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Abstract 

Glioblastoma multiforme (GBM) is the most aggressive and frequent brain tumor in adults 

and there is a need for a less invasive and more accurate way to investigate them, compared to 

methods used today. The study of exosomal cargo presents the possibility to investigate the 

tissue of origin without the need for biopsies.  

In this project exosomes from GBM cells were isolated from culture medium by both a 

commercial isolation kit and by ultracentrifugation. These isolation techniques were evaluated 

by the presence of exosome markers by Western blot, morphology by transmission electron 

microscopy (TEM) and size distribution by dynamic light scattering (DLS) of the isolated 

vesicles. Vesicles isolated by both isolation techniques showed presence of exosome markers 

(CD9, CD63, TSG101, alix and flotillin-1) and had diameters in the expected range for 

exosomes. On the other hand, low levels of calnexin (an endoplasmic reticulum (ER) protein) 

were also detected, implying contaminations from the ER. However, when investigating the 

morphology of the isolated vesicles, the expected cup-shaped morphology was only found 

when using ultracentrifugation, which was subsequently also successfully immunolabelled. 

Ultracentrifugation was therefore chosen for isolation of exosomes from three cultured GBM 

cell lines before hydrophilic interaction liquid chromatography-mass spectrometry (HILIC-

MS) analysis.  

A HILIC-MS method with electrospray ionization (ESI) operating in positive and negative 

mode was optimized for untargeted metabolomics, testing two zwittierionic (ZIC) HILIC-

columns (0.3 mm inner diameter (ID)) and mobile phase compositions with different 

ammonium salts. The ZIC-cHILIC column using acetonitrile:30 mM ammonium formate  

(80:20, v:v) as mobile phase provided satisfactory separation of four model metabolites and 

was used in further testing. A ZIC-cHILIC column with 2.1 mm ID provided higher plate 

numbers and peak intensities compared to the 0.3 mm ID column, and was therefore chosen 

for the exosome analysis. Ultracentrifuged exosomes from three different GBM cell lines 

showed different metabolite profiles and this method will be used in future biomarker 

discovery, including targeted metabolomics of GBM cells treated with different cancer drugs. 
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1 Abbreviations 

A Adenine 
 BCA Bicinchoninic acid  

BSA Bovine serum albumin  

C Cytosine 
 ddMS2 Data-dependent tandem mass spectrometry 

DNA Deoxyribonucleic acid 

DC Direct current 

DLS Dynamic light scattering 

ESI Electrospray ionization  

ER Endoplasmic reticulum  

ESCRT Endosomal sorting complex required for transport 

EV Extracellular membranous vesicles  

FBS Fetal bovine serum  

GBM Glioblastoma multiforme  

G Guanine 
 

HSP90 Heat shock protein 90  

HPLC High Performance Liquid Chromatography  

HRP Horseradish peroxidase  

HILIC Hydrophilic interaction liquid chromatography  

ID Inner diameter 

ILV Intraluminal vesicles  

LC Liquid chromatography  

MS Mass spectrometry 

m/z Mass to charge ratio  

mRNA Messenger ribonucleic acid 

MP Mobile phase 

MVB Multivesicular bodies  

NP Normal-phase 

OD Outer diameter 

PAG Protein A-gold  

PP Polypropylene 

PRM Paralelle reactrion monitoring  

RF Radio-frequency 

RIPA Radioimmunoprecipitation assay buffer  

RP Reversed phase 

rcf Relative centrifugal force 

rpm Revolutions per minute 

RNA Ribonucleic acid 
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SDS Sodium dodecyl sulfate  

SP Stationary phase 

T Thymine 
 TEM Transmission electron microscopy  

TBS Tris buffered Saline  

TSG 101 Tumor susceptibility gene 101  

UV Ultraviolet 

WHO World Health Organization 

ZIC-cHILIC Zwitterionic HILIC stationary phase (phosphorylcholine) 

ZIC-HILIC Zwitterionic HILIC stationary phase (sulfobetaine) 
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2 Symbols 

d Diameter 

f Down scale factor 

k-factor Clearing factor 

ki Instrumental constant 

k Retention factor 

Lsed Sedimentation distance 

m Mass 

N Plate number 

nMP Number of molecules in the MP 

nSP Number of molecules in the SP 

Rav Average radius 

Rmax Maximum radius 

Rmin Minimum radius 

Rs Resolution 

s Sedimentation coefficient 

t Centrifugal time 

t1 Retention time for the first peak 

tM Retention time for a molecule that has no interaction with the SP 

tR Retention time 

tx Retention time for the last peak 

w Peak width 

w0.5 Peak width at half peak height 

wav Average peak width 

η Viscosity 

θ Angle 

ω Axial oscillation  
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3 Introduction 

3.1 The human body 

The human body is made up by more than 10 trillion cells. All these cells contain the genetic 

information called deoxyribonucleic acid (DNA) that is the recipe for all mechanisms in the 

body. DNA consists of two long chains of monomers known as nucleotides. The nucleotides 

have three components; a phosphate group, a five-carbon sugar molecule (deoxyribose) and a 

molecule known as a base. There are four different bases; adenine (A), guanine (G), cytosine 

(C) and thymine (T) where A and T, and G and C can bind together in pairs. These monomers 

are bound together to form two “backbones” where the bases are connected with hydrogen-

bonds. Together these chains form a helix structure that is organized into X-formed 

arrangements called chromosomes [1]. The structure of chromosome, DNA, nucleotide and a 

base is given in Figure 1.  

 

Figure 1: Illustration of a chromosome which consists of DNA, and the molecular structure of the bases guanine (G) 

and cytosine (C), and adenine (A) and thymine (T) bound together by hydrogen bonds.  
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Regions of the DNA called genes are translated into proteins and this process is important for 

all mechanisms in the cell. For a gene to be expressed and the protein to be made, the recipe 

for the protein must be produced from the DNA. This process is called transcription, and a 

copy of the gene consisting of a single stranded ribonuclein acid (RNA) sequence called 

messenger ribonuclein acid (mRNA) is made. RNA is similar to DNA as it is made out of 

nucleotides like DNA, but the sugar molecule is ribose rather than deoxyribose and the base 

thymine is also replaced by uracil.  

The mRNA transcript is transferred from the nucleus where the DNA is, and out to the 

cytosol where it binds to organelles called ribosomes. At the ribosomes the mRNA is 

translated into proteins in a process called translation. A unit of three bases (called a triplet) in 

the mRNA is translated into molecules called amino acids. Proteins are built up by the twenty 

different amino acids given in Figure 53-55 in Appendix and the molecular structure of an 

amino acid is shown in Figure 2. The R-group varies in the different amino acids.  

 

  

Figure 2: The molecular structure of an amino acid, consisting of an acid group and a varying R-group. Adapted from 

Lehninger et al. [2]. 

 

As the mRNA is translated, the amino acids are bound together by peptide bonds and H2O is 

released (condensation reaction) as shown in Figure 3.   

 

Figure 3: The formation of peptides by bonding of amino acids. H2O is released in this process. Adapted from 

Lehninger et al [2].  
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Proteins go together to form complexes called enzymes. Enzymes are known to accelerate or 

catalyze chemical reactions where a substrate is converted into a different molecule called a 

product. This process finds place at the region called the active site of the enzyme (which 

consists of a binding site and a catalytic site), and the composition and structure of the 

enzyme is crucial for the correct reactions to take place [1].  

Many thousand enzyme-catalyzed reactions find place in the cells and are organized into 

different pathways, in which the product of one reaction is the reactant in the next one as 

shown in Figure 4. 

 

Figure 4: Example of a signal pathway including enzyme 1, 2 and 3 which convert molecule 1 to 2, 2 to 3 and 3 to 4 

respectively. 

The term metabolism is used for the network of enzymatic reactions in a biological system 

and constitutes catabolism and anabolism. Metabolites are intermediates and products of 

metabolism and the term is often restricted to small polar molecules such as amino acids, 

nucleotides, carboxylic acids, and sugars. In catabolism nutrients are degraded into simple 

end products where chemical energy can be used by the cell. Other reactions start out with 

small reactant molecules and complex molecules such as proteins and nucleic acids are 

produced. These reactions are called anabolism. [2].  

For cells to work correctly, and the network of reactions to be maintained, the DNA has to be 

exactly the same in all cells. DNA is replicated during growth and dividing of cells, but 

sometimes small alterations occur. These alterations involve changes in the base sequence or 

could be as severe as loss/adding of parts to chromosomes. These changes are called 

mutations. If the mutation finds place in a gene, the protein encoded by this gene can be 

changed in a way that disrupts the function of the protein and the pathway it is a part of. 

Figure 5 shows normal function compared to two different situations caused by different 

mutations. The first mutation leads to gain of function where the enzyme gets the ability to 

produce a new molecule (molecule 5) that isn’t originally a part of the pathway. The second 

mutation leads to loss of function, and makes the enzyme unable to convert molecule 2 into 
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molecule 3. Hence mutations might change the metabolism in the cell and that way be the 

starting point of diseases [2]. 

 

Figure 5: Representation of normal metabolism, a mutation leading to gain of function and a mutation leading to loss 

of function. 

3.2 Cancer 

Cancer is the term for a very dangerous group of diseases involving abnormal cell growth due 

to mutations in the DNA. Normally the growth and dividing of cells in the body is strictly 

controlled and they die after a number of divisions, but in cancerous cells this control is 

disrupted due to alterations in genes. These alterations are often related to genes that control 

cell growth and/or differentiation. The mutations lead to survival and dividing of abnormal 

cells that eventually form tumors. Some tumors are malignant, and can invade and spread to 

nearby tissue and other parts of the body. Other tumors are called benign tumors and do not 

invade nearby tissues [1, 3].  

The risk of getting cancer increases with age and is more common in developed countries due 

to longer lives. Other contributing factors are tobacco, obesity, infections and radiation. 

Cancer is often treated by surgery, chemotherapy, radiation therapy or targeted therapy, and 

depends on the type of cancer, location, grade and the patient’s health [3].  
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About 17.5 million new cases of cancer occurred globally in 2015, and caused about 8.7 

million deaths [4]. There are over 100 different kinds of cancer that can affect humans and it 

can occur almost everywhere in the body, including the brain. 

3.3 The brain 

The brain is a complex organ that controls many crucial mechanisms in the body. About 2-25 

% of the basal metabolism of animals is devoted to the brain [5]. It is located in the head, near 

the sensory organs and consists of about 1011 nerve cells that can be classified into over 1000 

different types.  

The brain is surrounded by a membrane system called meninges, which separates the brain 

from the skull. Blood vessels enter the brain through holes in the meninges membranes. The 

cells in the vessels are tightly connected by tight junctions and this barrier separates the 

circulating blood from the extracellular fluid in the central nervous system. The barrier is 

called the blood-brain barrier and allows the metabolism inside the brain to operate differently 

form the metabolism in the rest of the body [6].  

Neurons and glial cells are the two main cell groups that constitute the brain. Glial cells are 

important for structural support, metabolism and development. Neurons, however, are able to 

send signals to target cells over a long distance [7].  

The brain also drives the secretion of hormones [8] and the importance of the brain makes the 

body extremely vulnerable to brain diseases [9].  

3.4 Glioblastoma multiforme  

Tumors that arise in the brain or spine are called gliomas because of their starting place (glial 

cells). The most common glioma is called astrocytoma, which originate in star shaped cells in 

the brain called astrocytes. These tumors are further classified into grades depending on the 

presence of malignant features [10]. The most common grading system for astrocytoma is the 

World Health Organization (WHO) grading system [11] where the tumors are graded from I 

(least advanced disease and best prognosis) to IV (most advanced disease and worst 

prognosis)[11].  
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Different genes are mutated in the various kinds of tumors, leading to alterations in pathways 

and results in different prognoses. A schematic overview of the classification of astrocytomas 

is given in Figure 6. Some of the tumors, like astrocytomas (WHO grade II) and anaplastic 

astrocytomas (WHO grade III) can progress into higher grades as more genes are altered. 

Grade IV is classified into primary (the tumors that occur spontaneously) and secondary (the 

tumors that progressed from low grade gliomas) tumors and are called glioblastoma 

multiforme (GBM) tumors [10].  

 

Figure 6: Schematic overview of classification of brain tumors and mutations, inspired by figure by clinicgate [12]. 
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GBM is the most frequent and aggressive glioma in adults resulting in approximately 175 000 

deaths globally each year [13]. These tumors are very complex and heterogeneous and contain 

self-renewing, tumorigenic cancer stem cells, making them extremely resistant to therapy [14, 

15]. The median survival rate for these patients is approximately 9-12 months [16]. GBM 

tumors are typically treated with surgery followed by radiation, which results in additional 

survival time, but a cure is not developed [14].  

Identification of biomarkers for the various gliomas has lead to better understanding of them 

and may be used to distinguish the different subgroups from each other [17]. Biomarkers may 

also be helpful for earlier diagnosis, to monitore response to different treatments and for 

development of more targeted treatments [18].  

Today diagnosis of GBM is based on magnetic resonance imaging (MRI) and biopsies [19] 

and follow-up procedures (for detection of relapse after surgery, which is very common for 

GBM patients [6])  are based on MRI. Since biopsies of gliomas are very invasive and MRI is 

limited as it does not provide any molecular information (making differatiation between 

different types of tissue challenging [20]), there is a need for a less invasive way to 

investigate these tumors which offers molecular information.  

3.5 Exosomes 

Extracellular membranous vesicles (EV) present the possibility of investigating tissue without 

using biopsies. These vesicles are produced by many cell types, and are used for long distance 

communication [21]. The vesicles vary in size and the smallest (30-100 nm) are called 

exosomes. They are released into body fluids e.g. blood and cerebrospinal fluid and contain 

biomolecules such as enzymes, mRNA, DNA and proteins that reflect the cell of origin [22]. 

Unlike freely circulating biomolecules, the biomolecules in vesicles are protected from rapid 

degradation [21].  

The various vesicles are created differently; microvesicles are large (>100 nm) vesicles that 

are formed through exocytosis from the plasma membrane. Early endosomes are formed 

through endocytocis from the plasma membrane, and Intraluminal vesicles (ILVs) are formed 

by budding into early endosomes, making multivesicular bodies (MVB). ILVs contain 

cytosolic components and transmembrane proteins are incorporated in their membranes. 

Depending on the biochemical properties of the MVBs, they are either sent to the lysosomes 
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for degradation, or to the plasma membrane where they fuse with the plasma membrane and 

the ILVs are released into the extracellular space. The ILVs are now referred to as exosomes 

and the production of vesicles is shown in Figure 7 [23, 24].  

 

Figure 7: Formation and release of vesicles. Multivesicular bodies (MVBs) are formed from early endosomes, when 

intraluminal vesicles (ILVs) bud into them. The MVB are either degraded in the lysosome or fuse with the plasma 

membrane and the ILVs are released into the extracellular space, which are now called exosomes. Adapted from 

Raposo et al.  [23]. 

Exosomes released from tumors constitute a potential source for biomarkers and can be 

important for development of future prognostic and diagnostic tools. Analysis of EVs is 

beneficial because it is less invasive than performing biopsies and they reflect the complexity 

of the cells of origin [21]. The membrane of exosomes derived from cancer cells do not have 

the exact same composition as the plasma membrane, but have enhanced expression of tumor 

antigens [25].  

As mentioned earlier, todays methods for investigating GBM tumors are invasive and 

unspecific, thus analysis of EVs could be extremely useful as an alternative [21].  

3.5.1 Culturing, isolation and characterization of exosomes  

To get a better understanding of the biology of exosomes, the vesicles have to be sufficiently 

purified before analysis. Characterization of exosomes is today mainly based on size, 

morphology, density and presence of protein markers, but other membranious vesicles and 
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lipoproteins have a tendency to be co-isolated with the exosomes when using the most 

common isolation techniques used today [26]. 

Culturing 

When studying exosomes, the first thing 

to consider is how to isolate them. The 

ultimate goal is to be able to isolate them 

from body fluids, but a common starting 

point is to grow cells in culture in a 

laboratory and isolate exosomes from the 

medium. A microscopy image of cultured 

GBM cells is shown in Figure 8. Cells 

are often grown in sterile conditions to 

prevent contaminations from the 

environment. It is also important to 

consider possible contamination sources 

(sources for vesicles) when 

supplementing the culture medium, to ensure that the analysed vesicles are produced by the 

cells of interest [27].  

Cells are often grown with fetal bovine serum (FBS) as protein source, but since FBS contain 

exosomes, alternative approaches must be used when exosomes are to be isolated. Cells can 

either be grown without FBS before collecting the medium or the FBS can be ultracentrifuged 

before using it if the cells do not survive without serum. A third alternative is to grow the 

cells with only bovine serum albumin (BSA) as protein source. The protein source to be used 

is cell dependent because many cells respond differently to different conditions [27]. 

