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Abstract 

Exosomes are nanosized extracellular vesicles released from the cells into the extracellular 

space. Exosomes are loaded with nucleic acids, proteins, and lipids, and work as communicators 

among cells. This has made them very attractive for research in therapeutics, diagnostics and 

drug delivery applications. Standardised exosome isolation, purification, and analysis methods 

need to be developed to use exosomes in clinical applications. 

This project aimed to set up a quick method using multiangle light scattering (MALS) combined 

with chromatography techniques to determine exosome sizes. Different size exclusion 

(SEC)/ion exchange (IEX) columns will be investigated and used to analyse exosome sizes. The 

particle size obtained from MALS will then be verified with nanoparticle tracking analysis 

(NTA).  

For the SEC-MALS analysis, the exosomes were eluted in the void volume. The IEX-MALS 

method separated the exosome sample. The exosome eluted with 800 mM NaCl ranged between 

60-110 nm in diameter. The exosomes eluted with 1200 mM NaCl ranged between 120-200 nm 

in diameter. 

The result shows that the light scattering intensity from MALS indicates where the exosomes 

elute in the chromatograms and gives valuable information about the size distribution in a peak. 

However, the SEC-MALS result is not reproducible, as sometimes, a shift in the size distribution 

over the peak occurs. The result has also shown that the void peak area varies between the runs, 

caused mainly by the exosomes interacting with the resin or the column's filter. The shift in size 

distribution was also observed in the IEX-MALS method.  

The average sizes calculated from SEC-MALS agree with the sizes calculated with NTA. The 

SEC-MALS method needs to be improved to obtain reproducible results. The calculated size 

from IEX-MALS did not agree with the size from NTA. The ion exchange analysis could be 

repeated and further analysed with other techniques to verify the result in future work. The effect 

of the high salt concentration on the exosomes also needs to be further investigated.   

 

Keywords: Exosomes, Multiangle light scattering, MALS, extracellular vesicles
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Sammanfattning 

Exosomer är extracellulära vesiklar i nanostorlek som frigörs från cellerna till den 

extracellulära matrisen. Exosomer är laddade med nukleinsyror, proteiner, och lipider, och 

fungerar som kommunikatörer mellan celler. Det har gjort dem mycket attraktiva för forskning 

inom terapi, diagnostik och transport av läkemedel. För att använda exosomer i kliniska 

tillämpningar behöver standardiserade metoder för isolering, rening och analys av exosomer 

att utvecklas. 

Detta projekt syftar till att sätta upp en snabb metod som använder ”multiangle light scattering” 

(MALS) i kombination med kromatografi för att bestämma storleken på exosomer. Olika 

storlekskromatografi (SEC)/jonbyte (IEX)-kolonner kommer att undersökas och användas för 

analys av storlekar på exosomer. Partikelstorleken som erhålls från MALS kommer sedan att 

verifieras med nanoparticle tracking analysis (NTA). 

För SEC-MALS-analyserna eluerades exosomerna i dödvolymen. IEX-MALS-metoden 

separerade exosomerna enligt resultatet. Exosomer i storlek mellan 60–110 nm eluerades ut 

med 800 mM NaCl. Större exosomer och eventuella aggregat i storlek 120–200 nm eluerades 

ut med 1200 mN NaCl. 

Resultatet visar att signalen från MALS indikerar var exosomer i kromatogrammen elueras ut 

och kan ge värdefull information om storleksfördelningen i en topp. SEC-MALS-resultatet är 

dock inte reproducerbart, eftersom det ibland sker en förändring i storleksfördelningen över 

toppen. Resultatet har också visat att arean för toppen i dödvolymen varierar mellan 

körningarna, vilket förmodligen orsakats av att exosomer interagerar med den stationära fasen 

eller filtret i kolonnen. Förskjutningen i storleksfördelning observerades också i IEX-MALS-

metoden. 

Medelvärdet av partikelstorlekarna som beräknades från SEC-MALS överensstämmer med 

storlekarna beräknade med NTA. SEC-MALS-metoden behöver förbättras för att få 

reproducerbara resultat. Den beräknade storleken från IEX-MALS stämde inte överens med 

storleken från NTA. Jonbytesanalysen skulle kunna upprepas och fraktioner skulle kunna 

analyseras med andra tekniker för att verifiera resultatet i framtida arbete. Effekten av den höga 

saltkoncentrationen på exosomerna behöver också undersökas ytterligare. 

 

Nyckelord: Exosomer, Multiangle light scattering, MALS, extracellulära 

vesiklar
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1. Introduction 

Exosomes are nanosized extracellular vesicles released from the cells into the extracellular 

space. Exosomes are loaded with nucleic acids, proteins, and lipids, and work as 

communicators among cells. Their ability to deliver biomolecules, together with their low 

immunogenicity and high biocompatibility, has made them very attractive for research in 

therapeutics, diagnostics and drug delivery applications (Chen et al., 2021; Inamdar et al., 

2017) 

Standardised exosome isolation, purification, and analysis methods need to be developed to 

use exosomes in clinical applications. Cytiva Life Science is a company that provides 

technology and products for the development of the production and purification of therapeutics 

and other biomolecules. There is ongoing research for developing purification and analysis 

methods for exosomes. Different chromatographic techniques and products are currently being 

investigated for exosome isolation, purification and analysis.  

1.1 Aim  

This project aimed to set up a quick method using multiangle light scattering (MALS) in 

combination with chromatography techniques to determine exosome sizes. Using MALS in 

combination with SEC or IEX may give information on how well isolation methods remove 

host-cell contaminants. More specifically, the project was to connect MALS/UV/RI detectors 

online on an ÄKTA Pure system. Different SEC/IEX columns will be investigated and used 

for analysing exosome sizes.  

Due to confidentiality, this report will not present some of the information about the exosome 

samples and chromatography products. 

1.2 Project Outline 

The project can be divided into four parts. First, a TFF was performed to obtain materials for 

MALS analysis. Secondly, SEC-MALS will be investigated with different columns as possible 

methods for analysing exosome size. The third part will be to set up IEX coupled with MALS 

to determine the exosome size. Finally, the exosome sizes obtained from MALS will be verified 

with NTA.  

1. Tangential flow filtration 

Tangential flow filtration (TFF) will be performed on HEK 293 cell culture harvest material to 

isolate exosomes and remove smaller host-cell contaminants. Three different filters will be 

used with three different cut-offs, 750 kDa, 500 kDa and 300 kDa, to evaluate the effect on 

exosome size. Samples will be collected during the different steps in the TFF process to see if 

SEC-MALS can be used as a tool to monitor the exosomes and the removal of contaminants. 
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2. Size exclusion chromatography combined with MALS 

SEC coupled with MALS will be performed to separate smaller host cell contaminants from 

the exosomes isolated with TFF, and investigate if MALS can be used to calculate exosome 

size distribution over a peak. A purified exosome sample will also be used for SEC-MALS 

analysis. Four different SEC columns will be coupled with MALS: 

o Superose 6 Increase 

o SuperSEC prototype 1 

o SuperSEC prototype 2 

o WTC-050-S5 

3. Ion exchange chromatography combined with MALS  

Anion exchange will be performed on Capto Q ImpRes. The exosomes will be eluted using a 

salt gradient. The IEX will be coupled to the MALS detector to investigate if MALS can be 

used to calculate exosome size distribution over a peak. The IEX-MALS analysis will be 

performed on a purified exosome sample. 

4. Verification of particle size calculated from MALS  

Nanoparticle tracking analysis (NTA) will be used to verify the exosome size obtained from 

the MALS methods. The exosomes isolated with the TFF process and purified exosome sample 

will be measured. Fractions will also be collected from IEX and analysed with NTA.   
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2. Background 

Extracellular vesicles (EVs) are lipid membrane-bound vesicles released by almost all types of 

cells. The EVs existence was suspected in 1946 but was not discovered until 1967 by Wolf 

(1967). Their importance in cell communications was unknown, and EVs were believed to be 

artefacts. In the 1970s, the first evidence of EVs was confirmed with electron microscopy (EM) 

by Aaronson et al., (1971). It became known that EVs came from several cell organelles, and 

EV biogenesis was recognised as a biological process (Bazzan et al., 2021).  

