferable due to its simplicity and cost-effective nature [90]. PEG6000 or PEG-based 

commercial kits are generally used, with PEG6000 being a better option because it is 

significantly inexpensive and usually just as effective as commercial kits [110, 111]. PEG 

works via a water-exclusion mechanism whereby after incubating it with the sample, it 

binds the water molecules present and thereby decreases the solubility of the target 

molecules, such as exosomes [112, 113]. After this, the exosomes can be sedimented 

using low centrifugal forces [79]. The pellet is typically resuspended in PBS and subjected 

to downstream processing or can be cryopreserved [114-116]. However, it is preferable 

to pre-centrifuge the sample at 13 000 x g for 1 hour or filter through a 0.22 µm membrane 

to remove biological debris before adding PEG [117, 118]. The main drawback to this 

method is the lack of specificity. Hence it co-isolates non-vesicle proteins, lipoproteins 

and immunoglobulins [119]. 
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1.3.7. Immuno-affinity purification 

As the name suggests, this method utilises antibodies to capture exosomes [108]. 

Antibodies specific to exosome membrane proteins (such as CD9, CD81 and CD63) are 

coated onto magnetic microbeads and then added to a sample where they specifically 

bind to these proteins and therefore, by extension, to the exosomes. The magnetic bead-

exosomes are then collected using a magnet. To separate the beads from the exosomes, 

ultracentrifugation (typically 10 000 x g for 1 hour at 4°C) is employed followed by 

incubation with an acidic buffer such as 0.2 M glycine, Tris–HCl, pH 2.8 [83, 120]. Due to 

the high specificity and selectivity associated with antibodies, this method yields highly 

pure exosome samples that are even negative for the lipoprotein markers ApoB and 

ApoA1 [121]. However, sample volume is limited, the method is time-consuming and the 

reagents used are expensive [122, 123]. Lastly, due to the lack of a universal exosome 

marker that is simultaneously highly selective, this method only isolates specific exosome 

subpopulations [122].   
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mononuclear cells (PBMC) were treated with exosomes released by umbilical cord blood 

mesenchymal stem cells (UCB-MSC) it resulted in PMBC growth hinderance, decreased 

production of inflammatory cytokines and lastly, there was an increase in the number of 

naïve CD4+ and CD8+ T-cells as the deactivation of these cells increased [126]. UCB-

MSC exosomes have also been shown to be able to transport miR-146a into 

macrophages. This mRNA is known to have anti-inflammatory properties, and in their 

study, this group demonstrated that it can support the survival in a septic mouse model 

[127]. 

 

1.4.2. Regeneration  

The wound healing capabilities of exosomes have been demonstrated in various studies. 

Human umbilical cord blood-derived mesenchymal stem cell (hUCB-MSC)-derived 

exosomes move into the epidermis within 24 hours of being applied to skin samples from 

healthy African female donors. These exosomes were shown to increase the production 

of skin structural proteins such as elastin and collagen type 1 [128]. Since these proteins 

are the main structural components of the dermis, this suggests the potential application 

of exosomes as anti-aging agents and possibly for the treatment of conditions such as 

epidermolysis bullosa [129, 130].  

 

1.4.3. Cancer biomarkers/diagnostics 

Research suggests that exosomes play a crucial role in tumour development. They are 

involved in tissue enlargement via angiogenesis, migration, invasion, immune evasion 

and ultimately metastatic lesion formation [131]. Thus, detecting tumour-associated 

exosomes could be a great advantage for early cancer-diagnosis, especially if the liquid 

biopsy method could be applied to detect cancer-associated exosomes in various body 

fluids. For example, CD147 is a protein found on colon cancer exosomes and TGFβ2 (as 

well as miRNA’s such as miR21 and miR-29b) is present in breast cancer exosomes 

isolated from breast milk [131, 132]. This offers an alternative approach to cancer 

detection. Exosomes may be superior to common liquid biopsy cancer targets such as 
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circulating tumour cells and circulating tumour DNA due to their abundance and stability 

[133].   

 

1.4.4.  Drug Delivery  

The small size and specificity of exosomes, their ability to package cargo (in a non-

randomized manner) using a well-organized cargo sorting system and delivering it to 

specific targets/cells, makes them a potentially potent candidate for vesicle-mediated 

drug delivery. Moreover, since biomolecule-based drugs like proteins and mRNA cannot 

be administered orally due to degradation susceptibility, exosomes offer an alternative 

drug delivery system [134-136].  

During neurological drug design and optimisation, one of the major factors a researcher 

must consider is the likelihood of the drug crossing the blood-brain barrier (BBB). This is 

a barrier consisting of a lining of endothelial cells that separates circulatory blood from 

cerebrospinal fluid. This semipermeable junction prevents the entry of pathogens and 

other large or hydrophilic molecules that might be present in circulatory blood. Essential 

molecules such as amino acids, glucose and proteins are transported actively through 

the BBB via carrier, adsorption or receptor-mediated transport [137]. As demonstrated by 

Banks et al. (2020), exosomes are capable of crossing the BBB thereby addressing a 

major hinderance in the development of drugs that target the brain [138]. This means that 

exosomes may be one of the solutions for the delivery of potent drugs which cannot cross 

the BBB.  

Various in vitro methods have been adopted to enable the insertion of specific therapeutic 

cargo into nanoparticles to enable targeted drug delivery. Liposomes, a type of artificial 

membrane-bound vesicle, are one of the common drug loading and delivery system. 

However, unlike exosomes, they are costly to produce, have low solubility as well as a 

short half-life [139]. Moreover, exosomes are more efficacious because they can be 

derived from the patient’s own cells, limiting the possibility of immune rejection [140]. A 

range of exosome cargo loading methods exist; the basic principle underlying the 

technique, advantages, and disadvantages and examples of cargo loaded are outlined in 

Table 1.2. 
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To combat the effects of Alzheimer’s Disease (AD), Alvarez-Erviti et al. (2011) used 

electroporation to perforate exosomes and load them with siRNA which were specifically 

delivered to neurons, microglia, and oligodendrocytes in the brain. A 60% knockdown of 

β secretase 1 (BACE1), which is highly implicated in AD, was observed [140]. In a similar 

study, Faruqu et al. (2018) isolated exosomes generated by HEK293 cells and loaded 

them with siRNA. The encapsulation efficiency was approximately 10 – 20% and they 

successfully delivered this cargo in cancer cells [162]. Additionally, Kuate et al. (2007) 

also demonstrated the potential application of exosomes for vaccine development. The 

authors were able to show that exosomes isolated from 293T cell conditioned medium 

are ideal carriers of the corona virus S protein, which may be useful to induce high 

neutralising antibody production to combat diseases caused by this group of viruses, 

including the COVID-19 [163].  

 

1.5. Umbilical Cord Blood Serum 

Umbilical cord blood (UCB), blood from the umbilical cord and placenta, is rich in 

hematopoietic stem cells, which might explain its reported therapeutic effects [164-167].  

Umbilical cord blood serum (UCBS) is the liquid component of UCB which is, in summary,  

produced by subjecting UCB (that has been allowed to clot at room temperature) to 

centrifugation in order to remove the red blood cells and debris [168]. There is variation 

in the production of UCBS across different studies [168, 169].    

 

Nonetheless, UCBS has been shown to possess multiple therapeutic properties [170, 

171]. For example, the treatment of severe dry eye with UBCS has been shown to be 

possible, and most importantly, safe [172]. It promotes corneal healing and reduces 

corneal clouding caused by chemical burns [173]. Moreover, it has been demonstrated 

that addition of 20% UCBS to artificial tears had an inhibitory effect on the frequency of 

de-epithelialisation associated with corneal erosion [174]. UCBS eye drops, used for the 

treatment various corneal defects including severe dry eye, corneal erosions, and 

neurotrophic keratitis, are therefore now commercially available. An example is 
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Optiserum (Next Biosciences, Midrand, South Africa), a product that consists of 20% (v/v) 

UCBS in saline. The dilution is aimed at mimicking the levels of TGF-β that are naturally 

found in tears to prevent possible complications such as inflammation and myofibroblast 

trans-differentiation [175]. The epidermal growth factor (EGF), which is one of the main 

mitogens implicated in wound healing as it activates the phosphatidylinositol pathway, 

induces actin microfilament system activation and membrane ruffle development [176-

178]. EGF is generally accepted as a biomarker for UCBS for the purposes of quality and 

standardization.  

 

1.5.1.  UCBS Exosomes 

Due to their natural role as mediators of cell communication, as well as their remarkable 

therapeutic implications, UCBS-derived exosomes have been investigated [179, 180]. 

Exosomes isolated from UCBS using ultracentrifugation have been reported to promote 

wound closure of human fibroblast cells as well as angiogenic activity in skin endothelial 

cells [181]. This could be due to the presence of pro-migration miRNA cargo, such as 

miR-376c-3p and miR-550a-5p, that have been discovered to be enclosed within the 

exosomes using qPCR [182]. However, it is worth noting that the beneficial properties of 

UCBS-derived exosomes may depend on the health of the infant. For example, exosomes 

isolated from UCBS of premature infants with bronchopulmonary dysplasia 

(characterised by abnormal lung development) have been reported to have anti-

angiogenic properties against human umbilical vein endothelial cells (HUVECs) in vitro 

[179].  
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1.6. Aims and Objectives 

 

The aims of this study were to isolate and characterise exosomes from umbilical cord 

blood serum (UCBS) and determine their effect on cellular proliferation in vitro. 