The cells are usually grown under normal conditions until they reach ~60-70 % confluency 

(60-70 % of the culture flask is covered with cells), and then the medium is removed and 

replaced with medium prepared for exosome production. The medium is normally collected 

after 24-48 hours and used for further exosome isolation [27].  

 

Figure 8: Microscopy image of cells in culture medium. 
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Isolation - Ultracentrifugation 

The most widely used method for isolation and purifying of exosomes is ultracentrifugation 

which involves several centrifugation steps to pellet particles based on their differential 

movement through a liquid [28]. The first centrifugation steps are performed with low g-force 

(e.g. 500 g for 5-10 minutes) to remove intact cells and cell debris followed by a high g force 

centrifugation (e.g. 100 000 g for 1-2 hours) to sediment the exosomes. The pellet is often 

washed with phosphate-buffered saline (PBS, a water based salt solution with the same ion 

concentration as the human body), followed by a new 100 000 g centrifugation. 

The yield from ultracentrifugation is dependent on many different parameters such as the g-

force, the type of rotor, the clearing factor (k-factor, meaning the relative pelleting efficiency 

of a given centrifuge rotor at maximum speed) and the viscosity of the solution [29].  

A problem with ultracentrifugation is that protocols often include the centrifugal force, but 

not the rotor type, resulting in different efficiency dependent on the rotor. The clearence 

factor (k-factor) is often given by the manufactor of the rotor, and can be used in Equation 1 

to estimate the required time for sedimentation of a particle with a given sedimentation 

coefficient when using different rotors.  

𝑡 =
𝑘−𝑓𝑎𝑐𝑡𝑜𝑟

𝑠
         (1) 

Where t is the centrifugation time, k-factor is the clearing factor and s is the sedimentation 

coefficient for a specific particle given in Svedberg [28]. The sedimentation coefficient, s, can 

be calculated with Equation 2. 

𝑠 =
𝑚

6𝜋𝜂𝑟0
       (2) 

where m is the mass (in kg) of the particle, η is the viscosity of the liquid (in kg/(s·m)) and r0 

is the radius (given in m) of the particle. One Sveberg is 10-13 s [28]. 

It is proposed that the relation given in Equation 3 (also called the k-factor rule) can be used 

when comparing different rotors [28], where t1 and t2 are required cenrtifugation time and k-

factor1 and k-facor2 are the clearence factors for the two rotors. 

𝑡1

𝑘−𝑓𝑎𝑐𝑡𝑜𝑟1
=

𝑡2

𝑘−𝑓𝑎𝑐𝑡𝑜𝑟2
      (3) 
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However, Livshits et al. demonstrated that the k-factor rule given in Equation 3 can not be 

used when comparing a rotor with fixed angle and one with swinging buckets (shown in 

Figure 9) due to different angle (θ), radius (Rmin, Rmax and Rav) and sedimentation distance 

(Lsed) during centrifugation.  

 

Figure 9: Illustration of the two rotor types; swinging bucket and fixed angle. Adapted from Livshits et al. [30]. 

By using the k-factor rule (in Equation 3) to determine the time of ultracentrifugation with 

different rotors they isolated vesicles that differed in size.  

They developed an online calculator that can be used to determine the centrifugation time 

required for sedimentation of vesicles with a given density and diameter when using different 

rotors, liquids and g-force. This calculator can also be used to determine the theoretical cut-

off value (size) of 100 % sedimented particles [30].  

Often a sucrose gradient is used as a density gradient, where exosomes can be found at a 

density of 1.15 to 1.19 g/mL [27].  

A disadvantage for ultracentrifugation is low yield, resulting in requirement for large sample 

volumes.  
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Isolation - Precipitation 

As the field of exosomes expands, new commercial kits become available for isolation. These 

kits are often suited for small sample volumes such as biological samples, and makes them 

more time efficient than ultracentrifugation. The exosome isolation is caused by polymer-

based precipitation. This polymer network is created under specific conditions such as 

optimized salt concentrations and low temperature to decrease the solubility of vesicles, and 

after low speed centrifugation the pellet is resuspended in a small volume of PBS or an other 

solvent depending on the required analysis [29]. However this technique can lead to 

contamination of co-isolated proteins [31].   

Characterization - Immunoassay 

A common protein composition in exosomes is shown in Figure 10 [24]. 

 

Figure 10: Common protein composition of exosomes. Adapted from Mathivanan et al. [24]. 

For characterization of purified exosome samples, Western blot analysis is often used to 

investigate the presence of exosome markers. Exosome markers commonly used for 

characterization of exosomes include tetraspanins (CD9, CD63, CD81), tumor susceptibility 

gene 101 (TSG101), alix and flotillin-1. However, a negative control is often included in this 
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analysis to investigate the presence of contaminating vesicles. For this calnexin, an 

endoplasmic reticulum related protein is often used [24, 32-35].  

Flotillin-1 

Flotillin-1 is a membrane protein that is found in all mammalian cell types. This protein is 

involved in many different processes including endocytosis, signal transduction and 

regulation of the cytoskeleton, yet the molecular mechanisms are still poorly understood. The 

diversity of tissues where this protein is present makes the understanding of flotillin-1 

challenging. It is reported that flotillin-1 domains in the plasma membrane appear to bud into 

cells during endocytosis [36].  

Tumor susceptibility gene 101 and Alix 

Tumor susceptibility gene 101 (TSG101) and alix are parts of the endosomal sorting complex 

required for transport (ESCRT), which is a protein complex involved in exosome biogenesis 

and budding of vesicles. ESCRT is important for three essential functions including 

recognizing of molecules to be sorted into vesicles, and preventing them from being sorted to 

degradation or recycling. Second, ESCRT is important for deforming of endosomal 

membranes, and that way allowing molecules to be sorted into endosomal invaginations. The 

third function of the complex is to catalyze the final dividing of vesicles form the membrane 

during invaginations, and that way form vesicles [37]. TSG101 and alix are commonly found 

in exosomes and are therefore used as exosome markers [38]. 

Tetraspanins (CD9, CD63 and CD81) 

Tetraspanins constitutes a group of membrane proteins characterized by four transmembrane 

domains. They typically contain 200-300 amino acids making four hydrophobic domains 

folding along the membrane, and consist of a small and a large extracellular loop. These 

proteins are present at the cell membrane, in late endosomes and lysosomes and are enriched 

in exosomes. They are often organized into tetraspanin-enriched microdomains at the cell 

surface which also contain components such as receptors, integrins and cholesterol. Before 

the tetraspanins are sent to the cell surface, they are often modified in the organelle called the 

Golgi complex. This modification includes e.g. binding of fatty acids and carbohydrates. 
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Endocytosis leads to formation of early endosomes, and exosomes are formed by inward 

budding into these vesicles, hence the tetraspanins from the cell surface are incorporated in 

the membranes of the exosomes [39]. CD9, CD63 and CD81 are tetraspanins commonly 

found in exosomes, and are often used as markers for exosomes [38]. 

Calnexin 

Proteins discussed above are proteins expected to be present in exosomes, but also in cells. 

Calnexin is a protein found in the organelle endoplasmic reticulum (ER). In contrast to in 

cells, this protein is not expected to be present in exosomes. It can therefore be used as a 

negative control, to indicate that molecules detected in isolated exosomes do not come from 

contaminating vesicles from other components of the cell [35, 38].   

Determination of total protein concentration – The Bicinchoninic Acid (BCA) kit  

Before Western blot analysis is performed, the samples have to be prepared and the protein 

concentration determined. The most widely used technique for quantification of proteins is 

based on a modification of a well-known reaction called the biuret reaction. In this reaction 

Cu2+ binds to the amide nitrogen of four to six nearby peptide bonds. The amide hydrogen is 

displaced during this complex formation and Cu2+ is reduced to Cu1+ in a strongly basic 

solution [40]. The peptide-copper complex has the color purple, and as the protein 

concentration increases, the solution gets a deeper color. Hence the protein concentration can 

be measured using spectroscopy, where the absorbance at 540 nm is proportional to the 

protein concentration. However, this complex does not absorb light very strongly, and the 

technique is not suited for diluted protein samples [41]. 

The bicinchoninic acid (BCA) protein assay is developed to enhance the sensitivity of the 

biuret reaction. Cu2+ is reduced when binding to the peptides in an alkaline solution like in the 

biuret reaction and is shown in Figure 11. BCA is added to the solution and form a 2+1 

complex with the reduced copper ion from step 1. The reaction is shown in in Figure 12. This 

complex is a chromophore with absorbance maximum at 562 nm. The BCA-copper complex 

has a greater absorbance than the protein-copper complex, and lower protein concentrations 

can be measured with this assay [41].  
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Figure 11: Reduction of copper after formation of protein-copper complex. Adapted from Krohn R.I. [42]. 

 

Figure 12: The reduced copper binds to BCA and forms a BCA-copper complex. Adapted from Smith P.K [41]. 

When quantifying proteins using the BCA assay, BSA is used as a standard protein to make a 

calibration curve. 
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Western blot 

Western blot is a technique used to detect specific proteins by using gel electrophoresis to 

separate the proteins according to size and uses chemiluminescece for detection [43]. The first 

steps of the procedure are given in Figure 13. The first step involves adding of a running 

buffer to the tank and chamber.  Proteins naturally occur in a 3D-structure that is important 

for the properties of the proteins [1]. Sodium dodecyl sulfate (SDS) (an anionic surfactant) is 

usually used break the 3D-structure of the proteins and give them a uniform negative charge. 

The samples are loaded into the wells of the gel (usually a polyacrylamide gel), and a ladder 

consisting of a stained mixture of proteins with known masses is loaded to a well for 

calibration of migration length. A voltage is applied across the gel, making the proteins 

migrate through the gel according to their mass [44].  

 

 

 

Figure 13: An illustration of the procedure of gel electrophoresis. A gel cassette is transferred into a negative electrode 

chamber and put in a tank. Running buffer is applied to the tank, and both a protein ladder and samples are applied 

to the wells in the gel. When voltage is applied, the proteins migrate through the gel according to their mass, adapted 

from Kurien et al. [45] and Creative Diagnostics [46]. 

When the gel electrophoresis is completed, the proteins are transferred to a membrane, often 

made of nitrocellulose to make them accessible for antibody detection. The gel is placed on 

the membrane and filter papers are placed on top and bottom. A buffer solution is added to the 

stack and a voltage is applied, leading to transferring of proteins from within the gel to the 
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membrane, while maintaining the organization from the electrophoresis. This process is called 

blotting and is shown in Figure 14 [44]. 

 

Figure 14: An illustration of blotting proteins from the electrophoresis gel to the nitrocellulose membrane . Adapted 

from Kurien et al. [45] and Creative Diagnostics [46]. 

Because the membrane binds proteins, a blocking must be performed, by placing it in a 

protein solution (typically non-fat dry milk in Tris buffered Saline (TBS) with a detergent like 

Tween). This step prevents non-specific binding of the antibody to the membrane (since both 

the target protein and the antibody are proteins) [44]. 

After blocking the membrane is incubated in a diluted solution of a primary antibody (specific 

for the protein of interest). An antibody is a Y-shaped protein produced by plasma cells and is 

able to identify pathogens. It is used by the immune system and recognizes specific molecules 

at the target called an antigen. At the top of the Y-shaped antibody is the antigen-binding site 

that binds specifically to the antigen. The structure is given in Figure 15 [47]. The primary 

antibody is often produced in a host species (e.g. mouse or rabbit). 

 

Figure 15: The antibody binds to the antigen at the antigen-binding site. Adapted from Lehninger et al. [2]. 

After incubation with the primary antibody, the membrane is rinsed and a secondary antibody 

is added. The secondary antibody binds specifically to the primary antibody and is species 
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dependent (e.g. anti-mouse binds to primary antibodies produced in mice). 

Chemiluminescence is often used for detection of proteins. The secondary antibody is linked 

to a report enzyme such as horseradish peroxidase (HRP) that has the ability to produce a 

luminescence signal when it is exposed to a specific substrate (shown in Figure 56 in 

Appendix). This process is shown in Figure 16.  

 

Figure 16: The membrane is incubated with a primary antibody followed with a secondary antibody, which is linked 

to the reporter enzyme HRP. In the presence of a specific substrate, a luminescence signal is produced. Adapted from 

Lehninger et al. [2]. 

Characterization – Transmission electron microscopy 

To characterize the exosomes based on morphology, transmission electron microscopy (TEM) 

is often used. This technique is used to determine the size and shape of the isolated particles. 

Exosomes are typically seen as round and saucer/cup-shaped particles at TEM images [33] 

which might be caused by collapse during the drying step in the sample preparation [23].   

The image is formed as the electron beam interacts differently with different structures (e.g. 

membranes) in vacuum. The sample is first fixed on a grid coated with formvar (polyvinyl 

formals) which is electron transparent [48]. An electron beam is transmitted through the 

sample to produce an image.  

TEM can also be used for further characterization by using immunolabelling with specific 

primary antibodies and Protein A-gold (PAG) (alternatively a primary antibody, a secondary 

bridging antibody and then PAG, if the primary antibody is not directly reactive with the 

PAG). This labelling makes it possible to determine the location of proteins in a sample. 
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When the electron beam hits the gold particle, the beam is scattered, and appear as black spots 

at the image [27]. 

Uranyl acetate is often used for negative staining to increase the contrast as the background is 

stained and scatter the electron beam, while the actual specimen of the sample is untouched. 

TEM has the highest resolution compared with other microscopes [1] and is a good approach 

for studying of exosomes. An example of a TEM image of immunolabelled isolated exosomes 

is shown in Figure 17.    

 

Figure 17: Illustration of a Transmission electron microscopy (TEM) analysis. The electron beam hits the specimen 

(immunolabelled exosome), and interacts differently with the exosome and the gold particle. The TEM image shows 

isolated exosomes from cell line T1018 labelled with CD9 antibody produced in mouse and PAG 10 nm. Scale bar 200 

nm.  

Characterization – Dynamic light scattering 

Techniques based on light scattering are commonly used for size determination of exosomes. 

In dynamic light scattering (DLS) a powerful laser is aimed at the sample and the particles in 

the solution are hit. As the particles in the sample are hit, the light beam is scattered in all 

directions. This scattered light is detected at a fixed angle (θ) by a very fast photon detector. 

The motion (called Brownian motion) of particles in a solution varies with different sizes, and 

the fluctuation of the detected light can be used to characterize the particles according to 

hydrodynamic diameter [49]. An illustration of a DLS analysis of large and small particles is 

shown in Figure 18.   
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Figure 18: Illustration of DLS analysis of large and small particles. Adapted from Yin  et al. [49]. 

The hydrodynamic diameter comes with a β-value (0< β ≤1) describing the size distribution. 

A high β-value indicate a narrow size distribution and a low β-value indicates a more 

polydisperse population of particles in the solution [50]. 

3.6 Liquid chromatography – mass spectrometry for 

untargeted metabolomics 

The study of metabolite profiles, also called metabolomics provides a direct readout of 

biochemical activity of the analysed cells or body fluid. Metabolomics are often performed 

using liquid chromatography-mass spectrometry (LC-MS) and can either be performed 

targeted or untargeted. In the targeted approach, some specific metabolites often related to 

pathways suspected of being altered in the biological system are measured. In contrast, in the 

untargeted approach, the goal is to simultaneously measure as many metabolites as possible. 

The latter has the opportunity to recognize metabolites previously not identified as biomarkers 

for a phenotype or disease [51].  

In a typical metabolite profiling analysis thousands of molecules are detected, and separation 

of these molecules prior to detection is of great importance. This makes LC-MS a preferable 

technique for untargeted metabolomics. LC is a powerful technique mostly used for 

separation of non-volatile compounds. A liquid called the mobile phase (MP) is used to carry 
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the molecules through an analytical column and the compounds are separated due to different 

degree of interaction with the stationary phase (SP) inside the column [52].   

For selective detection of as many metabolites as possible in the untargeted approach, mass 

spectrometry (MS) is suitable for detection. MS is a powerful tool for identifying of masses of 

molecular ions (precursor ions), or fragments of them (fragment ions). Here ions are separated 

and detected according to their mass to charge ratio (m/z) and a mass spectrum is created. The 

intensity of the signal is proportional to the number of ions detected [53].  

After analysis and data processing, metabolite databases such as METLIN are often used to 

identify metabolites based on their m/z values and fragmentation [51]. For this identification 

to be reliable and to limit the number of possible molecules identified, the mass accuracy of 

the mass analyser have to be very high, making an orbitrap as mass analyser (with mass 

accuracy in the range of 2-5 ppm) a good choice [54].  