In the 1980s, different studies with EM showed that EVs had different release pathways and 

that some EVs were released by multi-vesicular bodies (MVBs) (Yáñez-Mó et al., 2015). These 

EVs released from MVBs are today called exosomes and are a subtype of EVs. After 

discovering RNA content in exosome cargo in the mid-2000s, the research on using exosomes 

for treating and diagnosing cancer emerged (Bazzan et al., 2021). In the past years, the number 

of scientific publications about EVs or exosomes has increased. There is a high interest in using 

exosomes for therapeutics, diagnostics, and drug delivery applications. However, today the 

research is impeded by the lack of standardised methods for isolation, purification, and 

characterisation of exosomes (Nelson et al., 2020).  

2.1 Exosome origin and size 

There are three main subtypes of EVs that differs in size, release pathways, content and 

function. The largest EVs, apoptotic bodies (50-5000 nm), are released from dead cells and 

microvesicles (100-1000 nm), and are derived from the cell membrane by outward budding. 

The smallest EVs are called exosomes and range between 30 to 150 nm in size (Doyle et al., 

2019). Exosomes are released from the cells by a different pathway as they are formed in MVB 

inside the cell, see figure 1. An endosome is formed by inward budding, and the exosomes will 

be formed by budding inward the endosome. The exosome size is therefore limited to the size 

of the MVB, which makes the exosomes smaller than other EVs. The MVB will fuse into the 

cell membrane and release the exosomes into the extracellular space (Doyle et al., 2019). Even 

if no biomarker can separate other EVs from exosomes, tetraspanins are typically rich in 

endocytic membranes. Therefore, tetraspanin is a typical marker for exosome identification. 

However, exosomes are heterogeneous, and the ratio of tetraspanins, surface receptors and 

proteins differ between the exosomes. Exosomes are also filled with nucleic acids, protein, and 

lipids, and the density of the vesicle varies.  
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Figure 1. A simple illustration of an exosome and its release pathway. Created with BioRender.com. 

2.2 Exosome isolation and purification 

Exosomes can be harvested from different body fluids and cellular supernatants. The 

heterogenicity makes it challenging to isolate, purify and analyse exosomes. Exosomes are 

vulnerable to shear stress, and size overlaps with host cell contaminants, such as other EVs, 

viruses, lipoproteins (LP), nucleic acids and protein aggregates (Gandham et al., 2020).  

Exosome isolation and purification require multiple steps, resulting in low yields and making 

up-scaling difficult. Today's techniques also face challenges such as impurity and time 

consumption. Until recently, ultracentrifugation (UC) has been one of the most common 

methods for exosome isolation, where exosomes are separated by density (Gandham et al., 

2020). However, it is time-consuming and has been shown to reduce yield due to loss and 

exosome damage. Other isolation techniques are being investigated to scale up the production 

of exosomes. TFF is one technique that has been combined with chromatographic steps 

(Watson et al., 2018). TFF has shown to be efficient in removing contaminants and is promising 

in scalability (Watson et al., 2018; Vrabec et al., 2019). The project presented in this report 

used TFF as an isolation and purification technique on exosome harvest material from a cell 

culture supernatant. 

2.2.1 Tangential flow filtration  

TFF is a pressure-driven filtration technique where the flow is pumped tangential against the 

filter surface to separate components in a liquid solution. It is commonly used to concentrate 

the sample, perform buffer exchange, and diafiltration. The applied pressure will force smaller 

components through the filter while larger components will be retained. The part that passes 

through the retentate is called permeate, and the part that remains in the system is called 

retentate. By using a tangential flow direction, the retained components will not accumulate on 

https://biorender.com/
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the filter surface, reducing fouling formation (Millipore, 2003).  

2.3 Techniques used for determination of exosome size 

In order to use exosomes for therapeutics, the exosome size, size distribution and the number 

of particles must be identified. They are essential factors that must be known to give the proper 

cargo dosage (Nelson et al., 2020). The reported size range of exosomes has varied in the 

literature. The size may vary in different exosome sources but can also be affected by the 

isolation and analysis techniques. Different analysis techniques determine the size differently, 

which may affect exosome sizing. For example, batch light scattering techniques might bias 

the sample's average size to the larger particles as they scatter more. While in other methods, 

such as EM methods, the sample preparation is often time-consuming, and size may be affected 

by the preservation technique (Chernyshev et al., 2015). Today, there is no perfect method to 

determine the size of exosomes. Combining different methods is therefore necessary. Several 

methods to determine the size of exosomes have been reported in the literature, for example, 

NTA, EM, dynamic light scattering (DLS), resistive pulse sensing (RPS), and atomic force 

microscopy (AFM) (Gandham et al., 2020; Hill, 2017; Nelson et al., 2020).  

2.3.1 Electron microscopy (EM) 

EM techniques are widely used for imaging exosomes to determine size and morphology and 

have been well reported in the literature. EM has been used to observe the formations of 

exosomes and other EVs. Transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM) have been used to image exosomes. It makes EM a good choice for visual 

verification of the size.  

Transmission electron microscopy (TEM) is a standard method based on electron radiation. 

Electrons are transmitted through the sample and create an image of the exosomes. The 

exosome sample is prepared on a grid and then stained with reagents (Gandham et al., 2020). 

Negative staining has also been the best method for exosome imaging. Still, it images cup 

shapes of the exosomes, suspected to be caused by the drying process.  

A protocol was presented in an article by Jung et al., (2018), where TEM is used for more 

detailed exosome imaging with specific protein labelling. However, the exosome sample 

preparation for TEM is tricky and most time-consuming (Gandham et al., 2020). TEM can also 

be used to determine the number of particles. However, it is not reproducible due to operator 

influence and image selection (Rikkert et al., 2019). 

Cryo-TEM is also a technique that has been used to study exosomes. The sample is cooled to 

cryogenic conditions, where dehydration is unnecessary, and neither is the staining process. In 

Cryo-TEM images, exosomes have spherical shapes. However, the sample preparation is 

challenging, and the preparation technique may exclude larger exosomes in the analysis. 

Furthermore, ice artefacts can affect the imaging of the exosomes (Gandham et el., 2020). 

2.3.2 Nanoparticle tracking analysis (NTA) 
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In 2011, NTA was first reported as a suitable method for characterising exosomes by Sokolova 

et al. (2011), and it is today one of the most common techniques used to measure the size 

distribution of particles (Steppert, 2016).   

NTA is a microscopic technique whose principle is based on the Brownian motion, where 

diluted scattering particles are video recorded and tracked by their movements. Each tracked 

particle's movement then determines the hydrodynamic radius, and the sample's size 

distribution can be obtained. The size range measured with NTA is typically 15-1000 nm. 

Besides, with NTA, the concentration of particles in the sample can also be measured, and 

exosomes with fluorescent labelling can be detected.  

NTA is today the most common method used to measure the size distribution of exosomes. 

Still, NTA requires some skill from the operator due to being sensitive to software settings. 

Different settings could bias the particle's size to the larger or, the smaller. Therefore, it may 

be challenging to analyse heterogeneous samples such as exosomes as the detection of particles 

depends on the light intensity and detector sensitivity. Besides, background noise can also 

affect the size calculation. Moreover, NTA cannot distinguish exosomes from other particles 

and measures the size of all particles detected in the sample. The scattering intensity for 

exosomes is also low (Nelson et al., 2020).  

2.3.3 Dynamic light scattering (DLS)   

DLS is a technique based on light scattering, and like NTA, its principle is also based on 

Brownian motion. However, DLS does not track the particles. Instead, it uses light scattering 

intensity to measure temporary fluctuations changes in a sample caused by interferences from 

the Brownian motion. DLS can be used to calculate the hydrodynamic radius for particles and 

determine the size distribution (Wyatt Technology (a), n.d). Today, DLS is a straightforward 

and fast characterisation technique mainly used to measure monodisperse samples' size 

(Gandham et al., 2020).  

DLS has previously been used to characterise exosome size and size distribution. Still, the 

mixed particle sizes for the exosome sample make the result biased towards the larger particles. 