 

To achieve this, the objectives were set as follows: 

1. Isolation of extracellular vesicles from UCBS (using commercially available 

Optiserum as the UCBS source) 

2. Characterisation of the extracellular vesicles to confirm their exosome nature and 

protein content using a range of techniques including: 

a. Tunable Resisitive Pulse Sensing 

b. Transmission Electron Microscopy 

c. Immunocytochemistry 

d. ELISA 

3. Analysis of the effect of the isolated exosomes on HEK293 cellular proliferation 

(using the MTS assay). 
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2.1.1.4. Tris-HCl buffer 

This was prepared in a 1L glass beaker by dissolving 121.14 g of Tris (Sigma – Aldrich, 

cat. 648310-M) using distilled water and mixing with a magnetic stirrer until the crystals 

completely dissolved. The pH was then adjusted to 8.5 using concentrated hydrochloric 

acid (or HCl; Sigma – Aldrich, cat. 7647-01-0) before distilled water was used to bring the 

volume to 1L. The solution was kept in a sealed clear-glass container at room temperature 

until use. 

 

2.1.1.5. Uranyl acetate 

Stock solutions of 2% (w/v) uranyl acetate were prepared under low light conditions by 

dissolving 1 g uranyl acetate (SPI-CHEM, cat. 1070911) in 50 ml double-distilled water in 

a flat bottom flask. The solution would then be stored a 4°C in the flask covered in 

aluminium foil to protected it from light.  

 

2.1.1.6. Mowiol slide mounting medium 

In a 250 ml glass beaker, 9.6 g Mowiol (Sigma – Aldrich, cat. 81381) was mixed with 24 g 

glycerol (Sigma – Aldrich, cat. 49770) before adding 24 ml distilled water and incubated 

at room temperature for 2 hours. Following this, 48 ml of the Tris-HCl buffer was added 

before mixing using a magnetic stirrer on a hot plate set to medium-low heat until most of 

the powder dissolved. The excess powder was pelleted using centrifugation in 15 ml 

falcon tubes at 5000 x g for 15 minutes. The supernatant was removed and stored in 

either 500 µl aliquots in Eppendorf tubes or 10 ml aliquots in 15 ml falcon tubes at -20°C 

until use. 

2.1.1.7. Tissue culture medium 

Serum containing medium (SCM) was prepared as follows: Dulbecco’ Modified Eagle’s 

Medium (or DMEM; Capricorn Scientific, cat. DMEM-HPA), containing 10 % Foetal 

Bovine Serum (FBS) (Capricorn Scientific, cat. FBS-GI-12A) and 2% Penicillin-

Streptomycin (Lonza, cat. DE17-602E). Serum-Free Medium (SFM), which is simply SFM 
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without any FBS, was prepared as follows: DMEM (HyClone, cat. SH30243.01) 

containing 2% Penicillin-Streptomycin (Lonza, cat. DE17-603E)).   

 

2.1.2. Cell culture 

The Human Embryonic Kidney 293 (HEK293) cell line was donated by Prof Raymond 

Hewer (Biochemistry Discipline, School of Life Sciences, University of KwaZulu-Natal, 

South Africa). These were preserved in liquid nitrogen. Cells were kept sterile by 

employing aseptic techniques in a biosafety level 2 laminar flow cabinet (Haier 

Biomedical, product EN12469:2000).  

 

2.1.2.1. Cell thawing 

Cells in a cryovial were placed in warm water bath (~37°C) until only the sides were 

thawed but the centre remained frozen. These were then gently poured into a T75 tissue 

culture flask and warm SCM was added slowly to a final volume of 10 ml, and the flask 

was kept for 4 hours in a 37oC and 5% carbon dioxide (CO2) incubator (ESCO, serial. 

2018-124079) to allow cells to adhere. Adherence was confirmed using the Olympus 

CKX41 brightfield microscope before the medium was removed the cells were rinsed in 

warm PBS and then 10 ml fresh tissue culture medium was added before the flask was 

placed back into the incubator. 

 

2.1.2.2. Cell quantification and passaging 

The medium from adherent cells in a T75 tissue flask was decanted followed by rinsing 

the cells twice with 1 ml warm PBS. This was followed by trypsinisation: 1 ml of the warm 

trypsin-versene mixture (BioWhittaker, cat. 17-161E) was added and allowed to cover the 

base of the flask evenly. The flask was placed back in the incubator for 10 minutes. 

Successful trypsinisation was confirmed by observing cellular detachment under the 

brightfield microscope. The trypsinisation was quenched by adding an equal volume (1 

ml) of the tissue culture medium and mixing thoroughly via pipetting. A 20 µl sample was 

then removed for cell counting using a haemocytometer counting chamber, a brightfield 
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microscope (10 x objective) and a handheld analogue tally counter. From the calculated 

cell concentration, the desired dilution of cells was performed before cells were placed 

into a flask or plate as required. 

  

2.2. EV Isolation 

Extracellular vesicles were isolated from Optiserum batches, umbilical cord blood serum 

eye drops from Next Biosciences (http://surl.li/jbcrr).  Optiserum is a product that contains 

20% (v/v) umbilical cord blood serum and 80% (v/v) saline; it is stored at -20°C. A final 

5% (w/v) PEG6000 concentration was used for isolation of EVs from 1 ml Optiserum 

samples. 

The isolation protocol is summarised in Figure 2.1 below. Optiserum was thawed at room 

temperature and then centrifuged at 13 000 x g using a Beckman Coulter Allegra X-22R 

centrifuge with the F2402H rotor at 4°C. This step was aimed at removing larger vesicles 

and cellular debris. The supernatant was then mixed in a 3:1 ratio with 20% PEG 6000 to 

achieve a final PEG 6000 concentration of 5%. The solution was then mixed using a 

vortex and incubated on ice for 30 minutes. This was followed by centrifugation at 10 000 

x g for 20 minutes at 4°C. The pellet was then resuspended in PBS or SFM. The pellet 

was vortexed to allow resuspension (in a volume equal to the volume of Optiserum used 

for isolation) until it was invisible (generally 10 seconds) and then stored at -20oC before 

utilisation.   
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Figure 2.1: Isolation of vesicles from Optiserum. The sample was centrifuged at 13 000 x g before PEG6000 was 
added to the supernatant which was vortexed and incubated in ice for 30 minutes. This was followed by concentrating 
the vesicles to the pellet via centrifugation at 10 000 x g and the pellet was then resuspended via vortexing in either 
PBS or SFM. 

 

2.3. Tunable resistive pulse sensing (TRPS) (Refer to Appendix 1 for labelled device 

parts) 

The concentration of the isolated vesicles was determined using TRPS via the Exoid 

instrument (Version 1.0, serial. EXOID-062-R; this equipment is not available elsewhere 

in South Africa), from Izon Science, France. Prior to biological sample analysis, we 

optimised the system using polystyrene calibration particles (CPC200 and Solution S). 

As mentioned in Chapter 1, this equipment uses pressure and voltage to pass samples 

through a nanopore and this causes interferences in the current which is directly 

proportional to the particle size and concentration. Extracellular vesicles have a negative 

charge and are drawn towards the positive electrode across the nanopore. All samples 

and reagents were kept in ice throughout analysis. 
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Particle quantification using the Exoid was carried out as per our optimised standard 

operating procedure (Appendix 1). Briefly, the nanopore membrane stretch was kept at 

47 mm. To ensure contact between the electrolyte solutions in the upper and lower fluid 

cells through the nanopore, the nanopore was wet using a 1/100 (v/v) dilution of the 

surfactant-containing Izon wetting solution in filtered PBS (fPBS), which was forced 

through the nanopore using 2500 Pa pressure for 10 minutes. Following removal of the 

wetting solution, the prevention of contaminants binding to the nanopore was carried out 

using 10% (w/v) filtered Izon coating solution in fPBS which was also forced through the 

nanopore using 2500 Pa pressure for 10 minutes. The nanopore membrane, the upper 

fluid cell, and the lower fluid cell were rinsed using filtered distilled water and blotted dry 

using lint-free paper towels. This was followed by the characterisation of the nanopore 

using CPC200 (Table 2.1) diluted 1/50 in fPBS. Samples (kept in ice) were diluted at least 

1/1000 in fPBS before being analysed. Contrary to the normal sequence, the 

measurement conditions (pressure & voltage) were adjusted according to the sample 

rather than the CPC200. Analysis was only carried when the particle rate was at least 

100 particles/minute, the RMS noise was less than 10 Pa and the current was between 

120 nA – 140 nA. If the rate was still low despite applying sufficient pressure, a lower 

dilution (10-fold less than the previous) was used. Following sample analysis, calibration 

was then carried out using the same measurement conditions and nanopore as the 

samples. Data analysis was carried using the Izon Data Suite software.  