3.6.1 Mass spectrometry 

When using MS, the analyte molecules are first turned into ionized molecules in the ion 

source (or in the mobile phase when using electrospray). The molecules are further lead into 

the mass analyser, where selected masses pass through to the detector for detection. There are 

many types of ion sources, mass analysers and detectors available for different applications. 

Some mass analysers can be used for fragmentation of the precursor ions (called tandem MS 

or MS/MS) which provides more selective qualification. In this work, electro spray ionization 

(ESI) will be used as ion source, and a Q-Exactive MS consisting of both a quadrupole and an 

orbitrap as mass analyser (the orbitrab is also used for detection).   

Mass analyser – Orbitrap  

The most important parts of the orbitrab used in this project (Q-Exactive) are depicted in 

Figure 19. The sample enters the Q-Exactive from the ion source and a lens system is used to 

create a concentrated ion beam.  A bent flatapole guides the charged ions to a quadrupole 

mass filter and prevents neutrals, clusters and droplets from entering further into the 

instrument [55].  
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A quadrupole consists of four parallel rod electrodes where the same direct current (DC) 

voltage is applied to the two opposite rods (one pair with positive and the other one with 

negative voltage). Radio-frequency (RF) oscillating voltage is added and an electric field is 

created. The ions get different trajectory movements and only ions with stabile movements 

are able to move through the mass filter. This movement is dependent on the m/z value, thus 

only a selected m/z range pass through the quadrupole, while other ions collide with the metal 

rods. If the direct current/alternating current ratio is kept constant, the potential can be altered 

to let through multiple selected masses, or all masses in the sample can be detected 

consecutively by using full scan mode [56].  

The ions are further transferred to the C-trap. This is a quadrupole shaped like the letter C and 

the ions are cooled and stored here. If the operator wants to only measure the precursor ion 

(called MS mode), the RF is ramped down and DC is applied to create a field across the C-

trap. The ions are ejected from the trap, and shot through lenses and into the orbitrap with the 

same injection energy [54].  If the operator wants to fragment the precursor ions and measure 

the intensity of them, the ions are transferred to the collision cell, where nitrogen gas is used 

for fragmentation. The fragment ions are sent to the C-trap and to the orbitrap for detection. 

 

Figure 19: The most important parts of the Q-Exactive MS. Ions and neutrals enter the mass spectrometer from the 

ion source. Neutrals are lost in the bent flatapole and the ions enter the quadrupole mass analyser. Here the ions are 

relaxed and selected ions enter the C-trap. Here ions are either shot into the orbitrap or are sent to the collision cell 

for fragmentation, which are subsequently sent to the C-trap and further to the orbitrap for detection. Adapted from 

Berg [57]. 
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The orbitrap consists of a center spindle electrode in the center and outer electrodes separated 

by an insulator. The injected ions are deflected by a deflector and forced into a curved 

trajectory due to electrodynamic squeezing. In the axial direction, the ions are forced away 

from the narrow gap and toward the wider gap in the middle of the trap. Since the ions are 

injected at a position offset from the middle of the orbitrap the ions start to oscillate in axial 

direction. Ions with the same m/z value move in packages with the same axial frequency and a 

signal consisting of the axial frequencies of all the ion packages in the orbitrap is detected. 

This signal is decomposed into individual frequencies and converted into a m/z spectrum by a 

fast Fourier transform algorithm. An illustration of the process is shown in Figure 20 [54].  

 

 

Figure 20: Fourier transformation of the total signal into individual axial oscillation frequencies, which are converted 

into m/z values in a mass spectrum. Adapted from MRI Questions [58]. 

The axial oscillation frequencies are related to the m/z value as shown in Equation 4. 

𝝎 = √
𝒌𝒊

𝒎/𝒛
          (4) 

Where ω is the axial oscillation frequency and ki is an instrumental constant (dependent on 

the shape of the electrodes and applied potential). The axial oscillation frequency is 

independent of the injection energy and injection angle [54].  
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Ion source - Electrospray Ionization 

One of the most used techniques for introducing liquid eluates from a liquid chromatography 

system to the mass spectrometer is electrospray ionization (ESI). In this ion source, the 

analytes are ionized in the mobile phase according to the pH and pKa values of the analytes 

(acidic molecules form negative ions when the pH in the solution is above its pKa value and 

basic molecules form positive ions when the pH is below their pKa value). Here the liquid is 

transferred through a nebulizer capillary containing a strong electric field (negative field for 

positive ionization and positive field for negative ionization) with a coaxial flow of nitrogen 

(N2) gas. The strong electric field and coaxial flow of N2 gas result in evaporation of solvent 

and creation of a fine aerosol of charged molecules (due to electrostatic repulsion in the 

evaporating solvent droplets). Little fragmentation occurs in electrospray ionization.  

When the ionization is in positive mode, the positive ions are attracted to the ion transfer tube 

and lead into the MS by a negative potential (and the opposite for negative ionization) [53]. A 

typical configuration of an ESI-MS system is given in Figure 21 [53]. 

 

Figure 21: Creation of a fine aerosol of ions in electro spray ionization. Adapted from Harris [53]. 
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3.6.2 Liquid chromatography  

As mentioned earlier, LC is a separation method based on the distribution of components in a 

mixture between two phases (the SP and the MP). The compounds are dissolved in the MP 

and are transported through a column filled with the SP. The different components are 

separated based on their chemical and physical properties and interacts differently with the SP  

[53]. As the components in the sample are separated in the analytical column, they reach the 

detector at different time point and can be identified according to the retention time. When the 

molecules are detected in the detector a chromatogram is created which show the signal from 

the detector as a function of time as seen in Figure 22. 

 

Figure 22: Illustration of a chromatogram which is the signal as a function of time after separation of components in 

an analytical column.  

Today, High Performance Liquid Chromatography (HPLC) is a standard analytical technique, 

and the efficiency of the chromatography keeps getting higher. Higher efficiency results in 

narrow peaks in the chromatogram; which is desirable. The efficiency of columns is often 

given by the plate number shown in Equation 5, where N is plate number, tR is the retention 

time and w0.5 is the width of the peak at half peak height [53]. 

𝑁 = 5.54 × (
𝑡𝑅

𝑤0.5
)2        (5) 

In chromatography the retention factor (k), given in Equation 6, describes the distribution of 

molecules between the MP and the SP 

𝑘 =
𝑛𝑆𝑃

𝑛𝑀𝑃
         (6) 

Here nSP is the number of molecules in the SP and nMP is the number of molecules in the MP. 

If the retention factor is high, the analyte molecules migrate slowly through the analytical 

column and have high retention. The retention factor can be found with Equation 7, 
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𝑘 =
𝑡𝑅−𝑡𝑀

𝑡𝑀
        (7) 

where tR is the retention time of the molecule and tM is the retention time of a molecule that 

has no interaction with the SP.  

Resolution, Rs, describes how well two closely eluting compounds are separated and is given 

by Equation 8, 

 𝑅𝑠 =
2(𝑡2−𝑡1 )

(𝑤1+𝑤2 )
           (8) 

where t1 and t2 are the retention time of the two compounds, and w1 and w2 are the peak 

widths. When Rs is 1.5, there is baseline separation between the two close peaks (with perfect 

Gaussian form) [52]. 

Matrix effects can be defined as an alteration in the MS signal for an ion due to a co-eluting 

ion. Separation of molecules prior to MS-detection is therefore important to reduce matrix 

effects such as ion suppression or enhancement. High efficiency and resolution reduce the 

possibility for co-eluting peaks, and hence reduce the possibility for matrix effects [51]. 

Separation is also important for increased selectivity when analysing complex samples. 

Peak capacity gives the number of analytes that can be theoretically resolved in a column and 

is given in Equation 9. 

𝑛𝑐 =
𝑡𝑥−𝑡1

𝑤𝑎𝑣
      (9) 

 

Where t1 is the retention time of the first eluting peak, tx is the retention time of the last 

eluting peak and wav is the average peak width. wav can be given in peak widths at the base 

line of the chromatogram or at half peak height [52].  

LC-columns are available in various dimensions, and a classification based on inner diameter 

(ID) of the analytical columns is shown in Table 1. Narrow columns can be used to achieve 

better sensitivity with concentration sensitive detectors because a narrow column gives less 

radial dilution of the analyte bonds in the column and provides higher peaks.   
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Table 1: An overview of different columns types according to their inner diameter[59]. 

Column type Inner diameter (mm) 

Conventional  3.2-4.6 

Microbore 1.5-3.2 

Micro 0.5-1.5 

Capillary 0.15-0.5 

Nano 0.01-0.15 

 

In capillary LC columns with ID of 0.15-0.5mm are used and they provide higher sensitivity 

compared with conventional columns (3.2-4.6 mm). Unfortunately these columns are less 

robust compared to conventional columns, due to easier clogging of columns and connections. 

However, smaller sample volumes are required for analysis due to down-scaling of the ID. In 

addition, the MP consumption decreases, which results in more environmental friendly 

analyses [60].  

Radial dilution of a sample entering a 4.1 mm ID column and a 0.3 mm ID column and 

obtained chromatograms are shown in Figure 23. 

 

Figure 23: An illustration of radial dilution of a sample entering a 4.1 mm ID column and a 0.3 mm ID column and 

obtained chromatograms. Adapted from Wilson et al. [61]. 
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When comparing columns with different ID, the down-scale factor given in Equation 10 can 

be used. Here f is the down-scale factor, d1 is the diameter of the column with the largest ID 

and d2 is the ID of the smallest column. This factor can be used to find e.g. the required flow 

rate providing the same linear flow rate for the two columns [59]. 

𝑓 = (
𝑑1

𝑑2
)2        (10) 

In conventional LC the particles are total porous with diameters of 3-5 µm. In ultrahigh 

pressure LC (UHPLC) particles with diameters of 1.7-1.9 µm are used, which leads to 

increased pressure. The columns are usually short (3-15 cm) and high efficiency can be 

achieved with high flow rates, allowing fast analyses. Another type of SP used in LC that is 

not as susceptible to high pressure is called monolithic columns. In monolithic columns the 

SP consists of a continuous porous structure that can either be an organic polymer or silica 

based. The structure contains macropores (a few micrometers), mesopores (2-50 nm) and 

micropores (<2 nm). The backpressure is low for these columns due to the large flow-through 

macropores,  allowing longer columns or higher linear flow rates [52]. 

In LC the most common SPs are based on pure, spherical microporous particles of silica. 

These particles are often modified, and bonded stationary phases are covalently attached to 

the particles. One of the first kinds of stationary phases available was based on polar surfaces 

such as silica and was called normal phase (NP) liquid chromatography. Polar compounds 

have high affinity to this SP. In NP the mobile phase is non-polar, and retention time for polar 

analytes is decreased when more polar solvents are added to the mobile phase [52]. 

Today reversed phase (RP) LC is the most used LC principle. This chromatographic principle 

is called RP because the SP is less polar than the mobile phase (reversed from NP). RP is used 

for separation of non-polar compounds. In RP, the SP mainly consists of alkyl chains 

covalently bonded to silica particles. Alkyl chains from C2 to C30 are available, and longer 

chains give less polar SP and longer retention times for hydrophobic compounds. Other 

functional groups (e.g. phenyl alkyl for retention of aromatic compounds) can be used to 

obtain better selectivity, but C18 is the most commonly used SP in RPLC. The MP typically 

consists of an organic solvent and an aqueous buffer [53].  
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3.6.3 Hydrophilic interaction liquid chromatography 

Hydrophilic interaction liquid chromatography (HILIC) is an alternative chromatography 

principle used for separation of polar molecules, and the name was first suggested by Alpert 

et al. in 1990 [62]. Here the chromatographic mechanism was described as liquid-liquid 

partitioning where retention of compounds increase with increasing polarity [63]. This 

principle is typically used for separation of small polar molecules with high water solubility 

that are not retained on RP columns [52].  

Historically HILIC was described as a variant of NP chromatography, but the underlying 

separation mechanism is more complicated than the one for NP. In principle, any polar 

stationary phase can be used in HILIC, from silica phases to ion exchanger phases, and the 

mobile phases typically consist of acetonitrile and a buffer (>70 % organic solvent) [63]. In 

HILIC buffer salts are commonly used in the MP and these should have a high solubility in 

acetonitrile, making ammonium formate and ammonium acetate good choices. Ammonium 

bicarbonate [64, 65] and ammonium carbonate [66] have also been used. 

The SP consists of either bare silica or polar functional groups bound to the silica particles. 

Neutral, charged and zwitterionic phases are commercially available. Zwitterionic (ZIC) 

phases have both positively and negatively charged groups in a 1+1 ratio [63] and the 

structure of two common phases, sulfobetaine (ZIC-HILIC) and phosphorylcholine (ZIC-

cHILIC) are shown in Figure 24.  

 

 

Figure 24: Chemical structure of the two zwitterionic SPs sulfobetaine (ZIC-HILIC) and phosphorylcholine (ZIC-

cHILIC). Adapted from Palma et al. [67].  
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It is believed that water from the MP is enriched on the surface of the SP due to the 

hydrophilic groups and creates an semi-immobilized aqueous layer [62]. Hydrophilic 

molecules are partitioning between this layer and the MP, and are more retained compared to 

hydrophobic analytes. Retention increases with decreasing water content in the MP, however, 

retention is also affected by electrostatic interactions and hydrogen bonds to the SP [65].  

As a result, the retention and selectivity can be altered by using different SP materials. Other 

factors that affect the retention are pH, the type of salt and the concentration of the salt in the 

mobile phase [64]. The retention can be increased by altering the pH to make the analyte 

charged [63]. Buffer salts can be used to alter the retention and increasing the concentration is 

shown to increase the retention of some analytes on some hydrophilic columns, suggesting an 

enrichment of salts in the aqueous layer resulting in increased hydrophilicity [64, 65]. 

Another reason for this increased retention can be reduced electrostatic repulsion between the 

stationary phase and the analyte (when the analyte and the SP have a similar charge). 

Furthermore, other studies show reduced retention of analytes with increasing salt 

concentration, suggesting reduced electrostatic interaction between the analyte and the SP 

(when the SP and analyte have different charge) [65]. In other words, the separation 

mechanism in HILIC is complex, hence optimization of HILIC-methods should include 

testing of different SPs, salts, salt concentrations, pH values and acetonitrile concentration.  

Partitioning between the aqueous layer and the MP, and electrostatic interactions between an 

analyte and the charged groups of a ZIC-cHILIC column are shown in Figure 25.   

 

 

 

 

 

Figure 25: Molecular structure of 

phosphorylcholine phase used as SP in 

zwitterionic HILIC (called ZIC-

cHILIC) and partitioning of an 

analyte between the water rich layer 

on the SP and the MP. 
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3.6.4 Metabolomics and exosomes 

A challenge in metabolomics is the large variations regarding size and structure of different 

metabolites, thus one separation method is not optimal for all metabolites. RP 

chromatography is a good choice for separation of hydrophobic molecules, but since a large 

part of the metabolome constitutes small polar molecules this method is not the optimal 

choice. In contrast HILIC can be used for separation of these polar molecules, but here non-

polar metabolites are not retained. Hence RPLC and HILIC can be used as complementary 

principles when investigating the whole metabolome [51]. 

Metabolomic analysis is emerging as a powerful tool for biomarkers finding, to assist 

diagnosis, providing guidance for therapy strategy and for evaluation of response to different 

treatments [18]. Untargeted metabolomics has a great potential for increasing the 

understanding of human diseases, and to recognize metabolites not yet identified as markers 

for a disease [51].  

By using untargeted LC-MS based metabolomic analysis for screening, changes in the 

chromatograms may serve as markers for a disease and assist diagnosis. Theoretical 

chromatograms from three different metabolic situations are shown in Figure 26 to illustrate 

recognition of mutations based on untargeted metabolomics. The first situation shows the 

chromatogram from a metabolic analysis of a healthy individual. In the second situation, 

enzyme 2 is mutated, and molecule 3 and 4 are not produced. In this situation the mutation 

leads to a gain of function and a new metabolite (molecule 5) is produced. In this case, 

molecule 5 is originally not produced in the biological system, but if it was, an increase of 

peak height would theoretically be seen in this chromatogram compared to the healthy 

sample. In the third situation, enzyme 2 is mutated, and is not able to convert molecule 2 into 

molecule 3, which result in absence of peaks for molecule 3 and 4 in the chromatogram and 

an accumulation (resulting in a higher peak) for molecule 2.  