Compared with NTA, which provides a much better size distribution over the particles in a 

heterogeneous sample (Gandham et al., 2020), particle sizes between 1 nm to 6 µm can be 

measured with DLS. However, the resolution and quantitative distribution of the sample are 

usually low (Gandham et al., 2020). It is, therefore, common to combine DLS with MALS, 

which is 20x more sensitive (Wyatt Technology, n.d). DLS can be used to measure the 

hydrodynamic radius, and MALS can be used to measure the radius of gyration. The ratio 

between the radius can identify the shapes of the particles (Sitar et al., 2015).  

2.3.4 Resistive pulse sensing (RPS) 

RPS is a technique that can measure a particle's size, charge and number of particles. It is based 

on the Coulter principle, where an electrical current is applied to two chambers separated by a 

membrane. The particles can pass through the nanosized pores/channel in the membrane, which 
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causes a drop in the electrical current. Each drop responds to one particle, and the size can be 

determined from the size of the drop (Coumans et al., 2014).  

RPS has been reported in the literature as a technique that can determine the size of exosomes 

(Coumans et al., 2014). The methods are attractive for exosome characterisation as they can 

determine size and zeta potential (Gandham et al., 2020). The particle distribution of the 

exosome sample can be obtained by having pore channels in the same size range. However, 

the size determination is highly limited to the size of the pores, and the typical pore sizes vary 

between 50 and 1000 nm. There is also a risk of channel clogging by larger particles, preventing 

smaller particles from passing through. It can cause the particle size to be biased towards the 

larger particles. Calibration is also required before each sample analysis to obtain the correct 

particle size (Nelson et al., 2020). 

2.3.5 Atomic force microscopy (AFM) 
 

AFM is a technique reported in the literature as an alternative to TEM, as it can image 

exosomes and provide information about exosome morphology (Bagroy et al., 2021; Gazze et 

al., 2021). The exosomes are imaged by letting a tiny tip attached to a cantilever scan the 

surface. Changes in the surface will bend the cantilever, and a laser diode detects the bending. 

The surface is then imaged from the changes on the surface. AFM imaging has shown detailed 

morphology images and can be used to detect the exosome morphology and size. However, the 

technique is insufficiently evaluated compared to other techniques such as NTA and TEM and 

requires very specialised equipment (Gandham et al., 2020).  
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2.4 Multiangle light scattering (MALS) 

MALS is one of the most common techniques to determine the size of monodisperse 

nanoparticles in a solution. It can determine the size of nanoparticles in different shapes, rods, 

spheres, random coils, etc. As scattering light intensity is proportional to the concentration, the 

number of particles can also be determined for the monodisperse particle. The sample must be 

monodispersed to obtain reliable information about the size. Therefore, it is common to couple 

MALS with a separation technique to obtain monodisperse fractions of a sample of 

nanoparticles (Wyatt, 2014).  

Since exosomes may differ in composition and size, they need to be fractionated to obtain 

reliable results. When applying chromatography techniques for exosome purification and 

analysis, the UV signal may sometimes be too weak due to the low protein and nucleic acid 

content (Zhang, 2019). The UV signal could also respond to contaminants, and the fractions 

need to be analysed by other techniques to identify exosomes. Adding MALS to the 

chromatography system improves EV identification since it responds with a strong signal for 

particles in the exosome size range (Vrabec, 2019). The MALS can also calculate the size 

distribution of the exosomes in the eluted fractions. Today, scattering techniques are biased 

towards larger particles. By fractionating the sample, every fraction would be less biased and 

give valuable information about the sample's size distribution. Today, NTA is the most 

common method to determine the particle size and number of particles. However, it cannot 

distinguish other particles from exosomes (Nelson et al., 2020). If chromatographic techniques 

can separate contaminants from the exosomes, contaminants would not interfere with the 

calculated size. By connecting MALS to the chromatographic system, no sample preparation 

is required. It makes MALS promising as a quick method to analyse exosomes, whereas the 

other analytical methods for exosome characterisation are time-consuming, for example, EM 

techniques.  

DLS has previously been coupled with fractionating techniques to determine the size of 

exosomes. However, the signal may sometimes be too weak to identify exosomes in the 

fractions. MALS could solve this as it is 20x more sensitive than DLS (Wyatt Technology, 

n.d). Besides, it is very simple to couple other detectors to the online system with MALS, such 

as DLS or fluorescent detector (FL), and give further information about the exosome sample. 
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2.4.1 Light scattering theory 

Light is an oscillating electromagnetic wave, and when the wave interacts with a neutral matter, 

it causes it to polarize. When it polarises, the charges inside the matter will start to oscillate 

with the frequency of light. The oscillating in the matter generates an electrical field that will 

radiate light, and this phenomenon is called light scattering. The intensity of scattering light 

depends on the particle's polarizability, and it is related to the particle refractive index 

increment (dn/dc), which is the difference in refractive index between solvent and particle 

(Kubler, 2016; Podzimek, 2011). 

Particles scatter light independently of each other, and the light scattering intensity will double 

when the number of particles is doubled. However, if the particles pair up with each other, they 

no longer scatter independently, and the scattering will be doubled compared with two 

independent particles. The intensity of scattered light (I) is therefore proportional to the 

concentration (c), the molecular weight (M) and dn/dc (Kubler, 2016), see equation 1. 

𝐼(𝜃)𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 ∝ 𝑀𝑐(
𝑑𝑛

𝑑𝑐
)2          𝐸𝑞. 1 

MALS is a light scattering technique where the 

particle's size and molar mass can be determined 

from light scattering measured at different angles, see 

figure 2. It uses a polarised light beam that goes 

through the particles in a sample. The light scattering 

is isotropic for smaller particles < 10 nm in radius and 

has no angular dependence. However, the molar mass 

can still be determined from the intensity of light 

(Kubler, 2016; Podzimek, 2011). For larger particles 

>10 nm, the light scattering is anisotropic, and when 

angles θ>0º with the light beam direction, the light 

waves of the scattered light will no longer be in 

phase, see figure 2 (Wyatt Technology (a), n.d). The 

shift in phases between the light waves reduces light 

scattering intensity, which increases with the angle 

and can be used to determine the particle's size 

(Kubler, 2016; Podzimek, 2011).  

The particle size can be calculated from the reduction of the scattered light in different angles, 

which is related to the distribution of the particle's mass. The size obtained from the mass of 

the particle, the radius of gyration (Rg), also called rms radius, see equation 2, where λ is the 

wavelength of the light source, and n0 is the solvent refractive index (Kubler, 2016; (Podzimek, 

2011). Rg is the distribution of the particle's mass (mi) and is defined by the distance (ri) from 

the centre of mass (Kubler, 2016; Podzimek, 2011; Wyatt Technology (a), n.d), as shown in 

figure 3 (Wyatt Technology (a), n.d).  

Figure 2. The measurement of the angular 

dependency in MALS. A The shift in phases 

leads to reduction in light scattering intensity.  

Detectors collects the light scattering intensity 

in multiple angles. (Image/Graph/Illustration 

courtesy of Wyatt Technology). 

https://www.wyatt.com/library/theory/multi-angle-light-scattering-theory.html
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MALS measures the scattered intensity in multiple 

angles. Together with a concentration source (UV/RI), 

it is used to determine the function of the angular 

dependence of light, P(θ). An increased number of 

angles leads to more angular data, and more accurate 

and precise results can be obtained. For diluted 

particles, the relationship between the function P(θ), 

the intensity of scattered light (R (θ)), molar mass (M) 

and concentration (c) is presented in equation 3, where 

K is the instrument calibration constant (Podzimek, 

2011). However, the UV-extinction coefficient or 

dn/dc must be known for the sample to determine the 

concentration (Kubler, 2016; Podzimek, 2011). 