 

2.4. Transmission Electron Microscopy 

A drop of the sample was mounted on standard formvar-coated copper grids or carbon-

coated copper grids, using a glass pipette, and allowed to stand at room temperature for 

5 minutes before excess liquid was carefully blotted using Whatman no. 1 filter paper. 

Once the copper grids had dried, negative staining was performed using a drop of 2% 

uranyl acetate for 30 seconds before excess liquid was blotted again using Whatman no. 

1 filter paper. Sample imaging was done using the JEM 1400 transmission electron 



31 
 

microscope (JOEL, serial. EM18480030). Images were generated using the Gatan 

Microscopy Suite software.  

 

2.5. Cell proliferation assay (MTS assay) 

 

2.5.1. Standard curve 

In a 96-well plate; 0, 5000, 10 000, 20 000, 40 000 and 80 000 cells were plated in 

triplicate in a final volume of 100 µl tissue culture medium. These were allowed to adhere 

for 4 hours (37°C, 5% CO2 incubator). Complete cell adherence was confirmed under the 

brightfield microscope by ensuring that there were no cells floating in the solution. Then, 

100 µl fresh medium was added to each well, followed by the addition of 20 µl of the MTS 

reagent (CellTiter Aqueous One, cat. G3580) and the plate was put back in the incubator. 

Colour development was determined by measuring the absorbance after 3 hours at 490 

nm using a SpectreMax ABS Plus spectrophotometer. A standard curve to be used for 

extrapolation was then constructed (Figure 2.2). 

 

Figure 2.2: Standard curve used for the MTS assay cell quantification. The absorbance, resulting from the addition 
of the MTS reagent to HEK293 cells of increasing number, was measured at 490 nm. The values are an average of 
three replicates and the error bars were generated using the standard deviation.   
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2.5.2. HEK293 cell proliferation in the presence of exosomes 

In a 96-well plate, 10 x 103 HEK293 cells were plated in a final volume of 100 µl tissue 

culture medium. They were allowed to adhere for 4 hours in the 37°C, 5% CO2 incubator 

before the medium was removed and replaced with 200 µl of either fresh SCM, SFM or 

SFM containing 1 x 103 to 1 x 108   exosomes in duplicate. The plate was placed in the 

37°C, 5% CO2 incubator for 24 hours before addition of 20 µl of the MTS reagent. Colour 

development was allowed for 3 hours before the absorbance was measured as previously 

described (at 490 nm).  

 

2.6. Internalisation of exosomes by HEK293 cells  

 

2.6.1. Exosome membrane labelling and uptake 

Exosome membrane staining was performed immediately before the vesicles were added 

to cells for uptake. Staining was done using the red-fluorescing PKH26 dye kit (Sigma – 

Aldrich, cat. MIDI26-1kt). The vesicles were concentrated to a pellet as described in 

Section 2; the pellet was resuspended in 500 µl SFM and the solution was directly added 

to an equal volume of the PKH26 membrane labelling dye (2 µl PKH26 dye in 500 µl 

diluent C). Dye uptake by the vesicles was allowed for 1 minute before quenching with 1 

ml 1% bovine serum albumin [(BSA) Roche, cat. 107350860010 in SFM]. 

To examine the internalisation of the stained vesicles, fully confluent HEK293 cells were 

plated in a final volume of 100 µl SCM on 22 x 22 mm glass coverslips in a 6-well plate. 

The cells were allowed to adhere for 4 hours in a 37 °C, 5% CO2 incubator. The medium 

was decanted, and the slides gently rinsed with 1 ml PBS three times before cells were 

immersed in 500 µl of the membrane-stained EV solution. To this, 500 µl SFM was added, 

and the plates were returned to the 37 °C, 5% CO2 incubator for 24 hours before being 

rinsed thoroughly with 1 ml PBS three times. The cells were fixed using 1 ml 2% 

paraformaldehyde containing 0.1 % Triton X-100 (Sigma – Aldrich, cat. T9284) for 10 

minutes and rinsed again with 1 ml PBS three times. 
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2.6.2. Immunocytochemistry 

Following the vesicle uptake and fixation of the HEK293 cells, nonspecific antibody 

binding was reduced by coating the slides with 1 ml 5% donkey serum (Biowest, cat. 

S2170100), in PBS for 30 minutes. This was followed by an overnight incubation at 4°C 

with 500 µl mouse monoclonal anti-CD81 IgG2b primary antibody (Santa Cruz 

Biotechnology, cat. sc-166029) diluted 1/400 in PBS. After washing cells again three 

times with 1 ml PBS, a light-protected 2-hour incubation with the 1/2000-diluted DyLight 

488-conjugated AffiniPure donkey anti-mouse IgG secondary antibody (Jackson 

Immunoresearch, cat. CN-715-485-151) followed. The slides were rinsed again with 1 ml 

PBS three times before the cell nuclei were stained for 10 minutes using 1 ml of the 

Hoechst 33342 nuclear stain (Sigma – Aldrich, cat. B2261) in PBS (1/4000 dilution; stock 

concentration: 10 mg/ml). The slides were rinsed again with 1 ml PBS three times before 

being mounted onto glass microscope slides, using the mowiol mounting medium, prior 

to imaging using the Zeiss 710 LSM confocal microscope.  

 

2.7. Protein quantification 

 

2.7.1. Determination of total protein concentration 

The protein concentration was measured according to Bradford (1976). A standard curve 

was prepared using BSA protein standards (5, 10, 15, 20, 30, 40, 50 µg) in duplicate. The 

standards were prepared from a 1 mg/ml BSA stock solution (Roche, cat. 10735086001) 

and each standard was made to a total of 100 µl using distilled water. Finally, 900 µl of 

the Bradford reagent (Sigma - Aldrich, cat. B6916) was added and absorbance of the 1 

ml solution was measured at 595 nm using the IMPLEN NanoPhotometer C40 

spectrophotometer, to generate the standard curve (Figure 2.3). For sample 

measurement, 0 – 100 µl sample was made to 100 µl using distilled water and 900 µl of 

the Bradford reagent was added before measuring absorbance at 595 nm. The protein 

concentration was then estimated via extrapolation using the standard curve. Colour 

formation, when the Bradford reagent was added, was immediate.  
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Figure 2.3: Standard curve used for protein concentration estimations. The absorbance of (BSA) standards 
(0 - 50 µg) was measured in duplicates at 595 nm. The values are an average of two replicates and the error bars were 

generated using the standard deviation.   

 

2.7.2. ELISA 

 

2.7.2.1. EGF quantification 

To measure the levels of EGF, the Quantikine sandwich ELISA kit (R&D Systems, cat. 

DEG00) was used as per manufacturer’s instructions. Briefly, 50 µl of the RD1-6 reagent 

was added in each well before the addition of 200 µl of the appropriately diluted sample 

(Optiserum and vesicle samples were diluted to 1:1 with the RD6N diluent; the EV 

samples had been lysed using a 1/10 dilution with the radioimmunoprecipitation (RIPA) 

buffer (Sigma – Aldrich, cat. R0278). The appropriate negative controls/blanks were 

included: RD6N diluent, saline in RD6N diluent, and RIPA buffer in RD6N diluent. The 

wells were covered in an adhesive plastic strip and incubated at room temperature for 2 

hours on a Stuart SB3 shaker set to 8 RPM. The wells were aspirated and washed by 

adding 300 µl of the wash buffer for a total of 4 washes. Excess liquid was removed by 

blotting the plate on a paper towel before adding 200 µl of human EGF conjugate to each 

well and the plate was covered and incubated for 2 hours like before. The wash step was 

repeated before adding 200 µl of the substrate reagent and incubating the plate at room 

temperature for 20 minutes in the dark. This was followed by the addition of 20 µl of the 

stop solution in each well. The plate was placed on a white surface to visualise wells 
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where colour change, from blue to yellow, had not occurred or was not homogenous. In 

such instances, the colour change was aided by gently pipetting the liquid in the well up 

and down, while cautiously avoiding touching the bottom of the wells with the pipette tip. 

Lastly, the absorbance at 450 nm was measured as soon as possible but no later than 

30 minutes after the addition of the stop solution. The values of the blanks were 

subtracted from the appropriate samples. 

 

2.7.2.2. Cytokine screening 

Following the manufacturer’s instructions, cytokine screening was carried out using the 

Bio-Plex Pro Human Cytokine Screening Panel (Bio-Rad Laboratories, USA), 48-

plex (cat. 12007283). The 48-plex screens for 48 cytokines (Table 2.2). 

 

Table 2.2: Cytokines detected using the Bioplex 27-plex and the 48-plex systems. 

 

 

Eighteen Optiserum batches were used for analysis. Analysis was carried out on the 

Optiserum and the exosomes isolated from 14 matching batches. The exosome samples 

were lysed using a 1:1 dilution using the Bio-Rad cell lysis kit (cat. 171304011). 