In situation 2, molecule 5 may serve as a biomarker for this disease if the mutation is specific 

for the disease. This type of mutation (gain of function) is commonly found in secondary 

glioblastoma tumors, resulting in accumulation of the metabolite d-2-hydroxyglutarate [68]. 

By comparing metabolite profiles from large sample groups of healthy individuals and 

patients with a specific disease, specific changes in the chromatograms can serve as 

diagnostic markers. 
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Figure 26: Illustration of chromatograms from analysis of biological samples from biological systems with different 

mutations and metabolism. The first chromatogram shows normal metabolism, the second shows a mutation causing 

gain of function (peak 3 and 4 are absent, but peak 5 is now present) and the third shows a mutation causing loss of 

function (peak 3, 4 and 5 are absent). 

The field of exosomes is relatively new, and in contrast to protein and genome analysis, not 

much research is done on metabolomics of these vesicles [69]. Metabolomic analysis of 

extracellular vesicles is a promising source for biomarkers. Since the cargo of the vesicles is 

protected by a double lipid layer, it is not as susceptible to enzymatic degradation and is more 

stable compared to metabolites freely circulating in body fluids. Isolation of these vesicles 

might also solve the problem with detection of low abundant biomarkers in the presence of 

high abundant molecules from the matrix since the biomarkers are enriched [69].  

In untargeted metabolomics the goal is to detect as many metabolites as possible, which may 

make the sample preparation a challenge. It is beneficial to keep the added chemicals to a 

minimum and focus on keeping the metabolite profile as close to the sample as possible. In 

contrast to the large number of studies done on metabolomics of cells, only one was found on 

exosomes. Here Altadill et al. did untargeted metabolomics of exosomes from plasma and 

used freeze/thaw cycles, sonication and adding of chilled methanol for lysis in the sample 

preparation [69]. 
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3.7 Aim of study 

The aim of this study was to compare ultracentrifugation with a commercial kit for isolation 

of exosomes from medium from cultured GBM cells. The isolation techniques were evaluated 

by morphology (TEM), presence of exosomal markers (Western blot) and size distribution 

(DLS) of the isolated vesicles. The preferable isolation technique was going to be used for 

isolation of exosomes from three cultured GBM cell lines before HILIC-MS analysis on an 

optimized system for untargeted metabolomics.  
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4 Experimental 

A schematic overview of the experimental set-up for the project is shown in Figure 27

 

Figure 27: A schematic overview of the experimental set-up. After cell culturing, the cells and the medium are 

separated. The cells are subjected to LC-MS analysis and Western blot, and after exosome isolation from the medium, 

the isolated vesicles are used for TEM, DLS and Western blot analysis. 

4.1 Chemicals 

All water used in this project is of type II, and purified by a Direct-Q® purification system 

from Merck Millipore (Danvers, MA, USA). 

Cell culture 

DMEM/F12 medium was purchased from Gibco, Thermo Fisher Scientific (Waltham, MA, 

USA). The medium was supplied with hepes buffer (10 mM) and penicillin/streptomycin (1x) 

bought from Lonza (Basel, Switzerland), B27 w/o Vit A (1x) bought form Thermo Fisher 

Scientific, epidermal growth factor (20 ng/mL) and  basic fibroblast growth factor (10 ng/mL) 

obtained from R&D systems (Minneapolis, MN, USA) and heparin (2.5 µg/mL) obtained 

from LEO Pharma AS (Ballerup, Denmark). For splitting of cells, trypsin-EDTA (0.05%) 
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(from Invitrogen) obtained from Thermo Fisher Scientific and albunorm obtained from 

Octapharma (Jessheim, Norway) was used and trypan Blue stain 0.4 % which was used for 

counting of cells was also obtained from Thermo Fisher Scientific. 

Biological methods 

Radioimmunoprecipitation assay (RIPA) lysis buffer, Pierce BCA protein Assay kit, BSA 

standards and Total Exosome isolation kit (from culture media) were obtained from Thermo 

Fisher Scientific. PhosSTOP EASY pack and cOmplete tablets mini EASY pack were 

purchased from Roche (Basel, Switzerland). Phosphate-buffered saline (PBS) was prepared 

by the Department of Microbiology at Ullevål University Hospital (MIK, Oslo, Norway). 

Western blot 

Ladder (PageRuler, Prestained protein ladder), running buffers MOPS (NuPAGE 20x SDS-

running buffer) (all form Novex) and 2-mercaptoethanol (50 mM) (from Gibco) were from 

Thermo Fisher Scientific. TBST-Tween tablets were bought from Medicago inc. (Québec, 

Canada). Nonfat dried milk powder was bought from AppliChem Panreac (Barcelona, Spain). 

1 M tris-HCl and 50 % glycerol were prepared by MIK. SDS (≥ 98.5 %, L3771), 

bromophenol blue sodium salt (B5525), Trizma-base (≥ 99 %, T1503) and Glycine 

(ReagentPlus®, ≥ 99 %, HPLC) were from Sigma Aldrich (St. Louis, MO, USA).  

Antibodies 

CD9 Exosome-anti-CD9 for Western (produced in mouse), CD63 Exosome-anti-CD63 for 

Western (produced in mouse), CD81 anti-body Pierce CD81/TAPA1 (produced in mouse) 

and CD9/DRAP-27 (produced in rabbit) (Invitrogen Life Science) were all bought from, 

Thermo Fisher Scientific. TSG101 anti-TSG101 antibody was bought from Sigma Aldrich. 

Anti-mouse IgG-HRP (produced in chicken) and anti-rabbit IgG-HRP (produced in chicken) 

were purchased from Santa Cruz Biotechnology (Dallas, TX, USA).  

Solutions 

To make the lysis buffer RIPA++, one tablet of PhosSTOP EASY pack and one tablet of 

cOmplete tablets mini EASY pack were dissolved in 10 mL of RIPA buffer.  
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The 5x and 4x loading buffer for Western blot were prepared by following the recipe in Table 

7 and 8 in appendix. These solutions were frozen at -20 oC in 500 µL aliquots. The aliquots 

were thawed and diluted to 1x by adding to the samples.  

10x transfer buffer was prepared by following the recipe in Table 9 in Appendix. To prepare 

1x to use for transfer of proteins during Western blot, 100 mL of 10x transfer buffer was 

mixed with 200 mL methanol and diluted to 10 L with water. 

Transmission electron microscopy 

Uranyl acetate and fish skin gelatine (FSG) 40-50 % in water was purchased from Sigma 

Aldrich. Protein-A gold, 10 nm was from CMC (Utrecht, Netherlands) and the secondary 

antibody rabbit anti-mouse (immunoglobulin unconjugated) was obtained from Dako, Agilent 

(Santa Clara, CA, USA). After contact with Ketil Pedersen (Thermo Fisher Scientific) 

exosomes isolated by the isolation kit was obtained from their laboratory as a gift. CD9 

antibody (clone TS9, produced in mouse, for Western blot, from Invitrogen) was obtained 

from Thermo Fisher Scientific. 

LC-UV 

Acetonitrile (HiPerSolv) was obtained from VWR (Oslo, Norway). Formic acid (~98 %, for 

mass spectrometry (Fluka), acetic acid (for HPLC), ammonium formate (≥99.0 % for mass 

spectrometry (Fluka), ammonium acetate (LC-MS ultra (Fluka), ammonium carbonate 

(Fluka), ammonium bicarbonate (≥99.0 %, reagent plus), fumaric acid ( ≥99.0 %) and 

thymine (≥99.0 %) were all purchased from Sigma Aldrich. Caffeine, (pure) was obtained 

from Merck Millipore. Uracil was obtained from Calbiochem (San Diego, CA, USA). 

Toluene was bought from Rathburn (Walkerburn, Scotland). Tryptophan (crs) and tyrosine 

(crs) were obtained from European Pharmacopoeia Reference standard (Strasbourg, France). 

4.2 Instrumentation/Equipment 

Cell culturing 

T25 cell culturing flasks, Countess Automated Cell Counter, and Countess Cell Counting 

Chamber Slides (Invitrogen) were obtained from Thermo Fisher Scientific.  
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BCA analysis 

Nunclon® MicroWell plates with 96 wells were obtained from Sigma Aldrich. The 

absorbance was measured on a FLUOstar Omega microplate reader from Isogen Life Science 

(De Meern, Netherlands).  

Western blot 

The Xcell Sure Lock, mini-cell Electrophoresis System (including a tank and electrode 

chamber) and gels (Tris-Glycine gels 4-12 %) were bought from Novex, Thermo Fisher 

Scientific. Power supply (Power Pac Basic), transfer cell (Trans-blot SD, semi-dry transfer 

cell) and ChemiDoc Touch Imaging System were purchased from BIO-RAD (Hercules, CA, 

USA).    

Transmission electron microscopy 

Formvar (polyvinyl formals) was obtained from Agar Scientific (Stansted, UK) and the grids 

(VECO copper grids, 100 square mesh) were obtained from Electron Microscopy Sciences 

(Hatfield, PA, USA). The TEM (JEM-1400 plus electron microscope) and specimen holder 

was obtained from Jeol (Peabody, MA, USA).  

 

Dynamic Light Scattering 

For the DLS analysis an ALV/CGS-8F multi-detector compact goniometer system with eight 

off fiber-optical detection units made by ALV-GmbH (Langen, Germany) was used. 5µm 

filter paper was obtained from Millipore. For the DLS analysis, NMR tubes with 10 mm ID 

were specifically cut to a length of 10 cm.  

Ultracentrifugation 

Centrifuge tubes (14 mL, polypropylene, from Falcon) were bought from Thermo Fisher 

Scientific. Ultracentrifuge L-80, rotor 45ti, centrifuge tubes for ultracentrifugation 

(polycarbonate, 70 mL, aluminum cap) were all obtained from Centrifuge Beckman (Brea, 

CA, USA).  
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Sample preparation 

The Speed-Vac™  C110 concentrator was purchased from Savant (now Thermo). 1.5 mL 

vials (protein LoBind tubes), centrifuge 5810 R (for centrifugation of 15 and 50 mL tubes) 

and centrifuge (5415 R) were all from Eppendorf (Hamburg, Germany). The thermo shaker 

(PSC-20) was from Grand Instruments (Cambridge, UK). For pH measurement, pH paper 

(pH-fix 0-14) from Thermo Fisher Scientific was used. The Allegra 25 R centrifuge (used for 

centrifugation of 14 mL polypropylene (PP)-tubes) was from Beckman Coulter. The heath 

block Grant QBT2 was from Akribis Scientific (Knutsford, United Kingdom). The rocking 

table was bought from Edmund Bühler GmbH (Baden-Württemberg, Germany) and the roller 

mixer SRT9D and the rotator SB3 was bought from Stuart. 

LC-UV 

Capillaries (OD 350.0, ID 50 and 100) were obtained from Polymicro Technologies inc. 

(Phoenix, AZ, USA). For experiments using flow rates up to 10 µL/min, pump (1200 series) 

and degasser (1100 series) obtained from Agilent Technologies (Santa Clara, CA, USA) were 

used. For experiments using flow rates above 10 µL/min, pump and degasser (1100 series) 

also obtained from Agilent were used. Ferrules (Vespel/graphite), steel nuts (1.4 mm) and the 

injector (6 port valves) were obtained from Vici Valco (Houston, TX, USA). Interface (PE 

Nelson 900 series) was obtained from McKinley Scientific (Apeldoorn, Netherland). The K-

2600 WellChrom obtained from Knauer (Berlin, Germany) was used for UV-detection for 

flow rates up to 10 µL/min and the Tunable Absorbance Detector 486 obtained from Waters 

(Milford, MA, USA) was used for UV-detection for flow rates above 10 µl/min. The 

analytical columns ZIC-HILIC (0.3 x 150 mm, 3.5 µm particles, 200 Å), ZIC-cHILIC (0.3 x 

150 mm, 3 µm particles, 100 Å) and ZIC-cHILIC (2.1 x 150 mm, 3 µm particles, 100 Å) were 

all obtained from SeQuant, Merck Millipore. The software used was TotalChrom Navigator 

from PerkinElmer. 

LC-MS 

Q-Exactive Hybrid Quadrupole Orbitrap mass spectrometer, equipped with HESI-II Probe ion 

source, and the software used (Xcalibur) were obtained from Thermo Fisher Scientific. MS 

parameters are shown in Table 21 and 22 and in Appendix. 
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4.3 Methods 

4.3.1 Cell culture  

Cells from four different patients with primary glioblastoma (T1018, T1454, T1456 and 

T1459) (passage 8-15) were cultured in DMEM/F12 medium supplied with HEPES buffer 

(10mM), penicillin/streptomycin (1x), B27 w/o Vit A (1x), EGF (20 ng/mL), bFGF (10 

ng/mL) and Heparin (2.5 µg/mL). An overview of the growing conditions is given in Table 

16 in Appendix. The cells were cultured at Vilhelm Magnus group at Oslo University 

Hospital [70].  

4.3.2 Cell pellets 

After culturing, the samples (the culture medium and cells) were transferred to 50 mL tubes 

and centrifuged at 1500 revolutions per minute (rpm) for 5 minutes. The medium was 

transferred to new tubes and frozen at -20oC. 

Cells for Western blot 

For washing 1 mL of PSB was added to the cell pellets, and the tubes were centrifuged at 

1500 rpm for 5 minutes. The supernatant was aspirated and discarded, and 1 mL of RIPA++ 

solution was added to the cell pellets, and pipetted thoroughly up and down. The samples 

were transferred to eppendorf tubes and set on the rotator at 8 rpm for 30 minutes (4oC). The 

samples were snap-frozen in liquid nitrogen and frozen at -20oC until Western blot analysis. 

Cells for LC-MS analysis 

For washing 1 mL of PSB was added to the cell pellets, and pipetted thoroughly up and down. 

The samples were transferred to eppendorf tubes and centrifuged at 1500 rpm for 5 minutes. 

The supernatant was aspirated and discarded, and the cell pellets were snap-frozen in liquid 

nitrogen and frozen at -20oC until sample preparation for LC-MS analysis. 

 

 



44 

 

4.3.3 Exosome isolation kit 

The exosome isolation was performed according to the protocol given by Thermo Fisher 

Scientific [71]. The medium was thawed on ice and centrifuged at 2000 relative centrifugal 

force (rcf) (5810 R) for 30 minutes at room temperature to remove cells and debris. The 

supernatant was transferred to 14 mL PP-tubes and 0.5 volumes of the isolation kit were 

added and mixed by pipetting up and down and vortexing. The samples were incubated at 4oC 

overnight at a rotating/rocking shaker. After incubation the samples were centrifuged at 

10 000 rcf (25R) for 1 hour at 4oC. The supernatant was aspirated and discarded, and the 

exosome pellet was resuspended in 100 µL RIPA++ (for Western blot) or either 20 µL (for 

TEM) or 3 mL (for DLS) of PBS. 

4.3.4 Ultracentrifugation 

The medium was thawed on ice and first centrifuged at 3000 rpm for 5 minutes at 4oC. The 

supernatant was transferred to 14 mL PP-tubes and centrifuged at 20 000 rcf (25R) for 20 

minutes at 4oC. The supernatant was transferred to ultracentrifuge tubes and was centrifuged 

at 30 000 rpm (L-80) for 90 minutes at 4oC. The supernatant was aspirated and discarded and 

the centrifuge tubes were filled with PBS for washing. The 30 000 rpm centrifuge step was 

repeated and the supernatant was aspirated and discarded. The exosome pellet was dissolved 

in either 300 µL RIPA++ (for Western blot) or 100 µL (for TEM) or 3 mL (for DLS) of PBS. 

For LC-MS analysis the pellet was dissolved in 100 µL of water. 

4.3.5 BCA protein assay kit 

Cell samples (dissolved in RIPA++) and exosome samples (dissolved in RIPA++) were 

thawed on ice, and snap-frozen, then thawed and put on the rotator at 8 rpm for 30 minutes. 

The cell samples were centrifuged at 14 800 rpm at 2oC for 30 minutes. 

The BCA kit was used to measure the protein concentration in the samples. Reagent A+ 

reagent B (1+1) was vortexed and 100 µL of this solution was added to all the wells in a 96 

well plate. BSA was used to make calibration standards with 0-7 µg protein/10 µL in water 

which were added to the wells with two replicates. Two replicates of 10 µL of sample were 
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added to other wells. An example of a plate with 

calibration standards and samples is shown in Figure 

28.  

The plate was incubated at 37oC for 30 minutes and the 

absorbance was measured at 562 nm [41].  