𝐾 ∗ 𝑐

𝑅(𝜃)
=

1

𝑀𝑃(𝜃)
          𝐸𝑞. 3 

Different models can be used to fit the angular data from the MALS detectors into the function 

P(θ). Three models can be applied to fit the angular data polynomial. They are Zimm, Debye 

and Berry models. Also, shape models can be used if the particle's shape is known. The shape 

models are sphere, rod, random coil etc. The sphere model calculates a geometric radius from 

the angular data. However, if the particles deviate from the spherical shape, the calculated 

radius can be incorrect (Kubler, 2016; Podzimek, 2011; ASTRA 8 User's guide, M1111 

Rev.A). 

The model of choice depends on the particles being analysed. According to ASTRA 8 User's 

guide (M1111 Rev.A), the Zimm model is the default setting recommended for particles <50 

nm in radius. For larger particles, the Berry and Debye model can be applied. Different fit 

degrees may also be selected for polynomial models to fit the angular data better. It might be 

needed for heterogeneous samples that may not fit any model. The choice of model is vital to 

reduce the size calculation error. It has previously been reported (Andersson et al., 2003) from 

experiments on Poly(ethylene oxide) particles (spheres and random coils) that Berry and 

Debye's model underestimates particle size for larger particles while Zimm's model 

overestimates it. Also, the Zimm and berry models generally work with a lower fit degree 

(linear fit). In contrast, the Debye method requires a higher (curved) fit (Andersson et al., 

2003). 

2.4.2 Determination of exosome size with MALS 

When using MALS to determine the size of the exosomes, a model is needed to fit the data 

from the detectors into the function P(θ). However, there is no ideal model for exosomes, and 

both the Zimm and Sphere models have previously been reported in the literature to calculate 

Figure 3. The Radius of gyration (Rg) is 

defined by the mass distribution from the 

center of mass, where ri is the distance to the 

mass (mi). (Image/Graph/Illustration 

courtesy of Wyatt Technology). 

https://www.wyatt.com/library/theory/multi-angle-light-scattering-theory.html
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the radius (Petersen et al., 2014; Kim et al., 2020). When the Zimm model is applied, it 

calculates the rms radius from the centre of mass. A geometric radius is obtained when applying 

the sphere model, assuming that all particles are perfect spheres. Furthermore, both models 

have previously shown similar results for particles smaller than 70 nm in rms radius. However, 

for particles larger than 70 nm, the Zimm model calculated a much larger radius than the sphere 

model. The sizes were compared with the hydrodynamic radius obtained from batch DLS and 

flow DLS. Both models started to deviate from the flow DLS at 50 nm, but it also showed that 

the sphere model agreed with the batch DLS. It indicated that the Zimm model was unsuitable 

for larger particles >70 nm, as it increased drastically in size, and the sphere model was a better 

choice. Moreover, for smaller particles <70 nm, the Zimm model was the better choice 

(Petersen et al., 2014).  

Coupling MALS with a RI or UV detector as a concentration source requires the dn/dc or UV-

extinction coefficient to be known. Exosomes are complex, and the dn/dc is not known for 

extracellular vesicles. However, exosomes are made of lipids, proteins and nucleotides. Dn/dc 

for lipids is 0.16 mL/g, for proteins 0.185 mL/g and for RNA 0.18 mL/g. Therefore, the dn/dc 

value for exosomes can be assumed in these ranges (Deborah et al., 2017). According to Wyatt 

Technology (b) (n.d), a dn/dc value of 0.185 is sufficient for enveloped virus-like particles 

(VLP), which are similar in composite with EVs. 

2.4.3 Size exclusion chromatography 

Size exclusion chromatography (SEC) is a 

common technique to separate 

macromolecules by size. It is based on 

letting a sample, dissolved in a mobile phase, 

enter a porous particle bed called the 

stationary phase. Smaller components will 

enter the pores when a sample enters the 

stationary phase and take longer to elute than 

larger ones, see figure 4. SEC is commonly 

used as a polishing step after other 

chromatography techniques to increase the 

purity of the sample, and the sample volume 

must usually be small (Cytiva 2021).  

SEC-MALS has been well discussed as an 

isolation and separation method for 

exosomes. SEC is described in the literature 

as an excellent method to separate exosomes 

from proteins and other smaller host-cell 

contaminants (Watson et al., 2018; Sidhom et 

al., 2020).  

 

Figure 4. A simple illustration on the separation of 

components with size exclusion chromatography. 

(Created with biorender.com). 

https://biorender.com/
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SEC coupled with a MALS detector to identify exosomes has previously been reported in the 

literature (Vrabec et al., 2019; Gagnon et al., 2020). Since exosomes absorb very little UV 

light, adding a MALS detector with UV light can add information about the eluting fractions. 

However, the fraction must be pure to obtain accurate results, and most resins are developed 

for much smaller molecules than exosomes. Exosomes commonly elute in the void peak and 

cannot be separated from larger EVs or other larger contaminants with the available SEC resins 

today. The lack of separation can affect the determination of size. Still, even if not entirely 

accurate, it may provide valuable insights into the size distribution in the eluting peak (Vrabec 

et al., 2019).  

In an article published by Gagnon et al. (2020), they use SEC-MALS for identifying EVs purity 

when performing TFF as a purification method. The intensity from MALS was used to identify 

the exosomes in the chromatogram. A fluorescent (FL) detector was added to identify host-cell 

DNA contaminants in the sample (stained with PicoGreen). The TFF was performed in several 

steps. First, a diafiltration was made to remove small contaminants, and then the sample was 

treated with kryptonase reagent for nucleus digestion. Finally, a second diafiltration was 

performed to remove the enzyme with smaller 

nucleotides and proteins. The MALS detector was 

used to monitor the EVs between the TFF steps and 

FL to monitor the DNA content (Gagnon et al., 

2020). 

2.4.4 Ion Exchange Chromatography 

Ion exchange chromatography is a purification 

technique that separates macromolecules by their 

charge. A diluted sample pass through the stationary 

phase, and charged molecules bind to the oppositely 

charged resin. The molecules are eluted by changing 

the buffer conditions, like pH or salt concentration. 

There are two types of ion exchange techniques, 

anionic and cationic. In cationic exchangers, resins 

are negatively charged and attract positively charged 

macromolecules. On the contrary, anionic resins are 

positively charged and attract negatively charged 

macromolecules, see figure 5. The high binding 

capacity for IEX makes it possible to load a larger 

sample volume than SEC. However, the binding 

capacity for IEX depends on the column of choice 

(Cytiva, 2021). 

Like the plasma membrane in a cell, exosomes have 

a negative surface charge (Beit‐Yannai, 2018), 

making the anion exchange method a good candidate 

for exosome isolation and purification. Anion 

Figure 5. A simple illustration on separation of 

components by anion exchange 

chromatography. (Adapted from “Anion and 

Cation Exchange Chromatography”, by 

BioRender.com (2022). Retrieved from 

https://app.biorender.com/biorender-

templates) 

https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates
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exchange was previously used to bind cell-derived exosomes and eluted with increased salt 

concentration up to 1 M NaCl (Liangsupree et al., 2021). 

Connecting IEX to MALS to analyse the exosome size has not been sufficiently presented in 

the literature. However, it has been reported by Vrabec et al. (2019) that it is possible to use 

MALS coupled with IEX. The light scattering intensity can be used to give indications on 

where the EVs elute (Vrabec et al., 2019).  

2.4.5 Field flow fractionation (FFF) 

Field flow fractionation (FFF) is another technique that has been reported in the literature to 

fractionate exosomes. FFF is comparable to chromatography. However, it lacks a stationary 

phase. Instead, there is a porous bottom membrane, and diluted particle samples are being 

pushed against it due to the cross-flow, and at the same time, the diffusion mechanism will 

push the particles away from the membrane. As smaller particles easier diffuse, they will elute 

first, while the larger particles will elute later (Johann, n.d). 