To begin the assay, a 1x stock solution of the fluorescently labelled magnetic beads was 

prepared and vortexed for 30 seconds at medium speed before 50 µl was loaded on each 

well of the assay plate. The plate was washed twice using 100 µl wash buffer (1x solution 

in deionised water), before 50 µl of the samples, blanks, standards, and controls were 

loaded. Because the exosomes are resuspended in SFM during isolation (and were lysed 

using the Bio-Rad cell lysis kit before analysis), and Optiserum is 20% UCBS solution in 
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saline, the following controls were included: SFM diluted 1:1 with Bio-Rad cell lysis buffer, 

as well as saline. Following loading, the plate was covered in sealing tape and incubated 

for 30 minutes at room temperature for with medium shaking.  The sealing tape was 

removed, and the plate was washed three times using 100 µl of the wash buffer. This was 

followed by the addition of 25 µl of the detection antibodies (1x solution in diluent HB), 

before the plate was sealed and incubated at room temperature for 30 minutes as before. 

The plate was again washed three times using 100 µl of the wash buffer before the 

addition of 50 µl of 1x streptavidin-phycoerythrin (SA-PE) in assay buffer, in each well, 

before sealing and incubating at room temperature for 10 minutes with medium shaking. 

The SA-PE was removed by a final wash step before the addition of 125 µl of assay buffer 

in each well before incubating the plate at room temperature for 30 seconds with gentle 

shaking by hand before inserting the plate in the Bio-plex 200 plate reader. The Bio-plex 

Manager software was used for plate analysis and all dilutions were accounted for. The 

data was exported to the Microsoft Excel software to subtract the readings of the blanks 

from the corresponding samples. 

 

2.8. Statistical analysis  

The Microsoft Excel ‘’Analysis Toolpak’’ add-in was used for statistical analysis. Data 

analysis was carried out using the Student’s t-test with the alpha value set to 0.05. 

Following the two-tailed t-test analysis, values less than the alpha value were considered 

significantly different to the control. 

Chapter 3: Results 

 

3.1. TRPS Optimisation 

As mentioned in Chapter 1 (Section 2.2), tunable resistive pulse sensing (TRPS) allows 

the user to determine the size and concentration of particles. The Exoid (TRPS instrument 

by IZON Science, France) was used in this study (Figure 3.1A). Samples, which are 

always diluted in an electrolyte such as PBS, are loaded into the upper fluid chamber and 

the nozzle is inserted (Figure 3.1B, C). What the user aims to achieve is to apply pressure 

and voltage to pass the particles through a nanopore which is within a membrane 
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mounted on the Exoid (Figure 3.1D). There are oppositely charged electrodes on either 

side of the nanopore and when sufficient voltage is applied, this establishes a stable 

current within the nanopore (Figure 3.1E). As particles pass through the nanopore, they 

cause volume displacement which results in a rapid temporary decrease in the current 

and one of these drops in current is called a blockade event (Figure 3.1F). The length of 

the blockade event (blockade magnitude) as well the frequency of the blockade events 

are both directly proportional to the particle size and concentration, respectively (Figure 

3.1G, H). The system can determine the size and concentration of the particles present 

in that sample by comparing the blockade magnitude and blockade frequency of the 

particles in the sample with that of calibration particles. These have a known diameter 

and concentration. For example, the Calibration Particles Carboxylated 100 (CPC100) 

particles have a mean diameter of 100 nm and a concentration of 1.7x1013 particles/ml. 

TRPS is extremely challenging and requires training and a deep understanding of the 

equipment to be able to generate accurate and meaningful data. Thus, before the Exoid 

could be utilised routinely for sample analysis, a standard operating procedure (SOP) had 

to be established. To achieve this, 200 nm nanoparticles (CPC200) were analysed.  
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Figure 3.1: Using the Exoid TRPS instrument. A) The Exoid TRPS instrument. B) The sample is loaded into the 
upper fluid chamber and (C) the pressure nozzle is inserted. D) A nanopore membrane is placed above the lower fluid 
chamber.  E) On either side of the nanopore (in the upper and lower chambers) is fluid electrolyte as well as electrodes. 
The upper fluid cell has a negative electrode, and the lower fluid cell (under the nanopore) contains the positive 
electrode. When pressure and voltage are applied it forces particles (shown as blue spheres) through the nanopore. F) 
As the particles pass through, a temporary drop in the current is caused and this is called a blockade event. G) The 
length of the blockade event corresponds to the size of the particle. The frequency of the blockade events can be low 
(G), due low particle concentration, or it can be high (H), due high particle concentration. 
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3.1.1. Important parameters 

Before analysis begins, the user must ensure that the optimum settings have been 

established. Four crucial parameters are considered in this regard, namely the current, 

root mean square (RMS) noise, blockade magnitude, and particle rate. All these 

parameters affect reproducibility as well as how efficiently the system detects particles. 

However, they will differ depending on the nanopore membrane used so they cannot be 

standardised and need to be adjusted each time an analysis is performed. 

 

3.1.1.1. Current 

When an electrolyte, usually phosphate-buffered saline (PBS), is passed through the 

nanopore, it enables the establishment of a baseline current with the application of 

voltage (through the electrodes on opposite sides of the nanopore). It is for this reason 

that all samples are diluted in the same electrolyte before being analysed on the Exoid. 

As mentioned previously, when the sample is passed through the nanopore, the particles 

cause a blockade. For the blockade to be accurately quantified, the baseline current 

should be kept between 100 nA to 140 nA [183].  

The user can control this by adjusting the applied voltage since both the current and 

voltage are directly proportional (Figure 3.2A). When the current is equal to or less than 

0 nA, it means that there is no contact between the electrolyte in the upper fluid cell (above 

the nanopore, where sample is loaded) and the electrolyte in the lower fluid cell (below 

the nanopore) (Figure 3.2B). This can be prevented by locating and eliminating any air 

bubbles as well stretching the nanopore to its maximum diameter and applying maximum 

pressure to force the electrolyte through. The optimum stretch operation range is 45 mm 

to 47 mm, but the lower the stretch, the higher the chances that the nanopore will get 

clogged by larger particles [184]. Although the nanopore can be stretched to a maximum 

width of 53 mm, it is worth noting that stretching the nanopore membrane more than 48 

mm increases the risk of nanopore deformation and ultimate rupture [184, 185]. Once 

contact has been established between the chambers, applying voltage causes the current 

to increase (Figure 3.2C). 
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Figure 3.2: Correlation between applied voltage and baseline current. A) Voltage and current are directly 
proportional. B) Current is -0.055 nA when no voltage is applied. C) Current is an ideal 127.45 nA when 800 mV voltage 
is applied. The test was conducted using an NP250 nanopore membrane with both the stretch and pressure kept 
constant. Voltage was applied from 0 to 1000 mV in 200 mV, or 400 mV intervals and the current was recorded at each 
point.   
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3.1.1.2. RMS noise 

The RMS noise represents the undesirable electrical current that is inherently generated 

by the Exoid [186]. The user’s objective should be to keep the noise levels as low as 

possible; for optimal results, this value should not exceed 15 pA. Otherwise, any 

disturbance in current (blockade/resistive pulse) caused by particles passing through the 

nanopore will not be detected by the system as their signal will be overshadowed by the 

noise [45]. The presence of air bubbles as well as nanopore clogging (by particles much 

larger than the nanopore diameter such as clumped nanoparticles and large vesicles or 

vesicle aggregates) causes an increase in RMS noise. When the nanopore is clogged, 

not only does the RMS noise increase, but the baseline current displays an erratic pattern 

(Figure 3.3A). To unclog the nanopore, negative pressure can be applied (Figure 3.3B). 

Should this not suffice, it can be coupled to applying maximum stretch. Once the 

particle(s) responsible for the clogging have been dislodged, positive pressure is re-

applied, and the system stabilises (Figure 3.3C). Clogging can be prevented by using the 

Izon coating solution prior to analysis. This solution prevents the binding of particles to 

the nanopore [187].  
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Figure 3.3: Unclogging a nanopore. A) Typical profile indicating a clogged nanopore identifiable by unstable baseline 
current and elevated RMS noise of 31.6 pA. B) Unclogging the nanopore following the application of negative pressure 
of -1999 Pa causes a large particle to be dislodged and the baseline current stabilises, followed by a decrease in RMS 
noise to 6.6 pA. C) Once positive pressure reapplied at 2001 Pa, baseline current remains stable with the RMS noise 

remaining low at 6.5 pA.  

 

 

Moreover, operating the Exoid near electronic devices such as cell phones and 

uninterrupted power suppliers (UPS) was also found to cause profound increases in noise 

(Figure 3.4A, B) 
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Figure 3.4: Examples of interferences in current and noise due to operating the Exoid near electronic devices. 
A) Interference (caused by a dedicated uninterrupted power supply during load shedding) disrupting the current, 
causing a profound increase in RMS noise (48.8 pA). B) Interference (caused by a mobile phone) disrupting the current 
intermittently, but not the RMS noise (3.9 pA) because no voltage had been applied (current at 0). 