 

 

 

 

 

 

4.3.6 Western blot 

Western blot samples were prepared by mixing required amount of sample, water and loading 

buffer as shown in Table 10-15 and Figure 57-59 in Appendix. The samples were heated at 

95oC for 2.5 minutes at a heating block. The electrophoresis tank was filled with 1x MOPS 

running buffer after inserting the gel. Protein ladder (5 µL) was loaded into the first well of 

the gel for reference. 22-35 µL of sample was loaded into the other wells. A voltage of 70 V 

was applied to the chamber and raised to 100 V after 30 minutes. The electrophoresis was 

ended when the loading buffer bands reached the bottom of the gel. The gel, the nitrocellulose 

membrane and the filter papers were left in 1x transfer buffer for 15 minutes. The components 

were laid as shown in Figure 14 in the transfer chamber and an effect of 1 W was applied for 

transfer overnight at 4oC.  

The following day the membrane was blocked in 5 % non-fat milk in TBS-T solution for 1 

hour at room temperature. After blocking, the membrane was incubated in a solution of 

primary antibody diluted in 5 % non-fat milk in TBS-T. The required dilutions, clones and 

species for the used antibodies are given in Table 2. This incubation was done overnight at 

4oC on rocking table.  

Figure 28: Set-up for protein concentration 

measurement of standards and samples in the BCA 

protein assay kit. 
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The next day the membrane was washed with TBS-T solution for 15 minutes. After washing, 

the membrane was incubated with a secondary antibody (based on which primary antibody 

was used) for 1 hour at room temperature on rocking table. Two washes with TBS-T solution 

for 10 minutes were done before adding of ECL reagent A and B in a 1+1 ratio. 

Table 2: Dilution of antibodies in 5 % non-fat milk in TBS -T, used for western blot analysis of cells and exosomes. 

Antibody Clone Species Dilution  

CD9 DRAP-27 Rabbit 1:1000 

CD81 TAPA1 Mouse 1:500 

CD63 TS63 Mouse 1:1000 

TSG101 Not availabe Rabbit 1:500 

Flotillin-1 18/Flotillin-1 Mouse 1:500 

Alix Not available Rabbit 1:500 

Calnexin 37/Calnexin Mouse  1:1000 

Chicken-anti-mouse IgG Chicken 1:10 000 

Chicken-anti-rabbit IgG Chicken 1:10 000 

 

The membrane was left for 3 minutes, placed on transparency film and visualized using 

chemiluminescence. Due to restricted sample amounts, the blots were first incubated with one 

primary antibody which was detected with chemiluminescence as described above, and then 

washed gently with water before incubated with a second primary antibody diluted in 5 % 

non-fat milk in TBS-T solution overnight at 4oC at rocking table. The same 

chemiluminescence procedure for detection was used here.  

4.3.7 Dynamic light scattering 

The DLS analyses were performed by PhD Sara Bekhradnia at the polymer chemistry group 

lead by Professor Bo Nystöm at the University of Oslo. Volumes of 2 mL of exosome 

samples (resuspended in 3 mL PBS) were filtered through a 5 µm filter in the atmosphere of 

filtered air and sealed. All analyses were done in room temperature (25oC) and the intensity of 

scattered light from the samples was measured simultaneously at eight different scattering 

angles (22-141°).  
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4.3.8 Transmission electron microscopy 

The sample preparation for TEM is shown in Figure 29. Cupper grids were coated with 

formvar (polyvinyl formals) and prepared by the Section for physiology and cell biology at 

the University of Oslo.  

First a fresh layer of parafilm was fixed to a glass plate. A sample volume of 10 µL 

(exosomes from both isolation kit and ultracentrifugation (suspended in PBS)) was pipetted 

into a drop on the parafilm. A grid was laid on top of the drop with the formvar film faced 

down for incubation for 5 minutes. The grid was washed with 5 drops of PBS for 5 minutes in 

total. After washing, the grid was incubated on a drop of the primary antibody (1:10 diluted in 

FBS) for 20 minutes. Then 5 drops of PBS was used for washing and the grid was incubated 

at the secondary antibody for 20 minutes (this step was skipped when using antibody 

produced in rabbit, since PAG bind to these antibodies).  

 

Figure 29: Sample preparation for TEM. The grid is moved from drop to drop (sample, antibodies, protein-A gold 

and uranyl acetate, and washed with PBS and H2O). 

The grid was washed with 5 drops of PBS for 5 minutes in total and then incubated in PAG 

(1:50 diluted in FBS) for 20 minutes. After incubation on PAG, the grid was washed with 5 

drops of PBS for 2 minutes and 5 drops of water for 3 minutes. Incubation on 4 % uranyl 

acetate in water for 2 minutes was done to increase the contrast. Finally the grid was dried on 

a filter paper and was ready for TEM analysis. All sample preparation for TEM was done in 

duplicates. The TEM analyses were performed by Professor Norbert Roos from the Section 

for physiology and cell biology at the University of Oslo. 

4.3.9 Preparation of cells and exosomes for LC-MS 

Cell samples 

An eppendorf tube with a cell pellet of ~15 million cells was thawed on ice. 2040 µL of water 

was added to the pellet (and pipetted up and down) and the sample was transferred to a 15 mL 
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tube before dividing the sample in two new eppendorf tubes. The aqueous samples were 

sonicated for 10 cycles (30 seconds on and 30 seconds off) for lysis. The samples were 

centrifuged at 12 000 g at 4oC for 5 minutes and the supernatant was transferred to a 15 mL 

tube. A volume of 8 mL chilled acetonitrile was added for protein precipitation. The samples 

were vortexed for 30 seconds before standing still for 15 minutes. The samples were vortexed 

for 30 seconds, divided between 10 eppendorf tubes and centrifuged at 12 000 g for 5 minutes 

at 4oC. The supernatant was transferred to 10 new eppendorf tubes and kept at -20oC until 

LC-MS analysis. 

Some of the samples were dried at 37oC under vacuum and resuspended in 50 µL of mobile 

phase (later used as concentrated cell samples in LC-MS analysis). 

Exosome samples 

Ultracentrifuged exosomes (resuspended in 100 µL water) from cell line T1454, T1456 and 

T1459 were thawed on ice. The samples were thoroughly pipetted against the wall of the 

tubes to dissolve the pellets. The tubes were placed on dry ice for 5 minutes followed by 5 

minutes of incubation in 37°C (3 cycles). The exosome samples were sonicated for 10 cycles 

(30 seconds on and 30 seconds off) and centrifuged at 12 000 g for 5 minutes at 4oC. The 

freeze-thaw steps and sonication were performed to lyse the exosomes. The supernatant was 

transferred to new eppendorf tubes and 400 µL of chilled acetonitrile was added. The samples 

were vortexed for 30 seconds (at low speed) before standing still for 15 minutes for protein 

precipitation. The samples were vortexed for 30 seconds, and then centrifuged at 12 000 g for 

5 minutes at 4oC. The supernatants were transferred to new eppendorf tubes and dried at 37oC 

under vacuum and at last resuspended in 50 µL of mobile phase. The samples were kept at -

20oC until LC-MS analysis. 

4.3.10 LC-UV and LC-MS 

Standards 

Standards of uracil and caffeine with concentration 1 mg/mL in water were prepared and 

stored at room temperature. Standards of tryptophan, tyrosine, thymine and fumaric acid were 

prepared at a concentration of 1 mg/mL in water and frozen at -20oC. The standards were 

diluted in the mobile phase used when analysed with LC-UV and LC-MS. 
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Mobile phases 

The aqueous mobile phases were prepared with salt concentrations of 5 and 30 mM and the 

pH was adjusted with acids to pH values as shown in Table 3. 

Table 3: Salt, acids for pH adjustment and pH for the aqueous mobile phases 

Salt Acid pH 

Ammonium acetate Acetic acid 5.5 

Ammonium formate Formic acid 4.5 

Ammonium bicarbonate Formic acid 6.5 

Ammonium carbonate - 8.0 

 

All experiments were performed using isocratic elution (the mobile phase composition was 

kept unchanged during the analysis). Toluene at a concentration 0.02 % (v/v) was used to find 

tm.  



50 

 

5 Results and discussion 

In this study, the two exosome isolation techniques; ultracentrifugation and a commercial 

isolation kit were evaluated by using Western blot, DLS and TEM. The isolation technique 

most suitable for exosome isolation was going to be used for isolation of exosomes from three 

GBM cell lines before HILIC-MS analysis on a system optimized for untargeted 

metabolomics. 

5.1 Characterization of isolated vesicles  

Exosomes derived from cultured cells from a primary glioblastoma tumor (T1018) were 

isolated by using a commercial isolation kit (method 4.3.3) and ultracentrifugation (method 

4.3.4). This cell line  was chosen as a model cell line for primary glioblastoma cells because it 

was cultured at the time and was available at the Vilhelm Magnus group at Oslo University 

Hospital, where the cells were cultured. The two isolation techniques were evaluated based on 

morphology (by TEM), size distribution (by DLS) and the presence of exosome markers (by 

Western blot) for the isolated vesicles.  

5.1.1 Comparison of exosome isolation kit and ultracentrifugation 

Western blot 

Western blot was used to investigate the presence of exosome markers and to identify the 

isolated vesicles as exosomes i.e. to evaluate which isolation technique (isolation kit or 

ultracentrifugation) that could successfully isolate exosomes.  

For this analysis, cells and exosomes (from both isolation kit and ultracentrifugation) from the 

same culture (called batch 1) were analysed and the blots are presented in Figure 30. 

Antibodies for the 6 exosome markers CD81, CD9, CD63, TSG101, flotillin-1, and alix were 

used for identification of exosomes, and calnexin was used as an indication for contaminating 

vesicles from the ER [27].  
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When comparing Western blots for the isolation kit and the ultracentrifugation (in Figure 30) 

the two isolation techniques show the same levels of all the proteins except for the 

tetraspanins (C81, CD9 and CD63). The CD81 band was only present in the ultracentrifuged 

sample, and not in the exosomes from the isolation kit. All of the detected bands also occurred 

at the expected position except for CD9, CD63 and CD81. An extra band was visible at ~50 

kDa for CD9 for precipitated exosomes (isolation kit) and in the cell sample, and at ~40 kDa 

for CD81 in the cell sample.  A band at ~50 kDa for CD63 was also visible for the isolation 

kit sample. CD63 has a predicted mass of 25 kDa, however, CD63 has multiple glycocylation 

sites, so this protein is often detected as a wide band between 30-60 kDa [72].  

Expected bands are shown with green outlines, extra bands are shown with orange outline 

and unexpected bands are shown with red outlines.  

The exosome samples show bands 

for CD81 (only ultracentrifugated 

exosomes), CD9, CD63, TSG101, 

flotillin-1 and alix as expected for 

purified exosomes, however, an 

enrichment of the exosome markers 

are expected (compared to the cell 

lysate), as shown in the work by 

Lobb et al. [73]. However, for this 

comparison the same amount of 

protein should be analysed for cell 

samples and purified exosomes 

[27]. 

 

 

Figure 30: Western blots of cells, exosomes isolated with the isolation kit, exosomes isolated with ultracentrifugation 

culture medium (blank) prepared with the isolation kit and ultracentrifuged culture medium (blank), all from batch 

1. The blots were incubated with anti-CD81, anti-CD9, anti-CD63, anti-TSG101, anti-flotillin-1, anti-alix and anti-

calnexin antibodies. Loading: Cell lysate b1: 11.0 µg, exosomes kit b1: 13.7 µg and exosomes ultracentrifugation b1: 

7.5 µg. Expected bands are shown with green outlines, extra bands are shown with orange outline and unexpected 

bands are shown with red outlines.  
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Calnexin is present (at low levels) in samples from both isolation techniques implying 

contaminating vesicles from the ER. Lobb et al. compared different exosome isolation 

techniques, and found that calnexin was absent in all purified exosome samples (including 

ultracentrifugation) [73]. Interestingly, both Kshirsagar et al. [74] and Welton et al. [75] 

isolated exosomes by ultracentrifugation (using sucrose gradient) and detected calnexin at low 

levels like in this work. The question of low levels of calnexin in exosomes was raised in both 

studies. ER produce vesicles in the size range 40-80 nm [76] (similar to exosomes with a 

diameter 30-100 nm) that have similar density (1.18 to 1.25 g/mL) as exosomes (1.15 to 1.19 

g/mL) [27], making purification of exosomes by ultracentrifugation alone challenging. This 

suggests that additional purification techniques e.g. immunocapturing with magnetic beads 

should be evaluated in future work [77]. 

None of the markers are present in the blank samples (prepared culture medium) which imply 

that there are no vesicles in the culture medium. 

A limitation regarding Western blot for confirmation of exosomes alone is the lack of proteins 

that are specific for exosome, and not present in the cells, as exosomes are made up by the 

cell membrane and intra-luminal components [69].  

The exosome markers (CD9, CD63, TSG101, flotillin-1 and alix) were visible in cell lysate, 

and exosome samples from both isolation techniques. However, CD81 was not present in the 

isolation kit sample, and the ER protein calnexin was present at low levels for both 

techniques. 

Transmission electron microscopy  

Exosomes are commonly seen in the size range ~30-100 nm as 

cup-shaped vesicles due to collapse during sample preparation 

[23] and this morphology is commonly used for confirmation of 

the presence of exosomes [27].  

Both isolated vesicles and blank samples from the isolation kit 

and ultracentrifugation were analysed using TEM and are 

presented in Figure 32. The samples were incubated with CD9 

antibody produced in rabbit and labelled with PAG 10 nm 

Figure 31: Binding of CD9 

antibody to CD9, and PAG to the 

antibody before TEM analysis 
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(visible as 10 nm black spots at TEM images) as shown in Figure 31.  

The ultracentrifuged exosome sample (Figure 32, A) showed the expected size and shape for 

exosomes (shown with white arrow) corresponding with TEM images of purified exosomes 

from other exosome studies [27, 73, 78], but no labelling with PAG was observed (should be 

visible as 10 nm black spots connected to the membrane structures due to binding to the 

transmembrane protein CD9, like Oksvold et al. showed in TEM images of exosomes 

incubated with CD81 and PAG [77]). The blank for this preparation technique showed no 

vesicles or PAG labelling (Figure 32, B), which means that there was no vesicles in the 

culture medium. The vesicles isolated by the isolation kit (Figure 32, C) showed some 

unspecific binding to PAG (free PAG-particles, shown with white arrow head) and there were 

no distinct membrane structures (shown with white arrow) as shown in the ultracentrifuged 

sample. The blank for the kit did not contain any vesicles, but there were some impurities 

(shown with white arrow) (Figure 32, D). 

 

Figure 32: TEM images of A: exosomes isolated by ultracentrifugation (cup-shaped vesicle shown with white arrow), 

B: ultracentrifuged medium (blank), C: exosomes isolated by the isolation kit (free PAG-particles and diffuse shape 

shown with white arrow head and arrow respectively) and D: medium prepared with the isolation kit (blank). Scale 

bare: 200 nm. All samples were incubated in anti-CD9 produced in rabbit and PAG (10 nm). 
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To test the labelling procedure, CD9 positive exosomes produced by the cell line SW480 [77] 

were obtained from Thermo Fisher Scientific and used as a positive control. A TEM image 

from this analysis is given in Figure 33.  

This image showed some cup-shaped 

vesicles (shown with black arrow), 

but no PAG labelling vas observed. 

The lack of PAG-labelling when 

using this antibody is consistent with 

experiments performed by Skottvold 

shown in Figure 63 in Appendix. 

Figure 33: TEM image of CD9 positive 

exosomes produced by SW480 cells (isolated by 

the isolation kit). This sample was incubated in 

anti-CD9 produced in rabbit and PAG (10 nm). 

A cup-shaped vesicle is shown with black 

arrow. 

Thus, morphology of the isolated vesicles was investigated by using TEM. The samples were 

incubated in a CD9 antibody produced in rabbit, and PAG particles. The expected cup-shape 

was only found in the TEM images of ultracentrifuged samples, and not for the isolation kit 

samples. There was no PAG-labelling specific to the membrane structures for either of the 

isolation techniques, or for the exosomes obtained from Thermo Fisher Scientific, implying 

problems with the labelling method. No vesicles were visible in the culture medium. 

Dynamic light scattering 

The expected diameter of exosomes is in the range ~ 30-100 nm [22, 77]. To determine the 

size distribution of the isolated vesicles, a DLS analysis was performed and the obtained 

hydrodynamic diameters are given in Table 4.  

Table 4: Hydrodynamic diameters of particles in ultracentrifuged and precipitated samples, batch 1, obtained from 

DLS analysis. 