In a publication by Zang et al., (2018), FFF was used to fractionate exosomes into two different 

subpopulations of exosomes by size. They used UV combined with DLS to detect the exosomes 

in the chromatogram and determine their hydrodynamic size. They also analysed the fractions 

with TEM images to identify the exosome sizes. They describe two subgroups of exosomes, 

small exosomes (60-80 nm) and larger exosomes (90-120 nm) in diameter. They also 

discovered smaller non-membranous particles ~35 nm in diameter, called exomeres. Zang el 

al. (2019) published a protocol for fractionating exosome subgroups with FFF-MALS-DLS a 

year later. As MALS is more sensitive than DLS (Wyatt technology (c), n.d), it can detect low 

concentrations of exosomes. When separating exosomes into different subpopulations, MALS 

may detect the exosomes when lower concentrations are separated during elution, which may 

not be possible with DLS or UV (Zang et al., 2019). Several articles with FFF techniques 

coupled to MALS have been reported for exosome size characterisation (Petersen et al., 2014; 

Agarwal et al., 2015; Kim et al., 2020; Sitar et al., 2015).  
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3. Experimental 

This chapter presents the instruments, chemicals and materials used to perform TFF, SEC/IEX-

MALS analysis and NTA measurements. 

3.1 Instruments 

ÄKTA Flux S system (Cytiva) was used to perform the tangential flow filtration (TFF) on 

exosome harvest material. All chromatographic runs were performed on ÄKTA PURE system 

(Cytiva) with a 10 mm UV cell and a UNICORN 7.7 software (Cytiva). Two detectors, an 8-

angle MALS, DAWN 8 (Wyatt Technology) and an Optilab refractive index (Wyatt 

technology), were connected to the ÄKTA PURE system. The particle size obtained from 

MALS was calculated using Astra 8.0.2.5 software (Wyatt Technology). NTA measurements 

were performed using a ZetaView instrument with a ZetaView 4.2 Software (Particle Metrix). 

Purified water for solution preparations was produced from a Milli-Q IQ 7000 Ultrapure Water 

System (Merck Millipore). 

3.2 Chemicals and materials 

Bovine serum albumin (BSA) A7030-100G was purchased from Sigma-Aldrich. PBS tablets 

(pH 7.4) were purchased from Medicago. Tris, 1.0 M Sterile solution ultrapure was obtained 

from VWR Lifescience. Water for Chromatography (LC-MC grade), sodium hydroxide pellets 

and sodium chloride were purchased from Merck. PBS Cytiva HyClone, 0.1 µm sterile filtered, 

was obtained from Cytiva Life Science.  

For the analytical size exclusion chromatography, Superose 6 Increase 10/300 GL column, 

SuperSEC prototype 1 and 2 packed in Hiscreen, were obtained from Cytiva, and WTC-050-

S5 column was purchased from Wyatt Technology. Capto Q ImpRes Hitrap 1 mL column 

obtained from Cytiva was used for anion exchange experiments.  

Three different filters for the TFF runs are presented in table 1. A Millex-GV Syringe filter, 

13mm, pore size 0.22 µm, from Millipore Merck was used for all-SEC experiments to filtrate 

the samples. A Millex-GP Syringe filter, 33 mm, pore size 0.22 µm, from Millipore Merck was 

used to filtrate the samples for the anion exchange experiments.  

Different exosome materials were used to perform TFF and SEC/IEX-MALS analysis and are 

presented in table 2. The harvest material from HEK cell culture 2 was used for TFF runs to 

obtain more exosome materials for SEC-MALS analysis.   
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Table 1. Presented are three different filter membranes used for TFF runs. Filter 3 was installed with a 50 lb. 

into a cassette holder (PALL) by using a torque wrench. 

Filter Description Cut-off [kDa] Filter area [m2] 

1 Hollow fibre Cartridge 29-0143-04. Model: 

UFP-750-C-mm01a. Cytiva, 

750 0.0026 

2 Hollow fibre cartridge 11-0005-49.  

Model: UFP-500-E-2U. Batch: 2-152. Cytiva 

500 0.005 

3 Suspended screen Cassette Omega Membrane, 

type Gasket FS079X01.  

Lot 0002432429. PALL 

300 0.02 

Table 2. List of exosome materials and their sources. Two harvest materials from different HEK293 cell cultures. 

The second harvest material was used to perform tangential flow filtration to obtain more materials for SEC-

MALS analysis.  

Material Source Description 

TFF isolated exosomes 

1 

HEK 293 cell culture A sample already isolated with TFF 300 kDa 

TFF isolated exosomes 

2 

HEK 293 cell culture A sample already isolated with TFF 750 kDa 

Harvest material 1 HEK 293 cell culture 

1 

- 

Harvest material 2 HEK 293 cell culture 

2 

Used to perform five TFF runs 

Purified exosomes Confidential Purified exosomes  
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4. Methods  

This chapter describes the methods used to perform TFF, SEC/IEX-MALS analysis and NTA 

measurements. The settings used in Astra software for normalisation of the MALS detector 

and calculation of particle size are also presented in this chapter.  

4.1 Tangential flow filtration  

TFF was used for sample concentration, buffer exchange and separation of host cell 

contaminants. As part of the project, TFF was performed to obtain the SEC/IEX-MALS 

analysis materials. Three filters (750 kDa, 500 kDa, and 300 kDa) were chosen to see if the 

SEC-MALS analysis can explain how well the TFF methods remove host-cell contaminants. 

An explanation of the TFF terms; transmembrane pressure (TMP), volume concentration factor 

(VCF) and diavolume (DV) are presented in Appendix I. 

The exosome harvest material from HEK cell culture 2 (250 mL) was added to the feed tank 

in the TFF system. The mixer in the feed tank was set to 50 rpm. The feed was concentrated 

with a VCF of 10. After the concentration, a diafiltration with 10 mM PBS was set with a DV 

of 5 (25×5 mL). After the washing step, 2 mL of the sample was taken out for SEC-MALS 

analysis. Benzonase (86,96 U/mL) was added to the system to cleave larger DNA molecules 

in the sample into smaller components. MgCl2 (1 mM) was added for enzyme activation, and 

the system was set on recirculation for 2 h. Another sample was collected for analysis before 

diafiltration with PBS with a DV of 10 (21*10 mL). After the washing, the retentate was taken 

out and stored in the fridge. The flow chart of the TFF run is shown in figure 6.  

After the TFF run, the filter was washed with cleaning solution NaOH (0.5 M) and 1 % chlorine 

and then stored in NaOH (0.1 M).  

 

Figure 6. Flow chart of the TFF runs (C-E). First, the sample was concentrated 10 times, and then diafiltration 

(wash 5x) was performed. Next, the sample was treated with benzonase for 2h under circulation, and finally, a 

second diafiltration was performed (wash 10 x).   

Five TFF runs were performed on harvested material 2 (supernatant of HEK cell culture 2), 

and the parameters used for each run are presented in table 3. A list of all samples collected 

from the five TFF runs is presented in Appendix I. 
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Table 3 - Parameters used for each TFF run. Three different filters with three cut-offs were used, 750 kDa, 500 

kDa and 300 kDa.  

Run Filter cut-off 

[kDa] 

Filter area 

[cm2] 

Flow   TMP 

[bar] 

Comments 

B 750 26 36 rpm 0.4 The first 5x wash was not 

performed 

C 750 26 36 rpm 0.4 - 

D 500 50 140 mL/min 0.4 - 

E 300 200 140 mL/min 0.3 - 

F 750 26 36 rpm 0.4 Benzonase was not added 

 

4.2 SEC-MALS method 

All columns were equilibrated with the mobile phase for at least 24 h before connecting it to 

the MALS instrument. The equilibration reduces the risk of particle leaking, which could 

interfere with the MALS analysis. All mobile phases and samples were filtered (0.22 µm), 

except for the purified exosome sample. Note that all cleaning in place (CIP) was disconnected 

from the MALS instrument. All columns were stored in 20 % EtOH after use. The parameters 

used for the different SEC columns are presented in table 4. The volume for each step in the 

SEC method is in column volumes (CV).  

Table 4. List of columns used for SEC-MALS analyses. 