 

 

3.1.1.3. Blockade magnitude  

Since the blockade magnitude corresponds to the size of the particle passing through the 

nanopore, it is important that it is high enough for the system to detect it. A magnitude of 

at least 0.2 nA is ideal [187]. Should it be below this value, then the size of the particles 

may not be easily quantified because the signal will get lost in the RMS noise. This is 

especially true for smaller particles. To address this, decreasing the nanopore stretch 

might assist, because decreasing the stretch decreases the size of the nanopore 

aperture, allowing for even smaller particles to have a bigger impact on the current as 
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they pass through, resulting in a larger blockade magnitude. However, decreasing the 

stretch also causes a decrease in the baseline current. This can be countered by applying 

additional voltage. 

 

3.1.1.4. Particle rate  

The particle rate is a measure of the number of particles that pass through the nanopore 

per minute. The rate is directly proportional to the applied pressure (Figure 3.5). Ideally, 

this should be between 100 particles/minute to 1500 particles/minute [187]. If the rate is 

below this range, despite applying sufficient pressure, then a lower dilution of the sample 

must be used. If it is above this range then the sample needs to be diluted more because 

when the rate is too high, the likelihood of more than one particle concurrently passing 

through the nanopore increases. This would result in an overestimation of the particle 

diameter and an underestimation of the particle concentration.  
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Figure 3.5: Correlation between pressure and the particle rate. Analysis was conducted using a NP250 nanopore membrane and the CPC200 nanoparticles 
diluted 1 in 50 in PBS. A) Pressure was applied from 0 Pa to 2000 Pa in 200 Pa or 400 Pa increments and the particle rate was recorded at each point. B) At a 
pressure of 200 PA, the rate was 107.0 particles/minute C) At a pressure of 2000 Pa, the rate was 512.9 particles/minute. The stretch as well as the voltage were 
kept constant throughout the analysis.
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3.1.2. Analysis 

Once these parameters have been optimised, analysis can begin. The system is 

automatically set to measure 500 particles at three different pressures. The user sets the 

first pressure then the system subsequently carries out the remaining measurements at 

a pressure that is 200 Pa below the initial set value, and then at a pressure that is 400 Pa 

above the initial value. It is important to consider that the target 100 particles/minute rate 

is the minimum rate that must be achieved at the lowest pressure (for example, an initial 

pressure of 200 Pa is not appropriate, as the system will automatically attempt to apply a 

second pressure of 0 Pa; therefore, an initial pressure around 400-600 Pa is usually 

appropriate). The fact that the second pressure applied by the system is 200 Pa less than 

the initial pressure must also be kept in mind when selecting the starting pressure, as a 

particle rate plot that is higher than 100 particles/minute must be achieved at all 

pressures. The particle rate of subsequent measurements will then be between 100 

particles/minute and 1500 particles/minute at all three pressures.  

The system then applies the same settings to both the calibration sample and the target 

sample, and a particle rate plot is generated for each (Figure 3.6). This must depict an 

increase in the particle rate as the pressure increases (Figure 3.6A). If this is not achieved 

this is reflected as an intersection between the particle rate plots of at least 2 pressures, 

or a rate that does not increase with increasing pressure (Figure 3.6B). The calibration 

and measurement must then be repeated at a different starting pressure. 
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Figure 3.6: Particle rate plots generated using CPC200 calibration particles run at 3 different pressures. A) 
Depictions of 3 distinct plots with different gradients after analysis was carried out at either pressure 1 (P1), pressure 
2 (P2) or pressure 3 (P3). B) Depictions of 3 plots with intersection in of the plots corresponding to the analysis was 
carried out at P1 and P2 

 

Given the importance of particle rate plots for the system’s ability to accurately analyse 

samples, we determined the effect of intersecting rate plots on the system accuracy. 

Moreover, during data analysis, the IZON software presents two calibration methods 

namely ‘’single pressure calibration’’ and ‘’multipressure calibration’’. For this 

assessment, two types of polystrene nanoparticles with known size and concentration 

were used. These were the Izon ‘’Solution S’’, and again the CPC200 with respective 

sizes of 340 and 210 nm as well as concentrations of 1.1 x 1011 particles/ml and 8.3 x 

1013 particles/ml. 

 

3.1.2.1. Size 

The Exoid was able to accurately determine the size of particles, within a 1% error, 

regardless of whether a single pressure or a multipressure calibration method was used 

(Figure 3.7A). Interestingly, the size could also accurately be determined irrespective of 

whether the particle rate plots had intersected or not. However, the percentage error 

increased to 53% under conditions where the particle rate threshold (100 

particles/minute) was not achieved during sample analysis, leading to size 
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underestimation (Figure 3.7A). This emphasises the importance of achieving an 

appropriate particle rate, in turn achieved through correct dilution practises. 

 

3.1.2.2. Concentration  

Large discrepancies were observed in the Exoid’s ability to accurately measure the 

particle concentration under conditions where the rate plots intersected, or the rates 

achieved were not at threshold (Figure 3.7B). When the particle rate plots are normal (no 

intersection and appropriate rates achieved) the Exoid could determine the particle 

concentration within a 15% error. This was true regardless of whether the single pressure 

or the multipressure calibration method was used (Figure 3.7B). However, intersecting 

particle rate plots significantly decreased the ability of the Exoid to accurately determine 

particle concentration. The data suggests that, under these conditions, the system 

underestimates the particle concentration even when the rate is within the normal range 

(100-1500 particles/minute) and overestimates it if the analysis is carried out below this 

range.  
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Figure 3.7: Accuracy of the Exoid TRPS equipment. The diameter (A) and concentration (B) of polystyrene 
nanoparticles (Solution S or CPC200) were estimated under normal particle rates or low rates (< 100 particles/minute).  
Data analysis was carried out using the single pressure calibration option or multipressure option in the Exoid Izon data 
suite software. The particle rate plots of each sample were assessed and determined to be distinct or intertwined.  All 

values represent the average of 3 measurements carried out under 3 different pressures.  

 

Moreover, at times the system could not determine the particle concentration using the 

multipressure calibration option when the particle rate plots had intersecting lines and it 

gives results as ‘’N/A’’. It was noted that the particle rate and the accuracy of the Exoid 

had a linear relationship. Because when using the single pressure calibration option, three 

concentrations (for the analysis carried out at the three different pressures) will be 

generated by the system, it is best only to consider the average of the data generated at 
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the two highest pressures if a sufficient particle rate could not be achieved the lowest 

pressure. From these findings, a summary of the workflow to follow to accurately 

determine the particle size and concentration using the Exoid TRPS approach was 

established (Figure 3.8).  

 

 

Figure 3.8:  Workflow to achieving accurate estimation of particle size and diameter using the Exoid TRPS 
equipment. The sample is analysed at three pressures and the resulting particle rate plots can have three distinct lines 
or, two or three of the lines with similar gradients. If the particle rate plot is at least 100 particle/minute, then the sample 
with distinct lines can be accurately quantified for particle size and concentration. If the rate is less than 100 
particles/minute, then there is poor estimation of the particle size and concentration. When the particle rate plot has 
lines with similar gradients, if the particle rate plot was at least 100 particles/minute, then only the particle size can be 
measured accurately. However, if the rate was less than 100 particles/minute then neither the size nor the concentration 
can accurately be measured.    
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In summary, prior to sample analysis, the user must adjust the nanopore membrane 

stretch, voltage as well as the pressure to strike a balance such that the current, RMS 

noise, blockade magnitude, as the particle rate are within their optimum range for 

accurate particle analysis. The first pressure value is set by the user to achieve an 

optimum particle rate. The system then sets the next 2 pressure values which are 200 Pa 

less and subsequently 400 Pa more than the initial pressure; a particle rate plot is then 

generated. The plot depicts 3 lines which correspond to the 3 different pressures and the 

rate is directly proportional to the increase in pressure. Should the plots show 3 distinct 

lines that do not intersect (meaning an increase in pressure resulted in an increase in the 

particle rate), then the system is able to accurately estimate both the particle size and 

concentration. However, this is only true if the particles were passing through the 

nanopore at a rate of at least 100 particles/minute. If the rate is lower than this then the 

system cannot accurately estimate the size and concentration, irrespective of whether the 

particle rate plots had distinct lines. Lastly, if the particle rate plot had intersecting lines 

(meaning an increase in pressure did not increase the particle rate) but the particle rate 

was at least 100 particles/minute, the system is still able to accurately estimate only the 

particle diameter and not the concentration. 

 

3.2. Optimisation of the analysis of biological extracellular vesicles using TRPS 

Once optimised for particle analysis using commercial polystyrene particles (CPC200), 

the Exoid was then utilised for the analysis of biological samples. CPC200 are very similar 

to extracellular vesicles like exosomes in terms of size and charge, however, it was 

reasonable to suspect that biological samples would perform differently during analysis 

because biological samples are more heterogenous in nature.  Extracellular vesicles 

(EVs) isolated from a range of UCBS-containing Optiserum represent such biological 

samples and were subsequently analysed using the Exoid. Batch details are provided in 

Table 3.1.  
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Table 3. 1: Age and pregnancy duration of umbilical cord blood donors from which 
Optiserum batches was produced. Batch numbers refer to the Optiserum batch that 
was utilised to isolate the EVs. 