 

 Hy ro yna  c   a  t r (n )  β 

 Isolation kit batch 1  73.4  0.80 

 Ultracentrifugation batch 1   51.1  0.82 
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Both the isolation kit and ultracentrifugation provided hydrodynamic diameters in the 

expected range. The obtained diameters were in the same range as for exosomes purified in 

other studies (~ 60 nm) [73, 78]. The hydrodynamic diameters were given with high β-values 

(≥ 0.80), indicating narrow size distributions [50]. 

To sum up, the two exosome isolation techniques ultracentrifugation and a commercial kit 

were evaluated based on presence of exosome markers (Western blot), size distribution (DLS) 

and morphology (TEM). The exosome markers (CD9, CD63, TSG101, alix and flotillin-1) 

were present for both isolation techniques and both provided diameters in the expected range 

for exosomes. However, when investigating the morphology of the isolated vesicles, the 

expected cup-shaped morphology was only visible when using ultracentrifugation. 

5.1.2 Repeatability evaluation of ultracentrifugation as exosome isolation 

technique 

Ultracentrifugation was chosen for further experiments based on the above evaluation. This 

isolation technique was chosen for the following experiments because it provided vesicles 

with characteristic features for exosomes including protein markers (Western blot), 

morphology (TEM) and size distribution (DLS), in contrast to the isolation kit where the 

TEM images lacked the typical cup-shaped morphology (see 5.1.1 for evaluation of isolation 

kit and ultracentrifugation). However, more replicates were required to evaluate repeatability 

of the ultracentrifugation method. Hence, repeatability for this isolation technique was tested 

by using the same characterization techniques as used in the comparison with three replicates 

(batch 2). A volume of 360 mL culture medium was centrifuged in 6 centrifuge tubes, making 

three replicates for further characterized (3 tubes used for Western blot analysis and 3 tubes 

used for both TEM and DLS).  

The ultracentrifugation method used in this work is a modified version of the one published 

by Théry et al. [27] and was optimized by Tveito (shown in Figure 64 in Appendix). This 

isolation technique requires sample amounts of ~60 mL of medium and it is commonly 

known that this technique is prone to operator errors, as the exosome pellet is easily lost when 

removing the supernatant. However, there is no need for adding of extra chemicals, which is 

an advantage since it reduce contaminations [29]. 
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Western blot 

Western blots obtained from the analysis of the ultracentrifuged samples are presented in 

Figure 34. The cells from batch 2 

had the same protein composition 

as cells from batch 1. More protein 

was loaded for the exosomes, but 

the bands for CD81 were not 

present. The CD63 and TSG101 

bands were weaker, and the 

flotillin-1 bands were stronger than 

for batch 1. The differences 

between Western blots form batch 

1 and batch 2 are likely due to 

different order of incubation with 

primary antibodies (batch 1 was 

first incubated with TSG101, 

CD63, CD81 and CD9 antibodies, 

and then alix, flotillin-1 and 

calnexin antibodies. 

Figure 34: Western blots of cells and exosomes isolated with ultracentrifugation from batch 2 (B2), with 3 replicates. 

The blots were incubated with anti-CD81, anti-CD9, anti-CD63, anti-TSG101, anti-flotillin-1, anti-alix and anti-

calnexin antibodies. Loading: cell lysate  B2: 11.0 µg, and exosomes ultracentrifugation B2: 12.1 µg. Expected bands 

are shown with green outlines, extra bands are shown with orange outline and unexpected bands are shown with red 

outlines. 

Batch 2 was first incubated with alix, flotillin-1 and calnexin antibodies, and then with CD9, 

CD63, CD81 and TSG101 antibodies). The reason for incubation of two antibodies per blot is 

restricted sample amounts, hence more replicates using one primary antibody per blot should 

be performed.  

Ultracentrifuged exosomes from batch 1 and 2 both show presence of the exosome markers 

CD9, CD63, TSG101, flotillin-1and alix, and low levels of the ER protein calnexin (implying 

contaminations), however, the CD81 band is absent in batch 2.  
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Transmission electron microscopy 

The same labelling procedure as used for batch 1 

was used for the three replicates of ultracentrifuged 

samples from batch 2 (shown in Figure 35 A-C). 

Cup-shaped vesicles (shown with black arrows) 

and no PAG-labelling were visible in all replicates. 

The size range of the isolated vesicles was also 

similar to the one from the TEM image of 

ultracentrifuged samples from batch 1. At this 

point the TEM images showed that the morphology 

of the isolated vesicles was as expected for 

exosomes for all three replicates.  

A CD9 antibody produced in mouse (and binding 

to another antigen) was evaluated for 

immunolabelling next. For this antibody to bind to 

the PAG particle, a secondary antibody (rabbit 

anti-mouse) was used (like Oksvold et al did when 

incubating purified exosomes with CD81 antibody 

produced in mouse for TEM [77]). TEM images of 

ultracentrifuged sample (batch 2, replicate 1) and 

CD9 positive exosomes from SW480 [77] 

(obtained from Thermo Fisher Scientific and 

isolated by the isolation kit) are shown in Figure 

36, A and B respectively.  

Cup-shapes vesicles labelled with PAG-particles 

are shown with black arrows indicating that the 

isolation of exosomes was successful. 

Figure 35: A-C: TEM images of exosomes isolated by ultracentrifugation, replicate 1,2 and 3 

respectively, Scale bare: 200 nm. All samples were incubated in anti -CD9 produced in rabbit and PAG 

(10 nm). Cup-shaped vesicles are shown with black arrows. 
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Figure 36: TEM images of A: exosomes isolated by ultracentrifugation (batch 2, replicate 1) and B: CD9 positive 

exosomes from SW480 (isolation kit) obtained from Thermo Fisher Scientific. Scale bar: 200 nm. All samples were 

incubated in anti-CD9 produced in mouse (and rabbit anti-mouse) and PAG (10 nm). Cup-shaped vesicles labelled 

with PAG are shown with black arrows. Free PAG particle shown with black arrow head. 

When using this antibody the vesicles were labelled with PAG-particles and no unspecific 

bound PAG were observed in the ultracentrifuged sample. The SW480 vesicles were also 

labelled, but some unspecific bound PAG particles were observed (shown with black arrow 

head) implying that there might be some free CD9 proteins in this sample or that the antibody 

is not completely specific for CD9.   

The two CD9 antibodies bonded to different epitopes, with different location on the 

transmembrane protein, which might be the reason for labelling only when using the one 

produced in mice.   

Ultracentrifuged vesicles showed expected cup-shaped morphology in all replicates implying 

repeatability of the method, and the vesicles were labelled with PAG when incubated with the 

CD9 antibody produced in mouse. 

Dynamic light scattering  

Obtained hydrodynamic diameters for the ultracentrifuged samples (from batch 2) are given 

in Table 5.  

Hydrodynamic diameters in the range 30-100 nm were found in all three replicates, which 

corresponds to that found in other exosome studies [77, 78]. These diameters are in the same 

range as the diameters obtained for ultracentrifuged exosomes from batch 1, and have high β-

values (≥ 0.80), indicating narrow size distributions [50]. A blank sample (ultracentrifuged 
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culture medium) was also analysed, but no particles were found in this sample, implying that 

there are no vesicles in the culture medium.  

Table 5: Hydrodynamic diameters of particles in ultracentrifuged samples, batch 2, obtained from DLS analysis. 

 

Hy ro yna  c   a  t r (n )  β 

 Ultracentrifugation batch 2 replicate 1  39.4   0.85 

 Ultracentrifugation batch 2 replicate 2  45.2  0.88 

 Ultracentrifugation batch 2 replicate 3  54.0  0.86 

  lank (ultracentrifuged culture medium)   -  - 

 

To sum up, vesicles isolated by the two isolation techniques both showed presence of exosome 

markers (CD9, CD63, TSG101, alix and flotillin-1) and had diameters in the expected range 

for exosomes. On the other hand, calnexin (an ER protein) was also present, implying 

contaminations from the ER. However, when investigating the morphology of the isolated 

vesicles, the expected cup-shaped morphology was only obtained when using 

ultracentrifugation. When characterizing three replicates of ultracentrifuged exosomes, all 

replicates showed characteristic features for exosomes, like obtained during the comparison 

of the isolation techniques. The repeatability for this isolation technique was therefore 

satisfactory, and ultracentrifugation was chosen for isolation of exosomes from other GBM 

cell lines that were going to be analyzed by HILIC-MS.   
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5.2 LC-UV 

Optimization of mobile phase composition 

The aim was to optimize a HILIC-MS method for untargeted metabolomics of exosomes. 

Since metabolite analyses often are based on analysis of small polar molecules [2] (<1000 Da 

[79]), HILIC is theoretically more suited compared to RPLC, where these molecules have 

little retention [51]. Retention in HILIC is affected by many factors including the functional 

groups at the SP, and acetonitrile content in the MP, the buffer salt used, the pH and the 

concentration of the buffer salt [63]. In this optimization the two columns ZIC-HILIC (0.3 x 

150 mm, 3.5 µm particles, 200 Å) and ZIC-cHILIC (0.3 x 150 mm, 3 µm particles, 100 Å) 

were tested with the four salts ammonium formate, ammonium acetate, ammonium 

bicarbonate and ammonium carbonate with two concentrations (5 and 30 mM) and 

acetonitrile:buffer ratios 70:30-90:10. The set-up is shown in Figure 37. The optimization 

was performed using LC-UV since the system is simpler and more time efficient compared to 

using MS.  

 

Figure 37: Set-up for optimization of mobile phase for the two columns; ZIC-HILIC and ZIC-cHILIC.  
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To evaluate the mobile phase composition, a 

mixture of caffeine and uracil (5 µg/mL diluted in 

mobile phase) was used because they are small and 

polare and have UV absorbance (analysed with 

two replicates). The molecular structures of 

caffeine and uracil is given in Figure 38 and the 

experimental set-up is shown in Figure 65 in 

Appendix. Example chromatograms of the 

mixture analysed with the two columns with 

different mobile phase ratios are given in Figure 39 and the chromatograms for all the 

combinations are given in Figure 60 and 61 in Appendix. 

 

Figure 39: Example chromatograms of a mixture of caffeine (the first peak) and uracil (the last peak) (5 µg/mL) when 

using acetonitrile:buffer ratios of 70:30, 80:20 and 90:10 respectively for mobile phase and the ZIC-HILIC (0.3 x 150 

mm, 3.5 µm particles, 200 Å) and the ZIC-cHILIC (0.3 x 150 mm, 3 µm particles, 100 Å) column. The time axis and 

intensity axis are constant in all chromatograms. The flow rate was 10 µL/min, the injection volume was 250 nL and 

the wavelength was 254 nm for detection. 

Figure 38: Molecular structure of caffeine and 

uracil 
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The separation of uracil and caffeine was mostly affected by the acetonitrile:buffer ratio, 

where retention increased with increasing acetonitrile content, as expected since water is the 

strongest eluent in HILIC [64]. Caffeine eluted before uracil in all the mobile phase 

combinations. The resolution was calculated by using Equation 8 and the efficiency was 

calculated by using Equation 5, and are given in Table 18 in Appendix (raw data shown in 

Table 17 in Appendix). The highest and second highest average plate numbers (1320 and 

980) were achieved with 90:10 acetonitrile:buffer with 30 mM ammonium formate and 

bicarbonate, respectively. The highest resolution was achieved with 90:10 acetonitrile:buffer 

with 30 mM ammonium bicarbonate (1.92), and the second highest resolution (not counting 

90:10 acetonitrile:buffer with 5 mM ammonium bicarbonate (1.84)) was achieved with 90:10 

acetonitrile:buffer with ammonium- acetate (5 mM), formate (30 mM) and carbonate (5 mM) 

(1.79), all using the ZIC-cHILIC column (as shown in Figure 62 and Table 18 in Appendix). 

The retention factors (calculated with Equation 7) tend to increase with increasing amount of 

acetonitrile in the mobile phase, but were not generally affected by salt concentration. The 

retention factors, resolutions and plate numbers were also higher for the ZIC-cHILIC column 

compared to the ZIC-HILIC column as shown in Table 6.  

 

Table 6: Ranges of retention factor (k), resolution (Rs) and plate numbers obtained from analysis of caffeine and 

uracil (5 µg/mL) using the ZIC HILIC (0.3 mm ID) and ZIC cHILIC (0.3 mm ID) column, with flow rate 10 µL/min, 

injection volume 250 nL and detection at 254 nm. Values taken form Table 18 in Appendix.  

  
k Rs  Average plate number 

ZIC HILIC 
Caffeine 0.08-0.14 

0.50-1.75 410-938 
Uracil 0.19-0.36 

ZIC cHILIC 
Caffeine 0.12-0.18 

0.69-1.92 436-1318 
Uracil 0.29-0.50 

 

 

Guo et al. [64] tested the retention of salicylic acid, aspirin and cytosine using four different 

HILIC columns (including a ZIC-HILIC column) with different MP conditions (e.g. salt and 

salt concentration). The three analytes had approximately the same retention times when 

using ammonium acetate and formate, but decreased for salicylic acid and aspirin when using 

ammonium bicarbonate. Decreased retention (retention factor) is not observed for uracil and 
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caffeine in this work (when using the ZIC-HILIC column with ammonium bicarbonate 

compared to formate and acetate) as shown in Figure 62 and Table 18 in Appendix. Gao et 

al. also reported that retention of the three metabolites increased with increasing salt 

concentration when using 5-20 mM ammonium acetate, which is in contrast to retention of 

uracil and caffeine analysed with increasing salt concentration (5-30 mM ammonium acetate) 

on the ZIC-HILIC column in this work (shown in Figure 62 and Table 18 in Appendix). 

These findings suggest that many analytes with varying functionalities should be used when 

optimizing a HILIC-method for untargeted metabolomics. 

The two HILIC-columns ZIC-HILIC and ZIC-cHILIC were tested with mobile phase 

compositions with four different ammonium salts in two concentrations and three 

acetonitrile:buffer ratios to achieve the highest resolution and efficiencies. The retention was 

highest for the ZIC-cHILIC column and increased with increased acetonitrile content, but 

was not affected by the salt concentration. The highest efficiency and resolution was achieved 

with the ZIC-cHILIC column using 90:10 acetonitrile:buffer with 30 mM ammonium formate 

and bicarbonate. 

The ZIC-cHILIC column with mobile phases consisting of 90:10 acetonitrile:buffer with 30 

mM ammonium formate and bicarbonate 

was chosen for further testing based on 

the optimization of mobile phase 

composition. The two combinations were 

used as starting points when analysing a 

mixture of model metabolites consisting 

of the amino acids tryptophan and 

tyrosine (analysed at 265 nm), the DNA-

base thymine (analysed at 280 nm) and 

the acid from the citric acid cycle, 

fumaric acid (analysed at 210 nm) and 

the molecular structures are given in 

Figure 40 (log P values, pKa values and 

molecular weights are given in Table 25 

in Appendix). 

Figure 40: Molecular structure of fumaric acid, tryptophan, 

tyrosine and thymine. 
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The retention times for these metabolites for the different mobile phase combinations are 

given in Figure 41 (the obtained chromatograms are presented in Figure 68 in Appendix). 

 

            

 
 

           

            

            

            

            
  

          

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

  

 

         

             

Figure 41: Retention times for fumaric acid (10 µg/mL), tyrosine (20 µg/mL), tryptophan (10 µg/mL) and thymine (10 

µg/mL) at different acetonitrile:buffer ratios with 30 mM ammonium formate and 30 mM ammonium bicarbonate 

using the ZIC-cHILIC (0.3 x 150 mm, 3 µm particles, 100 Å) column. The flow rate was 10 µL/min, the injection 

volume was 250 nL and the wavelength was 210 nm for detection. 

Due to long analysis times at high acetonitrile concentrations, the testing was ended at 85 % 

acetonitrile. Like before the efficiency was calculated by using Equation 5, and increased 

with increasing amounts of acetonitrile (shown in Figure 42).   
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Figure 42: Average plate number for fumaric acid, tyrosine, tryptophan and thymine when using mobile phases 

consisting for 70-85:30-15 acetronitrile:30 mM ammonium formate and 30 mM ammonium bicarbonate and the ZIC-

cHILIC (0.3 x 150 mm, 3 µm particles, 100 Å) column. The flow rate was 10 µL/min, the injection volume was 250 nL 

and the wavelength was 210 nm.  

Guo et al. [64] reported that retention for acids was low when using ammonium bicarbonate, 

which corresponds with retention of fumaric acid when using ammonium formate compared 

to  ammonium bicarbonate in this work (see Figure 41). 

Ammonium formate provided higher plate numbers (900-1300) and lower degree of 

asymmetry for the peaks (2.2-2.9) compared to ammonium bicarbonate (670-1040 and 2.4-3.7 

respectively) as shown in Table 19 in Appendix. A mobile phase consisting of 80:20 

acetonitrile:30 mM ammonium formate was chosen for  following experiments as the plate 

number was the second highest (1240) (after 85 % acetonitrile (1300)) and offered separation 

of all the model metabolites in 15 minutes as shown in Figure 41.  