Column Description Flow rate [mL/min] Sample volume [µl] 

Superose 6 Increase 10/300 GL 0.5 100 

SuperSEC prototype 1 Hiscreen 0.5 50 

SuperSEC prototype 2 Hiscreen 0.5 50 

WTC-050-S5 - 0.3-1 100 

SEC Method: 

Mobile phase: 10mM PBS, pH 7.5  

Sample application: Capillary loop (50-500 µl) 

o Equilibration: 0.1 CV  

o Sample application 50-500 µl 

o Elution 1.2 CV 

CIP method for Superose 6 Increase:  

Flow: 0.5 mL/min 

o MQ water: 1.5 CV  

o NaOH 0.5 M: 1.5 CV  

o MQ water: 1.5 CV  

o Mobile phase: 1.5 CV  

4.2.1 Purified Exosomes 

A purified exosome sample was used for SEC-MALS analysis with Superose 6 Increase. The 

purified exosomes have a reported median size of 152.13 nm in diameter and a concentration 
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of 2.6×1012 particles/mL, previously quantified with NTA.  

4.2.2 Comparison of columns 

Four SEC columns were investigated for SEC-MALS methods, Superose 6 Increase, WTC-

050-S5, and SuperSEC prototype 1 and 2 packed in Hiscreen. Three different exosome 

samples, harvest material 1, and TFF isolated exosome (1 and 2), with 300 and 750 kDa filter 

cut-off, were used on Superose 6 increase, SuperSEC prototype 1 and 2. On column WTC-

050-S5 another sample with purified exosomes was used as the other samples were unavailable.  

4.2.3 Analysis of TFF samples 

The samples collected from five TFF runs were analysed with SEC-MALS on Superose 6 

Increase. A list of all samples collected is presented in Appendix I. 

4.2.4 Five repetitions of a sample 

Exosomes were suspected of interacting with the Superose 6 Increase resin or filter. Therefore, 

the reproducibility of the result obtained from column Superose 6 Increase was tested on the 

final TFF sample 750 (B). Five analyses were repeated, and a CIP was performed before the 

first run and after the fifth run. An injection volume of 100 µl was used for each repetition. 

4.3 IEX-MALS method 

The IEX-MALS analysis was performed on a Capto Q ImpRes (Hitrap 1 mL) column. The 

purified exosomes were diluted 1:100, and different volumes were injected (3 mL, 6 mL, 10 

mL, 15 mL) from a superloop (50 mL). Four fractions were manually collected into four 

different falcon tubes (10 mL). After each run, a CIP was performed (disconnected from the 

MALS instrument).  

IEX Method: 

A buffer: Tris 20 mM, pH 7.5  

B buffer: Tris 20 mM, pH 7.5, 2 M NaCl 

Flow rate: 0.6 mL/min  

o Equilibration: 2 CV  

o Sample application 3-15 mL 

o Wash: 10 CV (3 %B) 

o Elution (Step gradient) %B:  

➢ 20 %, 6 CV 

➢ 40 % 6 CV 

➢ 60 % 6 CV 

➢ 100 % 6 CV 

o Equilibration 10 CV 
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CIP method: 

Flow: 0.6 mL/min 

o MQ water: 1 CV  

o NaOH 0.5 M: 3 CV  

o MQ water: 3 CV  

o A buffert: 3 CV  

4.4 MALS instrument normalization 

BSA was used as a reference standard. BSA has isotropic scattering and is a recommended 

standard for instrument normalisation in PBS or other aqueous buffers around pH 7 (Wyatt 

Technology). A dn/dc of 0.185 mL/g was used (standard value for proteins) and the UV-

extinction coefficient (280 nm) was set to 0.6700 (mL/mg*cm). The BSA standard was used 

for normalisation, alignment, and band broadening. It was performed for each column set up 

to MALS, see table 5. The normalization was performed on the detector with an angle of 90º 

from the light source. The MALS laser wavelength is set to 661.2 nm.   

Table 5. The concentration and injection volume of BSA standard for each column. 

Column BSA concentration [mg/mL] Injection volume [µl) 

Superose 6 Increase 2 100  

SuperSEC prototype 1 2 50 

SuperSEC prototype 2 2 50 

WTC-050-S5 2 20 

Capto Q ImpRes 1.5 100 

 

4.5 Astra software evaluation 

The particle size was evaluated using Astra 8.0.2.5 software (Wyatt Technology). The dn/dc 

was defined as 0.185 mL/g (standard protein value). The RI detector was used as a 

concentration source for radius calculations for all SEC-MALS analyses. The maximum salt 

concentration for the optilab (RI detector) is 0.5 M. For IEX-MALS measurements, UV280 

was used as a concentration source for radius calculations. The UV-extinction coefficient (280 

nm) was set to 1.0000 (mL/mg*cm). Still, some errors may be introduced in the radius 

calculations due to the large salt concentration in the elution gradient, which can affect the 

normalisation of the MALS detectors. In the radius calculation in Astra software, detector 1 

was removed when analysing the peaks from IEX-MALS data, as it deviated from the Zimm 

and Sphere model. The light scattering signal presented in the chromatograms in the reports is 

the signal from the 90º angle detector. 

Two models were used for particle radius calculations, Zimm and Sphere. The Zimm model 

calculates the radius of gyration (Rg), and a geometric radius (Rgeometric) was obtained with the 

sphere model.  
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4.6 Nanoparticle tracking analysis  

Nanoparticle tracking analysis (NTA) was performed to verify the particle size obtained from 

MALS. The NTA instrument was calibrated with standard latex particles 100 nm, and all 

results were analysed in ZetaVIEW software. All samples were measured using the Zetaview 

standard method with a sensitivity of 80. The X50 is the median size in diameter, X10 

represents the particles' diameter where 10% has a smaller size, and X90 represents the 

diameter of the particles where 90 % has a smaller size. The NTA tracks the particles in eleven 

positions; the mean X50 is the averaged X50 value from all positions. All samples were diluted 

in 10 mM PBS and were not filtered before measurements. 

The harvest material (HEK cell culture 2) was diluted 1:500, and the measurement was 

performed once. Samples collected from the five TFF runs were diluted 1:1000, and three 

measurements were performed with a new injection of the same diluted sample. The mean 

X50, the number of particles and relative standard deviations (RSD%) presented in the report 

are calculated from the sum of all positions from the three measurements.  

The purified exosomes were diluted 1:50000, and the measurements were performed in 

triplicates. The mean X50, number of particles and relative standard deviations (RSD%) were 

calculated from three replicates.  

Four fractions were collected from IEX-MALS. Fraction 1 was diluted 1:2, fraction 2-3 was 

diluted 1:10, and fraction 4 was diluted 1:20. The measurement was performed on triplicates 

for fractions 2-4. Fraction 1 was performed on duplicates. The mean X50, number of particles 

and relative standard deviations (RSD%) were calculated from three replicates (duplicates 

fraction 1).  
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5. Results and discussion 

The project aimed to establish a quick method by coupling MALS with chromatography 

techniques to determine exosome size. Presented in this chapter are the results of the SEC/IEX-

MALS analysis. The SEC-MALS with Superose 6 Increase was performed on purified 

exosomes and samples collected from exosomes isolated with TFF runs using different filter 

cut-offs. IEX-MALS analysis was performed on column Capto Q ImpRes, using purified 

exosomes. The average particle size calculated from MALS using Zimm and Sphere models is 

verified with the particle size obtained from NTA.  

5.1 SEC-MALS 

5.1.1 Purified exosomes 

A purified exosome sample was used on Superose 6 Increase. The exosomes elute in the void 

volume as they are too large to enter the pores. The chromatogram and size distribution over 

the void peak, calculated with the Zimm model, is presented in figure 7.  

 

Figure 7. The chromatogram from SEC-MALS analysis of purified exosomes, using Superose 6 Increase. The 

exosome size range is ~110-150 nm in diameter (D). The size distribution over the void peak from SEC-MALS 

analysis was calculated with Zimm model.  

The average size (Rg) was calculated to 72.8 nm, which is within the exosome size range. The 

size distribution shows that very large particles are eluting in the beginning (7.8 mL) of the 

peak with a size of 150-300 nm in diameter. As this is outside the exosome size range, 

aggregates have likely been formed. Still, even if the sample is purified, there might also be 

larger EVs or contaminants left in the sample. The size ranges between 110-150 nm in the 
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middle of the peak, representing the average of the exosomes that elute at that specific eluting 

volume. After 9 mL, the sizes start to increase. According to the literature, it is commonly seen 

with polymers and is called the anchoring effect. The anchoring effect is when a small part of 

the polymer enters the pore, which causes the polymer to elute later. However, for exosomes, 

this increase in size could be a sign that larger exosomes get stuck in the resin eluting later. 