 

 

Briefly, Optiserum (1 ml) was processed following the method described earlier (Chapter 

2, Section 2) whereby a final concentration of 5% (v/v) PEG6000 was used to precipitate 

the exosomes. After the exosomes were pelleted, using the final centrifugation step, the 

exosome-containing pellet was then resuspended in SFM (1 ml) and stored at -20°C in 

100 µl aliquots until needed. Sample 3 (Table 3.1) containing the PEG6000-isolated 

exosomes from Optiserum batch 797 was used to optimise the Exoid protocol for 

biological sample analysis. 
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During EV analysis, frequent nanopore clogging poses a challenge; although nanopore 

coating can be applied to pre-emptively reduce clogging, we have not found this to be 

consistently effective. Thus, we chose to filter samples through a 0.22 µm filter before 

analysis to further address this issue. The data suggested that filtration effectively 

removed larger particles greater than 300 nm in diameter, as seen by a decrease in 

maximum diameter (from 776 nm to 291 nm) (Figure 3.9A, B). There was also a decrease 

in average diameter (from 168 nm to 150 nm), a decrease in mode diameter (134 nm to 

116 nm), and a decrease in the d90 value (from 243 nm to 215 nm). Moreover, there was 

a decrease in the d90/d10 ratio (from 2.2 to 1.89), indicating an increase in sample particle 

homogeneity following filtration. Interestingly, filtration caused only a slight reduction in 

vesicle concentration (from 2.62 x 109 particles/ml to 2.23 x 109 particles/ml), confirming 

that most particles in the sample were not larger than 200 nm in diameter.  
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Figure 3.9:  Effect of filtration on sample vesicle profile. Exosome-containing samples were analysed using the 
Exoid TRPS equipment. A)  Sample isolated from sample 1 (batch 797) was diluted 10-fold and analysed using the 
Exoid. B) The same sample was diluted 10-fold but filtered through a 0.2 µm filter before being analysed using the 
Exoid. Analysis was carried out on the same nanopore membrane. 
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3.3. Characterisation of UCBS extracellular vesicles 

3.3.1. TRPS 

We sought to characterise EVs isolated from multiple Optiserum batches (specifically 

from batch 504, 797, 813, 822, 798, 804, 828, 621, 807 (Table 3.1)), where a sufficient 

volume of Optiserum was available for EV isolation.  

The EV concentration was highly variable (Figure 3.10A). The concentration ranged from 

0.3 x 109 particles/ml (in Optiserum batch 504) to 10 x 109 particles/ml (in Optiserum batch 

807). Surprisingly, most of the UCBS-isolated vesicles had a d90 value that was within 

the generally accepted exosome size range of 30 nm – 150 nm (Figure 3.10B). Only 

vesicles isolated from batch 797 and 621 were slightly above this range. This was to be 

expected as samples had been filtered prior to analysis; batch 797 had the highest d90 

of 220 nm. All data relating to particle sizes, concentration and population characteristics 

are provided in Appendix 2. 

The EV protein concentration was found to range between 0.48 µg/µl and 1.16 µg/µl. 

Subsequent analysis to determine whether a correlation exists between total protein 

concentration and EV number revealed no correlation; for instance, batch 797 and 807 

have the same protein concentration, while their EV concentration is 2.2 x 109 and 10 x 

109, respectively (Figure 3.10C). A poor regression correlation of 0.0438 was observed 

(Figure 3.10D).   



56 
 

 

Figure 3.10: EV-containing samples analysed using the Exoid. A) The number of EVs isolated from different 
Optiserum batches. The vesicle concentration was estimated at 2-3 different pressures. B) The d90 values of the 
vesicles present in the EV-containing samples. C) Protein concentration of the isolated EVs. D) Correlation between 
EV numbers and their total protein concentration. TRPS Data analysis was carried out using single pressure calibration. 
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3.3.2. Transmission electron microscopy 

To visualise the isolated EVs and determine whether their morphology is indicative of an 

exosome (bi-concave/cup-shaped/doughnut-shaped), TEM was utilised. Vesicle-

containing samples were either diluted 1/100 in PBS or left undiluted before being 

mounted as a single drop onto either formvar-coated copper TEM grids (generally used 

as a golden standard in TEM) or carbon-coated copper grids. This was followed by 

negative staining using 2% uranyl acetate. Because negative controls (when using TEM) 

are generally not included in literature, we thought it would be interesting to include them 

in this study. Two negative controls were chosen; a plain unstained grid, as well as a grid 

prepared with SFM that had been subjected to the PEG6000 vesicle isolation protocol 

(Chapter 2, Section 2). The latter was included to determine whether PEG6000 itself, 

which could contaminate the final EV sample, would create significant background on the 

TEM images. 

On the standard formvar-coated TEM grids, multiple irregularly circular vesicles with 

diameters ranging from 50 nm to 100 nm were observed (Figure 3.11A). These were 

within the exosome size range; however, they were too concentrated. Thus, the same 

sample was diluted 1:100 in an attempt to visualise singular vesicles. Structures with a 

uniform circular circumference were observed in the diluted sample (Figure 3.11B).  

 

On the formvar and carbon-coated TEM grids, multiple irregularly circular structures with 

diameters ranging from 50 nm to 100 nm were also observed (Figure 3.11C). However, 

amongst these were cup-shaped circular structures corresponding to the accepted 

morphology of exosomes [55, 56]. Again, the sample was diluted 1:100 for better 

visualisation of single structures and this time the structures identical to exosomes were 

identified (Figure 3.11D). 

 

Surprisingly, circular structures were also observed in the negative controls (Figure 3.11E, 

F). These were within the diameter range of 25 nm to 350 nm and had a more defined 

circumference on the plain grid, suggesting that PEG6000 causes background during 

TEM. 



58 
 

 

Figure 3.11: Transmission electron micrographs of various samples mounted on different TEM grids. A) Vesicles isolated using PEG6000 from Optiserum 
and mounted on formvar-coated copper grids B) Vesicles isolated using PEG6000 from Optiserum and diluted 1:100 in PBS before mounting on formvar-coated 
copper grids C) Vesicles isolated using PEG6000 from Optiserum mounted on formvar and carbon-coated copper grids. D) Vesicles isolated using PEG6000 from 
Optiserum and diluted 1/100 before being mounted on formvar and carbon-coated grids E) grids Serum-free medium (SFM) that has been subjected to the PEG6000 
vesicle isolation protocol and diluted 1/100 before being mounted on formvar-coated copper grids F) Plain non-coated grids. Extracellular vesicles (EVs) and non – 
extracellular vesicles (non-EVs) were identified.
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3.3.3. Internalisation by HEK293 cells 

To test EV uptake by cells, HEK293 cells were incubated with PKH26-stained EVs (which 

will emit a red fluorescence due to the PKH26 dye) followed by immunocytochemistry as 

described in Chapter 2, Section 6. Briefly, following incubation with EVs, cells were 

washed to remove excess vesicles that had not been taken up by the target cells and 

were then incubated with a mouse monoclonal anti-CD81 antibody, followed by the 

Dylight 488-conjugated secondary antibody (green fluorescence). Lastly, the cell nuclei 

were stained with the Hoechst nuclear stain (blue fluorescence).  EVs (red) that were 

found to be positive for CD81 (green) could then be confirmed as exosomes. Negative 

controls included cells that were incubated for 2 hours in SFM (which had been incubated 

with PKH26, but in the absence of EVs).   

A primary antibody control was also included, where, during immunocytochemistry, cells 

were incubated with PBS lacking the primary anti-CD81 antibody (Figure 3.12). Green 

fluorescence was not observed in cells incubated in the absence of the mouse 

monoclocal anti-CD81 primary antibody, therefore the secondary antibody did not result 

in non-specific staining (Figure 3.12A); nuclei were detected (Hoechst; Figure 3.12B). 

 

Figure 3.12: HEK293 cells negative CD81 control. Cells were incubated in the absence of the primary mouse anti-
CD81 antibody (rather incubated with PBS) before being incubated with the donkey anti-mouse-Dylight 488 antibody. 
A) No green fluorescence was observed in cells where the nuclei were stained using the blue-fluorescing Hoechst stain 

(B). Scale bar = 20 µm. 
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CD81, a transmembrane protein known to be enriched in exosomes and also expressed 

in HEK293 cells, was detected on the membrane of HEK293 cells in the absence of EVs, 

confirming the presence of endogenous CD81 on HEK293 cells (Figure 3.13A, B, D) 

[188].  As expected, red fluorescence was not detected in these cells (Figure 3.13C). 

 

Figure 3.13: HEK393 cells incubated in SFM displaying endogenous CD81. HEK293 cells were incubated for 2 
hours in SFM prior to immunocytochemistry with mouse anti-CD81 antibody to demonstrated presence of (A) CD81 
(green) and (B) nuclei (blue), but absence of (C) exosomes (red). D) Panels A, B and C were merged. Scale bar 20 
µm. 
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When cells were incubated in the presence of PKH26-stained exosomes, the endogenous 

CD81 as well the nuclei could still be detected via green and blue fluorescence, 

respectively (Figure 3.14A, B).  