Retention increased with increasing acetonitrile content and the second highest plate number 

was achieved with 80:20 acetonitrile:30 mM ammonium formate which provided separation 

of the metabolites in 15 minutes and was chosen for further testing. 

This mobile phase (80:20 acetonitrile:30 mM ammonium formate) was tested at the flow rates 

2, 5 and 10 µL/min to find the flow rate providing the highest plate number with the lowest 

average relative standard deviation (% RSD), since the efficiency is affected by the flow rate 

[52]. Retention times, peak widths, retention factors and plate numbers are given in Table 20 

in Appendix. Chromatograms of the metabolite mixture analysed at the three flow rates with 

5 replicates (and average % RSD for retention time and efficiency) are shown in Figure 43. 
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Figure 43: LC-UV chromatograms of a mixture of the model metabolites (fumaric acid (10 µg/mL), tyrosine (20 

µg/mL), tryptophan (10 µg/mL) and thymine (10 µg/mL)) at flowrates of 2, 5 and 10 µL/min, n=5, using the ZIC-

cHILIC (0.3 x 150 mm, 3 µm particles, 100 Å) column. The injection volume was 250 nL and the wavelength was set 

to 210 nm for detection. The mobile phase consisted of 80:20 acetonitrile:30 mM ammonium formate. 

Figure 44 shows retention times for the metabolites at the different flow rates with given 

average standard deviation (SD) (n=5). As shown in Figure 43, 44 and Table 20 in 

Appendix the lowest average % RSD (0.3 %) was achieved with the flow rate 5 µL/min and 

10 µL/min. 

 

 

 

 

 

 

 

 

Figure 44: Retention times and standard deviation given as error bars (n=5) for fumaric acid (blue), tryptophan 

(green), tyrosine (pink) and thymine (purple) at 2, 5 and 10 µL/min using the ZIC-cHILIC (0.3 x 150 mm, 3 µm 

particles, 100 Å) column. The injection volume was 250 nL and the wavelength was set to 210 nm for detection. The 

mobile phase consisted of 80:20 acetonitrile:30 mM ammonium formate. 
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Figure 45 shows the plate numbers for the four metabolites at the different flow rates with 

given average SD. As shown in Figure 43, 45 and Table 20 in Appendix, the highest 

average efficiency (960) with the lowest average % RSD (8.7 %) was achieved with the flow 

rate 5 µL/min. 

 

 

 

 

 

 

 

 

 

Figure 45: Plate numbers and standard deviation given as error bars (n=5) for fumaric acid (blue), tryptophan 

(green), tyrosine (pink) and thymine (purple) at 2, 5 and 10 µL/min using the ZIC-cHILIC (0.3 x 150 mm, 3 µm 

particles, 100 Å) column. The injection volume was 250 nL and the wavelength was set to 210 nm for detection. The 

mobile phase consisted of 80:20 acetonitrile:30 mM ammonium formate. 

Since 5 µL/min provided the highest average efficiency (960) and the lowest average % RSD 

values for retention times and efficiency (0.3 % and 8.7 % respectively), it was chosen for the 

following experiments. 

The highest efficiency and lowest % RSD values were achieved with a flow rate of 5 µL/min.  

A 2.1 mm ID ZIC-cHILIC column was bought to compare the effieciency and signal intensity 

with the 0.3 mm ID ZIC-cHILIC column. A mixture of uracil and caffeine (5 µg/mL) was 

analysed with injection volume of 250 nL, and flow rate at 10 µL/min (and 490 µL/min for 

the 2.1 mm ID column). The experimental set-up for the 0.3 mm ID and 2.1 mm ID column is 

shown in Figure 65 and 66 in Appendix respectively. The obtained chromatograms from this 

comparison are given in Figure 46.  
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The peaks from the narrow column should theoretically be 49 times higher than the one from 

the wide column (down-scale factor calculated by Equation 10, to be 49, see Calculation 2 

in Appendix) due to less radial dilution in the column.  

 

 

Figure 46: LC-UV chromatograms of caffeine and uracil (5 µg/mL each) with the ZIC-cHILIC (0.3 x 150 mm, 3 µm 

particles, 100 Å) and ZIC-cHILIC (2.1 x 150 mm, 3 µm particles, 100 Å) column using flow rate of 10 µL/min and 490 

µL/min respectively, injection volume of 250 nL and detection at 254 nm. The mobile phase consisted of 80:20 

acetonitrile:30 mM ammonium formate. 

The two columns were tested with different UV detectors due to flow restrictions of the flow 

cells in the detectors. Hence the little difference in signal intensity may be caused by detector 

properties. The plate numbers were calculated by using Equation 5, and was ~6 times higher 

for the wide column compared to the narrow column (3460 and 550 respectively) which 

might be due to more uniform packing of particles in the wide column, or to extra band 

broadening outside of the narrow column.  
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LC-MS 

The two columns were also compared using LC-HESI-MS (100 ng/mL caffeine, with positive 

ionization). The experimental set-up is shown in Figure 67 in Appendix and MS parameters 

in Table 21 and 22 in Appendix). The obtained chromatograms are shown in Figure 47. 

 

This analysis was done to get a comparison of the two columns using the same detector. The 

average peak area was ~3 times larger for the narrow column compared to the wide column 

(6.07 x 105 (15 % RSD) and 2.21 x 105 (6 % RSD) respectively (n=5)). However, the plate 

number was ~6 times higher for the wide column compared to the narrow column (5760 

(14 % RSD) and 917 (32 % RSD) respectively (n=5), calculations are shown in Table 23 and 

24 in Appendix) and provided higher peaks intensities as shown in Figure 47. A reason for 

the large difference in plate numbers and little difference in signal intensity for the two 

columns might be the use of the same ion source, which is most suited for higher flow rates.  

Figure 47: LC-MS chromatograms of caffeine (100 ng/mL) using the ZIC-cHILIC (0.3 x 150 mm, 3 µm particles, 

100 Å) and ZIC-cHILIC (2.1 x 150 mm, 3 µm particles, 100 Å) column with flow rates  of 5 µL/min and 245 

µL/min respectively and 250 nL injection volume. The mobile phase consisted of 80:20 acetonitrile:30 mM 

ammonium formate. MS parameters shown in Table 21 and 22 in Appendix were used, but parelelle reaction 

monitoring (PRM) 195.088->138.067 with fragmentation NCE 50 was used. MA shows the area and MH shows 

the height of the peak. 
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Analysis of a cell sample (not concentrated) was also done with the two columns and 

chromatograms are shown in Figure 48, using full scan/ddMS2 mode with positive and 

negative ionization and MS parameters given in Table 21 and 22 in Appendix. Few peaks 

were visible in negative ionization, for both columns, however, the same trend (higher and 

sharper peaks were obtained with the wide column) as seen for caffeine, was detected with 

positive ionization. 

 

 

To sum up, a 2.1 mm ID ZIC-cHILIC column was bought for comparison of efficiency and 

signal intensity (compared with the 0.3 mm ID ZIC-cHILIC column). These columns were 

tested on the LC-UV system (using caffeine and uracil) and the peaks obtained with the 

narrow column were ~2 times higher and broader compared to the peaks obtained with the 

Figure 48: TIC chromatograms of a cell sample (T1018) with positive and negative ionization using the ZIC-cHILIC 

(0.3 x 150 mm, 3 µm particles, 100 Å) and ZIC-cHILIC (2.1 x 150 mm, 3 µm particles, 100 Å) column with flow rate 

5 µL/min and 245 µL/min respectively and 250 nL injection volume. The mobile phase consisted of 80:20 

acetonitrile:30 mM. ammonium formate. MS parameters are given in Table 21 and 22 in Appendix. 
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wide column. However, different UV-detectors were used, using the same linear flow rate 

(0.12 cm/sec).The two columns were also compared using LC-MS (caffeine and cell samples). 

Also with MS the plate number was higher for the wide column which also provided higher 

signal intensities, and was therefore chosen for further testing. 

Since the 2.1 mm ID column provided higher plate numbers and signal intensities (and the 

possibility for increased intensities from larger injection volumes) it was chosen for the 

analysis of cell samples and exosome samples.  

Injection volumes of 1, 5 and 10 µL were tested for analysis of a cell sample (not 

concentrated) with positive and negative ionization. Too large injection volumes result in 

decreased efficiencies [52]. 

Volumes of 0.5-5 µL are 

commonly used for injection for 

this column [80], and 10 µL was 

set as maximum injection volume 

due to restricted sample amounts. 

The chromatograms are presented 

in Figure 49.  

 

Figure 49: TIC chromatograms obtained 

from analysis of cell samples (not 

concentrated) using positive and negative 

ionization mode and injection volumes of 1, 

5 and 10 µL. The ZIC-cHILIC (2.1 x 150 

mm, 3 µm particles, 100 Å) column with a 

flow rate of 245 µL/min was used. The 

mobile phase consisted of 80:20 

acetonitrile:30 mM ammonium formate. 

MS parameters are given in Table 21 and 

22. 

The signal intensities for negative ionization were approximately the same for all injection 

volumes when investigating the total ion chromatograms (TIC), but for positive ionization, 

the signal intensity increased with increasing injection volumes. Furthermore, when selecting 

single masses obtained from the analysis, both areas and intensities of the peaks increase with 
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increasing injection volumes (illustrated in Figure 69 in Appendix), hence the injection 

volume of 10 µL was chosen for analysis of the exosome samples.  

To achieve higher intensities of low abundant metabolites the cell samples were dried and 

resuspended in 50 µL mobile phase (2x concentrated). Chromatograms from analysis of 

concentrated and non-concentrated cell samples are shown in Figure 50. This preparation 

step provided ~2.5 times higher signals and more peaks became visible as expected.  

In untargeted metabolomics the aim is to be able to measure as many metabolites as possible 

[51]. To be able to measure even more low abundant metabolites, a good approach would be 

to optimize parameters for analysis using the 0.3 ID column where the sample is less radially 

diluted and the injection volumes are smaller, making it possible for even higher degree of 

concentration of the samples and more replicates.  

 

 

 

 

 

Figure 50: TIC chromatograms of a 

cell sample (T1018), both concentrated 

and non-concentrated, with positive 

and negative ionization using the ZIC-

cHILIC (2.1 x 150 mm, 3 µm particles, 

100 Å) column  with flow rate of 245 

µL/min  and 10µL injection volume. 

The mobile phase consisted of 80:20 

acetonitrile:30 mM. ammonium 

formate. MS parameters are given in 

Table 21 and 22. 

Since the number of peaks is high during the first 9 minutes of the analysis and low after 16 

minutes, it could be beneficial to use gradient elution to decrease the analysis time. However, 

it is reported that gradients in HILIC can cause changed selectivity [81] and requires longer 

equilibration time between runs [82]. Alternatively, using a two-dimensional LC-system 

consisting of both HILIC and RPLC separation would be interesting due to the orthogonality 

in separation mechanisms. Two-dimensional LC combining HILIC and RPLC would 
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theoretically provide separation of the non-resolved peaks in the start of the analysis.  The 

peak capacity was 81 (calculated by using Equation 9, using the concentrated cell sample, 

positive ionization and base peak (calculation shown in calculation 1 in Appendix)), and 

would increase by using the two-dimensional LC approach [83]. However, this type of system 

is shown to be problematic to operate on-line, since a strong eluent in HILIC is weak for 

RPLC (and vice versa). The combination of the two separation principles can be operated off-

line, but is shown to be time consuming [63]. 

The 2.1 mm ID ZIC-cHILIC column was tested with injection volumes of 1, 5 and 10 µL, 

where the signal intensity increased with increasing injection volume. Injection volume of 10 

µL was chosen for further testing. Concentrated (x2) and unconcentrated cell samples were 

compared, and more peaks were visible when analysing the concentrated sample.  

Ultracentrifuged exosome samples from three different glioblastoma cell lines and culture 

medium (blank) were analysed with parameters determined from previous experiments. 

A wide peak eluted at ~12-16 minutes in both medium and exosome samples. This peak was 

present when using both positive and negative ionization, and consisted of masses with a m/z 

difference of 68 and was suspected to be a contaminating polymer from the culture medium. 

A chromatogram of one of the exosome samples is given in Figure 51 to illustrate the 

contamination peak.  

Few untargeted metabolomics studies have been performed on exosomes. However, Altadill 

et al. [69] did untargeted metabolomics of ultracentrifuged exosomes isolated form culture 

medium with RPLC-MS, and did not report any polymer peak. On the other hand the culture 

medium used in this study was DMEM medium supplied with other components compared to 

the ones used in this work, suggesting that the contaminating peak might come from the 

HEPES buffer, the B27, the epidermal growth factor, the basic fibroblast growth factor or the 

heparin (see method 4.3.1) (which were the differences between the two culture media).  

The chromatograms from the analyses of the exosomes are cut at 11 minutes to avoid the 

contamination peak. Analysis of the exosome samples and medium using positive and 

negative ionization are shown in Figure 52. 
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Figure 51: TIC chromatogram of an exosome sample (ultracentrifuged) illustrating the contamination peak with 

positive ionization using the ZIC-cHILIC (2.1 x 150 mm, 3 µm particles, 100 Å) column with flow rate 245 µL/min  

and 10 µL injection volume. The mobile phase consisted of 80:20 acetonitrile:30 mM. ammonium formate . MS 

parameters are given in Table 21 and 22 

 

When comparing the chromatograms from the exosome analysis in Figure 52 with the ones 

obtained from analysis of the cell sample (concentrated) in Figure 50 the signal intensities 

and number of peaks are lower for the exosome samples. Few peaks that distinguish the 

medium chromatogram from the exosome chromatograms in negative ionization can be seen. 

In contrast, the chromatograms from the T1454 and T1456 exosomes using positive 

ionization show peaks that are not found in the medium sample. The intensities of the peaks 

in the T1459 chromatograms are low for both negative and positive ionization, suggesting low 

exosome concentration in this sample. The exosomes were isolated from media used to grow 

cells from three different cell lines (T1454, T1456 and T1459). The volume of medium and 

incubation time before harvesting of medium were approximately the same (42-50 mL and 5-

6 days, respectively).  However, the number of cells grown/mL medium varied from ~0.1-1.2, 

which might affect the number of exosomes produced. Exosome production is also cell 

dependent [84], and it would be ideal to optimize culturing parameters including incubation 

time and amount of cells/mL medium for optimal exosome production. It would also be 

beneficial to develop a method for measuring exosome concentration prior to LC-MS, or to 

use an “in-house” metabolite to normalize the signals when looking for biomarkers.  
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When comparing exosome chromatograms in Figure 52 with exosome chromatograms from 

ultracentrifuged culture medium in the study done by Altadill et al. [69] (5-12 minutes), the 

number of peaks are lower in this work. However, as mentioned earlier, to be able to detect 

more low abundant metabolites, a good approach would be to optimize parameters for 

analysis using the 0.3 mm ID column.  

Figure 52: Base peak 

chromatograms of ultracentrifuged 

culture medium (blank) and 3 

exosome samples (T1454, T1456 

and T1459) using positive and 

negative ionization. The ZIC-

cHILIC column (2.1 x 150 mm, 3 

µm particles, 100 Å) column  with 

flow rate 245 µL/min  and 10 µL 

injection volume was used. The 

mobile phase consisted of 80:20 

acetonitrile:30 mM. ammonium 

formate. MS parameters are given 

in Table 21 and 22. 
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6 Conclusion 

In this project the two exosome isolation techniques ultracentrifugation and a commercial kit 

were successfully evaluated based on the presence of exosome characteristic features of the 

isolated vesicles.  The two techniques both showed presence of exosome markers (CD9, 

CD63, TSG101, alix and flotillin-1) and the isolated vesicles had diameters in the expected 

range for exosomes. On the other hand, low levels of calnexin (an ER protein) were also 

present, implying contaminations from the ER. However, when investigating the morphology 

of the isolated vesicles, the expected cup-shaped morphology was only visible in the 

ultracentrifuged samples, and ultracentrifugation was therefore chosen for isolation of 

exosomes from three GBM cell lines before HILIC-MS analysis.   

Although the ultracentrifugation method used in this project was able to isolate exosomes 

from culture medium, it is probably not suitable for patient samples due to low yield and 

requirement of big sample volumes (~60 mL in this project). Furthermore, for increased 

purification of exosomes and less sample requirement, multiple isolation techniques [29], e.g. 

ultrafiltration [73] and magnetic beads with bonded antibodies [77] should be evaluated in 

future work. 