5.1.2 Comparison of columns  

SEC-MALS analysis was performed on different columns for a sample of TFF-isolated 

exosomes 1 and 2 (300 and 750 kDa cut-off). The chromatograms for column WTC-050-S5, 

Superose 6 Increase, SuperSEC prototype 1 and 2 are presented in Appendix II. The radius 

obtained from SEC-MALS analyses is presented in table 6. The result shows that the radius 

obtained from Superose 6 Increase is slightly larger than the exosome size range of 15-75 nm 

in radius. The result also shows that the radius obtained from SuperSEC prototype 1 is way 

above the exosome size limit. Furthermore, the SEC-MALS analysis from SuperSEC prototype 

1 may not be entirely reliable, as there were issues with LS noise that could have interfered 

with the measurement. Due to LS noise, the particle size could not be determined for column 

SuperSEC prototype 2.  

Table 6. The average radius (Rg) in nm, obtained with the Zimm model from SEC-MALS analysis, is presented 

in three columns, Superose 6 Increase, SuperSEC prototype 1 and 2. The error bars represent the error in the 

calculation in the Astra software. 

Blank injections were performed for Superose 6 Increase and WTC-050-S5. The result from 

the blank injections is presented in Appendix II. LS signals could be detected from the blank 

injections, called ghost peaks. These ghost peaks do not originate from the sample and could 

interfere with size analysis. A problem with pressure drops from injection was observed for all 

columns and is likely the cause of the ghost peaks. It may be that the increase in pressure after 

the pressure drops causes particles to leak from the column, which could interfere with the 

exosome size analysis. The ghost peak from Superose 6 Increase was not sufficiently high; 

therefore, it was the only column used for further analysis. 

5.1.3 Analysis of TFF samples 

The samples from the five TFF runs were analysed with SEC-MALS using column Superose 

6 Increase. The average size of the exosomes was calculated from the LS signals in the void 

peak. Two models were used to calculate the average size, the Zimm model and the Sphere 

model. The result for the samples taken from the TFF run (C), using a filter of 750 kDa cut-

off, is presented in table 7.  

Sample Description Superose 6 

Increase  

SuperSEC prototype 1 SuperSEC 

prototype 2 

TFF isolated 

exosomes 1 

TFF 300 kDa 80.9 ± 0.8 % 118.4 ± 1.1 % n/d 

TFF isolated 

exosomes 2 

TFF 750 kDa 78.4 ± 0.8 % 106.8 ± 0.6 % n/d 
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The harvest material has a smaller average size in radius than the other samples. The radius for 

the harvest material is 57.8 nm for the Zimm model and 61.1 nm for the Sphere model, see 

table 7. The sample collected before and after adding benzonase is similar in size with a radius 

of ~75 nm, see table 7. The calculated radius for the final sample taken from the TFF process 

shows a much larger size, with a radius of 98.4 nm for the Zimm model and 79.5 nm for the 

Sphere model. Some results show a radius above 75 nm and is above the exosome size range 

limit. It indicates that there might be some larger aggregates, contaminants or other large EVs 

in the sample. 

Table 7. The average size calculated from SEC-MALS analysis using column Superose 6 Increase is presented. 

The average size was calculated with the Sphere model (Rgeometric)and Zimm model (Rg) from samples taken during 

TFF run C, using a 750 kDa filter cut-off. The error represents the error in the calculation in the Astra software. 

Sample Zimm [nm] Sphere [nm] 

Harvest Material 57.8 ± 0.8 % 61.1 ± 1.6 % 

Before benzonase 75.2 ± 0.5 % 72.5 ± 1.5 % 

After benzonase 76.1 ± 0.5 % 73.1 ± 2.3 % 

Final  98.4± 0.6 % 79.5 ± 2.3 % 

An overlay of the chromatograms for the samples collected from the TFF 750 (C) is shown in 

figure 8. The UV signal in the chromatogram shows that the harvest material is highly rich in 

proteins and other host-cell contaminants. After the concentration and first washing step, the 

sample taken before adding benzonase shows that TFF has removed most of the proteins and 

host cells contaminants. The LS signal also increased about 10 times its peak height, indicating 

that the exosomes have been more concentrated. Also, the size of the separated host cell 

contaminants is too small for the LS signal to detect. 

 

Figure 8. Overlay of SEC-MALS chromatograms from samples collected during TFF run (C) using a 750 kDa 

filter cut-off. 

Presented in figure 9 is an overlay of the UV signals from chromatograms for the SEC-MALS 

analysis, for samples collected before benzonase, after benzonase and after the final wash. A 
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new UV signal appears in the 

chromatogram for the sample collected 

after benzonase was added at elution 

volume ~20 mL. The new peak has a 

higher UV260 signal compared to the 

UV280 signal. The signal ratio between 

260 and 280 is roughly estimated to be 

1.72 from the peak areas. According to 

the literature, pure DNA's 260/280 ratio is 

1.8. It implies that the benzonase 

degraded host cell DNA/chromatin into 

smaller components. In the final 

diafiltration step, most contaminants were 

removed. Furthermore, the new peak at 20 

mL for the sample after benzonase was 

added is also observed for TFF run using a 500 kDa (D) and 300 kDa (E) filter cut-off. The 

peak was not observed in TFF 750 kDa (F), where no benzonase was added, see Appendix III. 

The calculated size distribution for samples collected from TFF 750 kDa (C) filter cut-off is 

presented in figure 10. Even if the exosomes elute in the void volume and the sample is not 

entirely pure, the size distribution shows that some separation occurs and that the first eluted 

components are larger. These first components that elute are outside the exosome size range, 

suggesting that they are larger contaminants, aggregates, or other EVs. The Zimm model even 

shows a radius of up to 150 nm for the final sample collected from the TFF 750 (C). Moreover, 

since the exosomes elute in the void volume, they were not separated from larger contaminants. 

Therefore, it is likely that the larger contaminants increase the calculated average radius 

presented in table 7. 

The size distribution for the harvest material is shifted downwards in size compared to the other 

samples (before benzonase, after benzonase and the final sample) see figure 10. After the first 

wash has been performed, the shift in size distribution goes upwards in size for the other 

samples (before benzonase, after benzonase and the final sample). It could result from smaller 

components from the void volume being removed during the TFF. Since the harvest material 

contains contaminants, it is likely that other smaller particles may have been included in the 

size distribution and could be the cause of the shift. Furthermore, the shift in the harvest 

material could also be caused by the sample being less concentrated than the other samples 

(before benzonase, after benzonase and the final sample). Since the sample is heterogeneous, 

a larger component might scatter more and take over in a more concentrated sample than a 

sample with a lower concentration.  

In table 7, the radius obtained from the Sphere model shows that the exosomes from the 

different samples are more similar in average size compared with the radius obtained from the 

Zimm model. For the Zimm model, the harvest material has an average radius of 57.8 nm, and 

the final sample from TFF with filter 750 kDa (C) has an average radius of 98.4 nm. Compared 

Figure 9. Overlay of SEC chromatogram for samples 

collected from TFF run (C) using a 750 kDa cut-off. Sample 

before benzonase (yellow), after adding benzonase (green) 

and after final wash/diafiltration (purple). 
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with the average radius calculated from the Sphere model, where the average radius for the 

harvest material is 61.1 nm, and for the final sample (750 kDa), the average radius is 79.5 nm. 

However, each model shows that the harvest material has the smallest average size, and the 

final sample from TFF with 750 kDa filter (C) has the largest average size. 

It is difficult to know which model is more correct, as there is no ideal exosome model. Even 

if the Zimm model has a better fit for the MALS detectors, the literature has reported that it 

tends to drastically increase the size of particles larger than 70 nm in radius (Petersen et al., 

2014). It agrees with the obtained result where the first components that elute are much larger 

in size for the Zimm model than the Sphere model, as seen in the size distribution in figure 10.  