 

Figure 3.14: Uptake of PKH26-stained exosomes by HEK293 cells. A) Green fluorescence corresponding to the 
exosome marker CD81. B) Blue fluorescence corresponding with the Hoechst nuclear dye. C) Red fluorescence 
representing PKH26-positive exosomes D) Overlay of image A, B and C depicting yellow fluorescence indicating 
colocalisation of green and red fluorescence to shown CD81 positive PKH26-stained exosomes. Scalebar = 20 µm. 

In addition, red fluorescence, indicative of the EVs was also detected within the cells 

(Figure 3.14C). When the images were overlayed, there were regions within the cells 
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where there was colocalisation of the green and red fluorescence, resulting in the 

formation of yellow fluorescence (Figure 3.14D). This suggests that the CD81+ EVs have 

been internalised by HEK293 cells. Furthermore, areas of green fluorescence were also 

evident; this was also to be expected as HEK293 cells to express CD81 (as confirmed in 

Figure 3.13). Taken together, the data suggests that the EVs we isolated are in fact 

exosomes due to their size (as measured by TRPS), morphology (as determined by 

TEM), uptake and expression of CD81 (as determined by ICC). 

 

3.3.4. Effect on cell proliferation 

After confirming the exosome nature of the EVs and their internalisation by HEK293 cells, 

we sought to examine the effect of UCB serum-derived exosomes on HEK293 cell 

proliferation. To achieve this, cells were cultured in the presence of increasing numbers 

of exosomes (isolated from Optiserum batches 798, 813, 807 and 822), ranging from 1 x 

103 to 1 x 108. HEK293 cells were also cultured in the presence (SCM) and absence 

(SFM) of serum to mimic positive and negative controls respectively.  

When the cells were cultured in the presence of 1 x 108 exosomes, a significant increase 

in proliferation was observed, which surpassed the proliferation of cells cultured in SCM 

(Figure 3.15A). The effect on cell proliferation in response to exosome number less than 

1 x 108 was variable. For example, the effect of 1 x 107 exosomes isolated from Optiserum 

batch 822 had an effect 1.4-fold less than that of cells cultured in SCM whereas all the 

other batches were more potent (1.6 - 1.9-fold more). Only when exosomes at a 

concentration of 1 x 104 or less were used, was there no increase in proliferation when 

compared with SFM. Taken together, 1 x 108 exosomes had the highest effect on cell 

proliferation with a mean relative percentage of 194% (Figure 3.15B). This was 

significantly higher than both SFM (p<0.001) and SCM (p<0.005) respectively (Figure 

3.15B). Addition of 1 x 107 exosomes achieved a mean relative percentage of 145%; this 

effect was significantly higher than SFM (p<0.05), but not significantly higher than SCM. 

All other exosome concentrations below this number had no statistically significant effect 

on cell proliferation. 
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Figure 3. 15: Effect of UCBS-isolated exosomes on HEK293 cell proliferation. Cells were cultured in serum-free 
medium (SFM) containing increasing numbers of exosomes isolated from different batches (798, 813, 807 or 822), 
plain SFM, or they were cultured in serum-containing medium (SCM) with 2 to 4 replicates for each batch. The cells 
were subjected to these treatment conditions for a 24-hour period before the average cell numbers were measured 
using the MTS assay. The values were displayed as a percentage relative to growth achieved by cells cultured in SCM. 
A)   Effect of exosomes isolated from individual batches on cell proliferation. B) Average effect of   exosomes isolated 
from batches 798, 813, 807 or 822 on HEK293 cell proliferation (n = 4; * = p<0.05; ** = p<0.005; *** = p<0.001)
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Surprisingly, when HEK293 cells were cultured in the presence of Optiserum itself (300 

µg – 0.3 ug), no significant positive effect on cell proliferation was observed when 

compared with SFM (Figure 3.16). This suggested that, possibly, the content of the 

exosomes (when concentrated) could be mediating the positive effect on HEK293 

proliferation when compared with the Optiserum (which is a five-fold dilution of umbilical 

cord blood serum and contains includes the secretome both within and outside the 

exosome component in the serum). 

 

Figure 3.16: Effect of UCBS on cell proliferation. Cells were cultured in either serum-containing medium (SCM), 
serum-free medium (SFM) or SFM containing varying concentrations of umbilical cord blood serum (UCBS) from four 
different Optiserum batches. Effects on cell growth were again related to growth observed in SCM.  

 

This suggests that the exosome content/cargo (including nucleic acids, lipids, proteins) 

should be analysed in more detail. Hence, we began the cargo analysis by focusing on 

the protein content of exosomes isolated from Optiserum batches. 

 

 



65 
 

3.3.5.  Protein Content Analysis 

Epidermal growth factor (EGF) is a protein known to be found at significant concentrations 

in UCBS [178]. We therefore sought to first determine whether EGF is enriched in the 

exosome component. Optiserum and matched samples of isolated exosomes were 

therefore analysed using an EGF ELISA (Quantikine, R&D Systems; Chapter 2, Section 

7.2.1). Briefly, Optiserum samples from different batches (621, 828, 797 and 804) and 

exosome samples isolated from the same batches were diluted 1:1 with the RD69 diluent 

before 200 µl of each sample was loaded in duplicate on the 96-well ELISA plate for 

analysis.  

Optiserum was observed to have significantly higher levels of EGF compared to 

exosomes (p<0.05; Figure 3.17A, B). The contents of EGF in exosomes compared to the 

original Optiserum from which they were isolated ranged from 4 pg/ml to 72 pg/ml and 

236 pg/ml to 323 pg/ml, respectively (Figure 3.17A). The mean EGF concentration in 

exosomes compared to the original Optiserum they were isolated from was significantly 

lower at 39 pg/ml ± 29 compared with 279 pg/ml ± 36 respectively (Figure 3.17B). It was 

concluded that exosomes isolated from umbilical cord blood serum are not enriched for 

EGF.  
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Figure 3.17: Levels of EGF in exosomes compared to the original Optiserum from which they were isolated. A) 
The EGF levels in the paired samples were measured using ELISA and the percentage values represent the percentage 
of EGF present in the exosomes compared to the original Optiserum from which it was isolated. B) Generalised 
comparison of EGF levels in exosomes and Optiserum by averaging the values from the different batches (621, 828, 

797 & 804) (n = 4, * = p < 0.05) 

 

To gain an understanding of the broader protein cargo of the isolated exosomes, the 

analysis was expanded to a total of 48 cytokines; the Bioplex 48-plex cytokine screening 

system described in Chapter 2 Section 2.7.2.2) was utilised to measure the protein 

content of paired exosomes and UCBS in Optiserum samples from 14 batches.  

Following Bioplex analysis, it was found that the following 24 proteins are present at 

higher levels in Optiserum when compared with the paired isolated exosomes: CTACK, 

Eotaxin, IL-9, MIP-1b, SCF, MIF, PDGF-bb, RANTES, SCGF-b, TRAIL, IL1-Ra, HGF, 

TNF-b, SDF-1b, TNF-b, MIG, M-CSF, MCP-1, IP-10, IL-18, IL16, IL-2Ra, G-CSF, and 

basic FGF (Figure 3.18). Interestingly, there were two proteins that were found to be 

enriched in exosomes. These were b-NGF and IL-15 (Figure 3.19). Specifically, average 

b-NGF levels were 48 pg/ml ± 30 in exosomes, but 5 pg/ml ± 7 in Optiserum, while the 

average IL-15 levels were 1035 pg/ml ± 1060 in exosomes and 526 pg/ml ± 284 in 

Optiserum (Figure 3.19). Moreover, two other cytokines were present at comparable 

levels in all 14 tested samples, specifically GRO-a, and TNF- (Figure 3.20). 
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Respectively, the average concentration of these two proteins were 1605 pg/ml ± 1151 

(in exosomes) compared to 2212 pg/ml ± 380 (in Optiserum), and 91 pg/ml ± 35 (in 

exosomes) compared to 85 pg/ml ± 32 (in Optiserum).    

The remaining 20 tested proteins were not found at detectable levels in either the 

Optiserum or the isolated exosomes.
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Figure 3.18: Cytokines found in higher levels in Optiserum compared to the exosomes. Cytokine levels were measured in paired exosome and Optiserum 
samples from 14 different batches (n = 14), using the 48-plex kit.
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Figure 3.19: Cytokines enriched highly in exosomes compared to the original Optiserum from which they were 
isolated.  Cytokines were measured using the 48-Plex kit (which detects 48 cytokines).  A1 – A2) Cytokines present in 
noticeable levels out of the 48 cytokines measured in paired exosomes and Optiserum samples from 14 different 
batches (n = 14). B1 – B2) Analysis of cytokine content in individual batches. The error bars were generated using the 

standard deviation. 
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Figure 3.20: Cytokines present in comparable levels in exosomes compared to the original Optiserum from 
which they were isolated. Cytokines were measured using the 48-Plex kit (which detects 48 cytokines).  A1 – A2) 
Cytokines present in noticeable levels out of the 48 cytokines measured in paired exosomes and Optiserum samples 
from 14 different batches (n = 14). B1 – B2) Analysis of cytokine content in individual batches. The error bars were 
generated using the standard deviation. 
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3.4. Summary 

In the current study, extracellular vesicles were isolated from UCBS using PEG6000 

precipitation. Samples were characterised using TRPS which analyses nanoparticles 

using a nanopore approach. Prior to this characterisation of the exosomes an SOP 

describing the optimal approach to using the Exoid (Izon Science, France) for TRPS was 

established. The current, RMS noise, blockade magnitude, as well as the particle rate 

were found to be crucial in the Exoid’s ability to accurately analyse particles.  