 

A HILIC-MS method was optimized, testing two HILIC-columns with MPs consisting of four 

different ammonium salts in two concentrations and varying acetonitrile content. The ZIC-

cHILIC (0.3 mm I.D) column with MP consisting of 80:20 acetonitrile:30 mM ammonium 

formate provided separation of four model metabolites and was chosen for further testing. A 

2.1 mm ID ZIC-cHILIC column surprisingly provided higher signals compared with the 

narrow column (probably because the interface used was suited for higher flow rates) and was 

therefore chosen for analysis of cells and exosome samples. Ultracentrifuged exosomes from 

three GBM cell lines were analysed on the optimized HILIC-MS system, and different 

metabolite profiles were obtained for the different samples. Hvinden is currently performing 

untargeted metabolomics on treated GBM cells using NMR, and will later do targeted 

metabolomics using LC-MS. The targeted analysis will be based on the optimization done in 

this work; however, the method should be further miniaturized for detection of more low 

abundant metabolites.  
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7 Appendix 

 

Figure 53: Molecular structure of charged amino acids. Adapted from Lehninger et al. [2]. 
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Figure 54: Molecular structure of polar and nonpolar amino acids. Adapted from Lehninger et al. [2]. 

 

Figure 55: Molecular structure of neutral amino acids. Adapted from Lehninger et al. [2]. 
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Solutions 

Table 7: Recipe for 4x loading buffer 

Chemical Amount Final concentration 

1 M tris-HCl ph 6.6 2 mL 200 mM 

100 % glycerol 5 mL 50 % 

SDS 0.8 g  80 mg/mL 

2-Mercaptoethanol 14,7 

M 0.4 mL 0.588 M 

Bromophenol blue 8 mg 0.8 mg/ml 

Water 2.6 mL   

 

Table 8: Recipe for 5x loading buffer 

Chemical Amount (mL)  

Final 

concentration 

1 M tris-HCl ph 6.6 0.6 60 mM 

50 % glycerol 5 25 % 

10% SDS 2 2 % 

2-Mercaptoethanol 0.5 14.4 mM 

1 % Bromophenol 

blue 1 0.10 % 

Water 0.9   

 

Table 9: Recipe for 10x transfer buffer 

Chemical  Amount 

Trizma-base 30.3 g 

Glysin 144.0 g 

Water 1000 mL 
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Figure 56: Chemiluminescence reaction. Luminol is oxidized in the presence of HRP and hydrogen peroxide and form 

an excited state product, that emits light. Adapted from Alegria-Schaffer et al. [85]. 

 

BCA: 

Table 10: Absorbance from analysis of calibration standards (0-7 µg BSA) for BCA analysis. Used for preparing of 

western blot samples for cells batch 1 and 2. 

μg 

protein  Absorbance 

0 0.059 0.058 

1 0.175 0.184 

2 0.210 0.238 

3 0.287 0.289 

4 0.358 0.338 

5 0.393 0.386 

6 0.466 0.452 

7 0.521 0.558 
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Figure 57: Calibration curve for BCA using BSA (0-7 µg protein). Used for preparing of western blot samples for cells 

batch 1 and 2 

Table 11: Preparation of western blot samples, cells batch 1 and 2. 

Sample Cells b1 Cells b2 

Absorbance 

0.38 0.71 

0.42 0.66 

Average 

absorbance 0.40 0.69 

µg protein 5.87 10.36 

µL sample 

measured 10.00 10.00 

 μg 

protein/μL 0.59 1.04 

 μg protein 

in  500µL 

sample 293.54 517.95 

µL sample/ 

170 µg 

protein 289.57 164.11 

DH2O 0.43 125.89 

4x Loading 

buffer 96.67 96.67 

total µL: 386.67 386.67 

Loader µL 25.00 25.00 

µg protein 

for western 

blot 10.99 10.99 

 

y = 0.0635x + 0.0272 
R² = 0.9776 
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Table 12: Absorbance from analysis of calibration standards (0-7 µg BSA) for BCA analysis. Used for preparing of 

western blot samples for ultracentrifuged exosomes, batch 2. 

μg protein  Absorbance 

0 0.057 0.060 

1 0.170 0.152 

2 0.224 0.226 

3 0.277 0.283 

4 0.360 0.309 

5 0.368 0.383 

6 0.437 0.423 

7 0.500 0.479 

 

 

Figure 58: Calibration curve for BCA using BSA (0-7 µg protein). Used for preparing of western blot samples for 

ultracentrifuged exosomes batch 2. 

Table 13: Preparation of western blot samples, ultracentrifuged exosomes batch 2 

Sample 

Exosomes 

UC b2 rep 

1 

Exosomes 

UC b2 rep 

2 

Exosomes 

UC b2 rep 

3 

Blank 

UC 

Absorbance 

0.31 0.31 0.31 0.10 

0.27 0.28 0.29 0.10 

Average 

absorbance 0.29 0.30 0.30 0.10 

µg protein 4.47 4.66 4.70 1.18 

µL sample 

measured 10.00 10.00 10.00 10.00 

 μg/μL 0.45 0.47 0.47 0.12 

y = 0.057x + 
0.033 

R² = 0.984 
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 μg protein in  

125µL sample 55.92 58.22 58.77 14.80 

µL sample/ 56 

µg protein 125.18 120.23 119.10 120.00 

DH2O 4.82 9.77 10.90 10.00 

5x LB 32.50 32.50 32.50 32.50 

total µL: 162.50 162.50 162.50 162.50 

Loader µL 35.00 35.00 35.00 35.00 

µg protein for 

western blot 12.06 12.06 12.06 12.06 

 

 

 

Table 14: Absorbance from analysis of calibration standards (0-7 µg BSA) for BCA analysis. Used for preparing of 

western blot samples for exosomes isolated by isolation kit.  

μg protein  Absorbance 

0 0.064 0.058 

1 0.140 0.157 

2 0.217 0.215 

3 0.281 0.269 

4 0.323 0.338 

5 0.379 0.383 

6 0.436 0.420 

7 0.502 0.515 
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Figure 59: Calibration curve for BCA using BSA (0-7 µg protein). 

 

Table 15: Preparation of western blot samples, exosomes isolated by isolation kit. 

Sample 

Exosomes 

Isolation kit B1 

Blank 

kit Sample 

Exosomes 

UC B1 Blank UC 

Absorbance 

0.63 0.53 

Absorbance 

0.19 0.10 

0.70 0.52 0.18 0.11 

Average 

absorbance 0.67 0.52 

Average 

absorbance 0.18 0.11 

µg protein 10.61 8.25 µg protein 2.68 1.38 

µL sample 

measured 10.00 10.00 

uL sample 

measured 10.00 10.00 

 μg/μL 1.06 0.83  μg/μL 0.27 0.14 

 μg protein in  

125µL sample 132.65 103.16 

 μg protein 

in  125µL 

sample 33.54 17.24 

µL sample/ 

105 ug 

protein 98.94 127.23 

µL sample/ 

32 µg protein 119.26 231.96 

DH2O 36.06 7.77 DH2O 0.74 -111.96 

5x LB 33.75 33.75 5x LB 30.00 30.00 

total µL: 168.75 168.75 total µL: 150.00 150.00 

Loader µL 22.00 22.00 Loader µL 35.00 35.00 

µg protein for 

western blot 13.69 13.69 

µg protein 

for western 

blot 7.47 7.47 

      

 

y = 0.0606x + 0.0219 
R² = 0.988 

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0 5 10

A
b

so
rb

a
n

c
e

 
 5

6
2
n

m
 

 

μg protein (BSA) 



95 

 

Table 16: Properties for cell culturing  

 

 

 

 

 

 

 

 

 

Cells 

(million) 

Medium 

(mL) 

Days 

cultured 
Passage 

Million 

cells/mL 

RIPA++ 

Million 

cells for 

LC-MS 

Medium 

used for 

exosome 

isolation 

kit (mL) 

for 

western 

blot  

Medium 

used for 

exosome 

isolation 

kit (mL) for 

DLS/TEM 

Medium 

used for 

ultra 

centrifu-

gation for 

western 

blot 

Medium 

used for 

ultra 

centrifu-

gation for 

DLS/ TEM 

T1018 

b1 48 160 5 13 4.8 
- 

15 10 28 28 

T1018 

b2 54 360 5 13 4.8 15 - - 3 x 60 3 x 60 

T1454 
3 25 5 12 

- - - - 

50 

- 

3 25 5 12 

T1456 
50 45 6 15 

49 10 4 5 13 

T1459 
8.5 20 5 12 

42 4.2 22 6 10 

Blank 0   0 0 0 0 4 6 60 60 
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Figure 60: LC-UV chromatograms of caffeine and uracil (5 µg/mL) using different mobile phases on the ZIC-HILIC 

column (0.3 x 150 mm, 3.5 µm particles, 200 Å) with injection volum 250 nL, flow rate of 10 µL/min and detection 

with 254 nm (see method 4.3.10). 
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Figure 61: LC-UV chromatograms of caffeine and uracil (5 µg/mL) using different mobile  phases on the ZIC-cHILIC 

column (0.3 x 150 mm, 3 µm particles, 100 Å) with injection volum 250 nL, flow rate of 10 µL/min and detection with 

254 nm (see method 4.3.10). 
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Table 17: Retention times (TR) and peak width (w0,5 and w0.05) for analysis of uracil and caffeine with ZIC-HILIC and 

ZIC-cHILIC column with different mobile phases. 
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Table 18: Retention factor (k), plate number (N) and resolution (Rs) for caffeine and uracil analysed with the  ZIC-

HILIC and the ZIC-cHILIC column with different mobile phases using isocratic elution. Retention factors were found 

by Equation 7, plate number was found by Equation 5 and resolution was found by Equation 8, using raw data from 

Table 15. 
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Figure 62: Resolution and efficiency (x100) obtained from analysis of 5 µg/mL caffeine and uracil with ZIC -HILIC 

and ZIC-cHILIC column using different mobile phases. The flow rate was 10 µL/min, injection volume was 250 nL 

and detection at 254 nm. 
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Table 19: Retention times (TR), peak width at half peak height (w0.5), retention factors (k), peak width from the top (A 

and B) and asymmetry (As) for fumaric acid, tyrosine, tryptophan and thymine analysed with the 0.3 mm ID ZIC-

cHILIC column using flow rate 10 µL/min, injection volume 250 nL and 254 nm wavelength.  
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Table 20: Retention times. peak widths (w0.5). retention factors (k) and efficiencies (N) for thymine. tryptophan. 

tyrosine and fumaric acid (5 replicates) analysed with three different flow rates (2. 5 and 10 µL/min) 
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Table 21: MS parameters for 2.1 mm ID column 

Ionization Positive Negative 

Mode Full MS/ ddMS
2
 Full MS/ddMS

2
 

Spray voltage (kV) 3.5 3.5 

Fragmentation NCE 90 90 

Injection time (ms) 120 120 

Scan range (m/z) 100.0-1000.0 100.0-1000.0 

Resolution 70 000 70 000 

Sheat gas 46 46 

Aux gas 11 11 

Sweep gas 2 2 

Cap temp (
o
C) 253 253 

S-Lens 20 20 

    

Table 22: MS parameters for 0.3 mm ID column 

Ionization Positive Negative 

Mode Full MS/ddMS
2
 Full MS/ddMS

2
 

Spray voltage (kV) 3.5 2.9 

Fragmentation NCE 90 90 

Injection time (ms) 120 120 

Scan range (m/z) 100.0-1000.0 100.0-1000.0 

Resolution 70 000 70 000 

Sheat gas 12 6 

Aux gas 3 3 

Sweep gas 3 0 

Cap temp (
o
C) 250 250 

S-Lens 20 20 
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Table 23: Retention times (TR). peak width (w0.5) and efficiency (N) for caffeine analysed with LC-MS using the 0.3 

mm ID column. MS parameters are given in Table 22. The mobile phase consisted of 80:20 acetonitrile:30 mM 

ammonium formate. The flow rate was 5 µL/min and the injection volume was 250 nL. 

 

1 2 3 4 5 

TR 1.70 1.71 1.72 1.72 1.71 

w0.5 0.11 0.13 0.13 0.18 0.14 

N 1323 959 970 506 827 

Average N 916 

RSD N(%) 32 

Area 711446 619864 533391 677221 495080 
Average 
Area 607400 
RSD Area 
(%) 15 

 

Table 24: Retention times (TR). peak width (w0.5) and efficiency (N) for caffeine analysed 

with LC-MS using the 2.1 mm ID column. MS parameters are given in Table 21. The 

mobile phase consisted of 80:20 acetonitrile:30 mM ammonium formate. The flow rate 

was 245 µL/min and the injection volume was 250 nL. 

 

1 2 3 4 5 

TR 1.67 1.66 1.66 1.66 1.67 

w0.5 0.06 0.05 0.05 0.05 0.05 

N 4292 6106 6106 6106 6180 

Average N 5758 

RSD N (%) 14 

Area 207353 220586 220055 217229 242201 

Average 
Area 

221485 

RSD Area 
(%) 

6 
 

   

Calculation 1: 

Peak capacity (cells base peak. positive. concentrated):  

𝑛𝑐 =
𝑡𝑥−𝑡1

𝑤𝑎𝑣
=

31.20−1.23

(
0.68+0.06

2
)

= 81   
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Calculation 2: 

Down scale factor for the 2.1 mm ID column and 0.3 mm ID column: 

𝑓 = (
𝑑1

𝑑2

)2 = (
2.1 𝑚𝑚

0.3 𝑚𝑚
)2 = 49 

 

 

 

 

 

Figure 63: TEM image of SW480 exosomes incubated with CD9 produced in rabbit and PAG. Scale bar 500 nm. 

Cup-shaped vesicles shown with black arrow. This experiment is performed by Skottvold using the same sample 

preparation as used in this project. 
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Figure 64: Optimized ultracentrifugation protocol, by Tveito, Radiumhospitalet, Oslo, Norway. 

 

Table 25: Log P values (the logarithm of the ratio of the concentration of an uncharged molecule between the two 

solvents; octanol and water[86]) pKa values (the negative logarithm of the dissociation constant, Ka, of an acid [2]) 

and molecular weight for thymine [87], tyrosine [88], tryptophan [89]and fumaric acid[90]. 

Metabolite Log P pKa (strongest acidic) pKa (strongest basic) Molecular weight 

Thymine -0.99 10.02 -5 126.11 

Tyrosine -0.24 2 9.19 181.19 

Tryptophan -1.1 2.54  9.4 204.23 

Fumaric acid -0.48 3.03 - 116.07 
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Figure 65: Set-up for LC-UV with 0.3 mm ID analytical column. This set-up includes mobile phase, a 

degasser, a pump, an injection valve, an analytical column and a UV detector. Tubings used for this set-up 

had an ID of 50 µm. 

Figure 66: Set-up for LC-UV with 2.1 mm ID analytical column. This set-up includes mobile phase, a 

degasser, a pump, a switching valve for injection, an analytical column and a UC detector. Tubings used 

for this set-up had an ID of 100 µm. 

Figure 67: Set-up for LC-MS. This set-up includes mobile phase, a degasser, a pump, a switching valve for 

injection, an analytical column and an orbitrap MS. Tubings used for this set-up had an ID of 50 µm when 

using the 0.3 mm ID comumn and 100 µm when using the 2.1 mm ID column. 
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Figure 68: LC-UV 

chromatogram of 

thymine (10 µg/mL) (1), 

tyrosine (20 µg/mL) (2), 

tryptophan (10 µg/mL) 

(3) and fumaric acid (10 

µg/mL) (4) using the 

ZIC-cHILIC column 

(0.3 x 150 mm, 3 µm 

particles, 100 Å) with 

flow rate of 10 µL/min, 

injection volume 250 nL 

and detection of 254 nm. 

The mobile phases 

consisted of 70:30-85:15 

acetonitrile:30 mM 

ammonium formate and 

bicarbonate. The time 

scale and signal scale is 

constant in all 

chromatograms 
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Figure 69: LC-MS chromatogram of cell sample (T1018) (not concentrated) using the ZIC-cHILIC column (2.1 x 150 

mm, 3 µm particles, 100 Å) with flow rate of 245 µL/min and injection volumes of 1, 5 and 10 µL. The mobile phase 

consisted of 80:20 acetonitrile:30 mM ammonium formate. Positive ionization is used in the three first chromatograms 

showing peaks for m/z 268.109, and negative ionization is used in the three last chromatograms showing peaks for m/z 

218.104. MS parameters are shown in Table 21 and 22 in Appendix. MA shows the area and MH shows the height of 

the peak. 

 

 