The number of extracellular vesicles isolated from Optiserum (1 ml) was highly variable 

and could not be correlated with total protein concentration. However, the isolated 

vesicles were found to be within the exosome size range and were subsequently 

confirmed to be exosomes following analysis of morphology using TEM and expression 

of CD81 by immunocytochemistry. These exosomes were internalised by HEK293 cells 

and were found to promote cell proliferation, as measured by the MTS assay, when used 

at a concentration of 1 x 108 exosomes. 

Subsequent analysis of protein cargo indicated exosome enrichment of b-NGF and IL- 15, 

while both GRO-a and TNF-a were found to be present at comparable levels in the 

exosomes and the Optiserum from which they were isolated. 
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Chapter 4: Discussion  

 

Various studies have supported the hypothesis that the therapeutic properties of UCBS 

may be attributed to exosomes found within this biological sample. However, little 

information is available regarding the isolation, cargo and cellular effect of exosomes from 

UCBS. Moreover, In the current study we aimed to isolate and characterise exosomes 

from umbilical cord blood serum (UCBS) and determine their effect on cellular 

proliferation in vitro. We successfully isolated EVs from Optiserum (a commercially 

available product containing UCBS) using PEG6000, characterised these vesicles as 

exosomes and subsequently analysed the protein cargo as well as determined the effect 

on cellular proliferation. 

A major challenge, when utilising PEG as part of our isolation method, was found to be in 

the resuspension of the EV-containing pellet after isolation, which often required extended 

periods of vortex mixing. This could be related to the fact that the resuspension medium 

was, as is often recommended, cold [189]. Moreover, at times the pellets were invisible, 

making it impossible to assess whether they had fully resuspended in solution, until TRPS 

was carried out. This was more challenging due to a lack of descriptive pellet 

resuspension techniques in literature. Resuspension of the pellet in warm solution (37°C) 

is an approach worth considering in future studies because temperature and protein 

solubility are directly proportional [190].  

Characterisation of the PEG-isolated EVs using TRPS was extremely challenging. 

Despite significant time and effort assigned to study and master the technique, a major 

hurdle was the constant clogging of the nanopore. This may have been due to the nature 

of the isolation method; PEG6000 works via a water exclusion mechanism which causes 

the EVs to tightly compact and possibly clump [119]. One of the strategies used to combat 

the nanopore clogging was to filter the samples through a 0.22 µl syringe filter before 

Exoid analysis. Filtration was found to successfully remove large particles (300 – 776 nm) 

which we believed to be responsible for the clogging. It is unclear whether the large 

particles observed were aggregates of smaller vesicles or large vesicles such as MVs 

and apoptotic bodies.  
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Nonetheless, a fully optimised SOP was successfully established to utilise the Exoid, a 

TRPS instrument, for EV characterisation.  EVs were found to have a mean diameter of 

111  12 nm, well within the exosome size range [5]. Their total concentration was found 

to range from 0.3 x 109 – 10 x 109 particles/ml [5]. Considering that the isolation was 

carried out using Optiserum (a 20% dilution of UCBS), the number of EVs that would be 

isolated directly from pure UCBS could be substantially higher.  When the protein 

concentration of these vesicles was measured, it was found to have poor correlation with 

their particle concentration. This was surprising as many studies correlate exosome 

protein concentration with bioactivities such as cell proliferation [179, 191]. In our study 

we therefore rather chose to use UCBS EV number when carrying out in vitro proliferation 

assays.  

The EVs were further characterised using TEM where cup–shaped structures, generally 

accepted as characteristic of exosomes, were observed [192]. The cup shape is caused 

by shrinkage due to air drying during sample mounting and the percentage of cup shaped 

vesicles in a TEM field of view is generally low (between 14 – 46 %) [193, 194]. This 

indicates that some exosomes are shielded from the shrinkage, possibly due to clumping. 

Moreover, the cup-shaped vesicles were more pronounced in samples mounted on 

carbon-coated grids compared to uncoated grids. This could be due to the fact that both 

these types of grids are coated with formvar, which is porous, but in addition to the 

formvar, the carbon-coated grids have an additional carbon membrane. The diameter of 

these holes ranges from 25 nm to 350 nm. Thus, it is possible that vesicles pass through 

them during sample mounting. This could be more prevalent in formvar-only grids as they 

do not have an additional layer like carbon-coated grids. Caution should be taken when 

interpreting TEM images because the holes in the grid can erroneously be identified as 

exosomes (not often reported in literature). This is especially true when using lower 

resolution TEM instruments.  

EV uptake by cells and the exosome nature of these EVs was further confirmed using 

ICC. One of the most common methods of achieving this is to stain the exosome-

containing sample using a membrane dye such as the PKH26 red fluorescent linker 

before incubating them with cells and observing red fluorescence inside the cells. 
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However, there is a crucial step that is included during the exosome staining, and it is 

often overlooked. Following staining, the sample is diluted in high protein solution such 

as BSA to quench the excess dye. This can result in the staining of non-exosomal 

particles; negative controls to account for this must be included in all studies [71, 72]. In 

our study, a mouse monoclonal anti-CD81 antibody was used to confirm that the red 

PKH26-positive vesicles inside the HEK293 cells were in fact exosomes.  

Once the internalisation of exosomes by HEK293 cells was confirmed using ICC, their 

effect on cell proliferation was investigated. We report that exosomes isolated from UCBS 

have a significant effect on cell proliferation, and to the best of our knowledge, this is a 

novel finding. The highest number of exosomes tested (1 x 108) almost doubled the 

proliferation relative to that achieved with the positive control (SCM); there was however 

high variability between batches. However, it is worth noting that even though no positive 

effect on cell proliferation was observed when cells were cultured in Optiserum, the 

Optiserum batches used for these particular experiments were not the same as those 

from which the exosomes were isolated.  

A main contaminant of exosomes, not investigated in this study, is lipoprotein. [195]. 

Lipoproteins are another type of biological nano-vesicles which are also responsible for 

transporting cargo to target cells and have been reported in UCBS [196, 197]. Fortunately, 

when Zhu et al. (2022) recently used high-performance liquid chromatography (HPLC) 

fractionation to analyse the protein enrichment profiles in UCBS exosomes and compared 

it to that of maternal serum exosomes they reported that proteins associated with 

adhesion and biological molecule binding were upregulated and lipoprotein-associated 

proteins were downregulated [178]. This suggests that lipoproteins are less abundant in 

UCBS compared to adult serum, however, the lipoprotein component of UCBS exosomes 

should be investigated in future studies. 

Growth factor and cytokine analysis was carried out and revealed that, compared to the 

Optiserum from which they were isolated, exosomes are enriched in the cytokines 

b - NGF and IL- 15. These proteins have been reported to have a positive effect on wound 

healing. For example, b-NGF has been reported to have a therapeutic effect on corneal 

diseases such neurotrophic corneal ulcers by promoting limbal stem cell proliferation 
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[198]. This protein has also been reported to promote wound healing by inducing 

fibrogenesis in conjunctival fibroblast cells [199]. Similarly, intravenous treatment of aged 

mice with IL-15 was shown to accelerate wound closure [200]. Thus, the therapeutic 

effects of UCBS could be due to exosome-mediated b-NGF and IL-15 delivery to cells, 

suggesting that not only can these exosomes be used for direct therapeutic application, 

but they can potentially be used as drug delivery systems. Future work to test this 

hypothesis could include culturing cells in media containing these cytokines or exosomes 

loaded with these cytokines and comparing the growth rate with negative controls.  

In conclusion, PEG6000 was effectively used to isolate and characterise exosomes from 

UCBS. These exosomes were subsequently analysed for the effect on cellular 

proliferation, where they were found to promote HEK293 cell growth. Protein content 

analysis revealed that some proteins, particularly b-NGF and IL-15, are enriched in the 

exosome fraction of UCBS, which may contribute to the positive effect on cellular 

proliferation. Further research is needed to determine the purity of these exosome 

samples as well as the mechanism of action related to their pro-proliferative effect. They 

may have therapeutic value in the context of situations where regeneration is required. 
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Appendix 1: Labelled Exoid device parts 

 

Appendix Figure 1: Main Exoid components required for sample analysis. Diagrams 1-11 depict the necessary 

parts (in order) that a user should familiarise themselves with in order to begin sample loading and analysis. 
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