 

Figure 10. The size distribution curves were calculated with the Sphere model (left) and Zimm model (right). An 

overlay of the size distribution curves of the void peak from samples collected from TFF run (C), using a 750 kDa 

filter cut-off. The harvest material (blue), before benzonase (yellow), after adding benzonase (green) and after 

final wash/diafiltration (purple).  

5.1.3.1 Final TFF samples  

The calculated average size, using Zimm and Sphere model, for the final TFF samples for the 

three different filters (750, 500, and 300 kDa cut-off) is presented in table 8. The results show 

that the final TFF 750 (C) has a higher average radius than the other samples. The results also 

show that TFF 300 (E) has the lowest average size using both models.  

Table 8. The average size calculated from SEC-MALS analysis using column Superose 6 Increase is presented. 

The average size was calculated with the Sphere model (Rgeometric), and Zimm model (Rg) from the final samples 

from the five TFF runs. The error represents the error in the calculation in the Astra software. 

Final TFF Samples Description Zimm [nm] Sphere [nm] 

TFF 750 (B) No wash before benzonase 76.3 ± 0.6 % 74.4 ± 1.8 % 

TFF 750 (C) - 98.4± 0.6 % 79.5 ± 2.3 % 

TFF 500 (D) - 75.5± 0.7 % 71.7 ± 1.6 % 

TFF 300 (E) - 62.7± 0.7 % 65.9 ± 1.3 % 

TFF 750 (F) No benzonase added 71.7± 0.6 % 69.3 ± 1.3 % 

The chromatogram of all final TFF samples performed on three different filter cut-offs (750 

kDa, 500 kDa and 300 kDa) is shown in figure 11. The results show that the void peak varied 

for both UV and LS signals, while the protein peaks were approximately the same. Also shown 

in figure 11 are the size distribution curves for final TFF samples, calculated with the Sphere 
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and Zimm model. The size distribution curve for the final TFF 750 (C) sample shifted upwards, 

and the size distribution curve for TFF 300 (E) shifted downwards in size compared to the other 

samples. The shift in size for the size distribution curves is larger for the Zimm model compared 

with Sphere model. It is also observed that the final TFF 750 (C) gives the highest peak signal 

and the TFF 300 (E) gives the lowest peak signal for both UV and LS in the chromatogram. It 

indicates that there might be a relation between the concentration and the shift in the size 

distribution curve over the void peak. If a larger number of exosomes enters the MALS cell, 

the scattering from the larger exosomes may take over and shift the size distribution upwards 

and vice versa. However, the shift in the size distribution curve may also be caused by the 

different samples due to the different parameters in the TFF methods, filters, etc.  

To investigate the cause of the shift, the final TFF 500 (D) was diluted 10 times to obtain the 

same concentration as the harvest material. The results showed that diluting the sample resulted 

in a shift downwards in the size distribution curve for both the Sphere and Zimm models. The 

size distribution curves from the diluted sample are presented in Appendix III. 

 

Figure 11. Overlay of the LS signals from final TFF samples from SEC-MALS analysis using Superose 6 Increase. 

The size distribution curve was calculated with the Sphere and Zimm model. 

5.1.4 Five repetitions of a sample 

Large variations of the void peak area from the UV and LS signals were seen between the 

samples from the TFF runs. To investigate if exosomes interact with the Superose 6 Increase 

resin or filter, the final sample from the TFF 750 (B) was selected and repeated five times. The 

chromatograms for the five repeated runs are presented in figure 12. The void peak for the UV 

signal increased for each repetition. The LS signal also increased about five times from the first 

to the last run. The UV signal of the contaminants that elute between 15-30 mL does not 

increase considerably (not shown in the figure). The results suggest that there are some 



34 

 

 

 

interactions between exosomes and the resin or filter of the Superose 6 Increase column.  

 

Figure 12. A) The chromatogram shows the UV 280 and LS signals for all five runs of the final TFF sample (B) 

using a filter with a 750 kDa cut-off. The void peak UV signal increases for each repetition, while the UV signal 

of the contaminants that eluted between 15-30 mL did not increase considerably. B) The size distribution is 

calculated with the Zimm model. 

The average radius for the five repetitions was calculated with both Zimm and Sphere models 

and was similar in size between the five repetitions, see table 9. The RSD was calculated to 

5.87 % for the Zimm model and 5.00 % for the Sphere model. The size distribution curve 

calculated using the Zimm model is presented in figure 12. The first run shifts downwards in 

size in the size distribution curve compared to runs 4-5. Previous results indicate that the 

sample concentration causes the shift. However, the shift could also be caused by larger 

exosomes interacting more with the resin/filter than smaller exosomes in the first run when the 

column is newly cleaned. In repetitions 4-5, the columns/filter may be more saturated, and 

larger exosomes elute, causing the size distribution curve to shift upwards in size.  

As the CIP procedure included cleaning the column before the first run, there might be the case 

that the column needs to be saturated before being able to perform analysis. Repeating the TFF 

750 (B) sample might lead to more overlapping peak signals in the chromatogram. 

Furthermore, to reduce possible interactions between exosomes and resin/filter, the effect of 

changing salt concentration, pH or adding additives in the mobile phase could be investigated.   

Table 9. The average size was obtained from SEC-MALS analysis for five repetitions for TFF 750 (B) sample. 

The average size is calculated using both Zimm and Sphere models. 

Model Run 1  Run 2  Run 3 Run 4 Run 5 Avg.  RSD % 

Zimm [nm] 54.9  60.7 62 63.7 57.7 59.8 5.87 

Sphere 

[nm] 

58.8 62.5 65.6 66.2 60.8 62.78 5.00 
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5.1.5 Verification of size with NTA 

The final TFF samples were analysed with NTA to verify the size obtained from MALS. The 

result shows that the exosome sizes from the NTA are compatible with the sizes obtained from 

the SEC-MALS analysis, see figure 13. However, the smaller size in the harvest material and 

the larger size in TFF 750 (C) sample deviate from the sizes obtained from the NTA. As 

mentioned before, the harvest material and TFF 750 (C) shifted in the size distribution curve 

compared to other samples. Moreover, NTA shows that the sizes for the harvest material and 

TFF 750 (C) are similar to the other samples. It indicates that the shift in size from MALS 

depends on the SEC-MALS method rather than differences in the samples. The particle 

concentration and size distribution obtained from NTA are presented in Appendix III. 

The results show that the average size is very large for both MALS and NTA, implying that 

the sample contains very large exosomes. According to the literature, the exosomes should be 

well separated, or the size may be biased towards the larger exosomes since they scatter more. 

Both MALS and NTA are based on light scattering techniques, and since the exosomes were 

not well fractionated in MALS, and NTA is very sensitive to software settings, there might be 

a risk that the size is biased to the larger exosomes. Therefore, confirming the results with a 

third analysis method, for example, TEM would be preferable.  

 

Figure 13 The exosome size in diameter obtained from NTA and MALS was calculated using the Zimm and Sphere 

model. The mean X50 obtained from NTA is the average of median values from all positions in NTA cell of three 

measurements. The error bars for mean X50 represent the standard deviation. Hence, the harvest material was 

only measured once. The radius was calculated using the Zimm model (Rg) and Sphere model (Rgeometric). The 

error bars for MALS data represent the error in the calculation in the Astra software.  
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5.1.5.1 Purified exosomes 

NTA measurements were performed to verify the result obtained from MALS. According to 

the literature, a sample must be purified to get reliable results. Therefore, a more purified 

exosome sample was used for SEC-MALS analysis with Superose 6 Increase. The mean X50 

value was calculated to be 143 nm in diameter (RSD 0.7%), and the concentration of particles 

was calculated to be 7.15×1012 p/mL (RSD 8.1%). The calculated average diameter from 

MALS was comparable with the mean x50 obtained from NTA, see figure 14. 

According to the size distribution curve from MALS calculated with the Zimm model, the size 

of the exosomes ranged between ~110 and 150 nm in diameter, see figure 7. However, the first 

eluted particles ranged between ~150 and 300 nm in diameter. Moreover, the size distribution 

ranged from ~120 to 200 nm in diameter for the sphere model, as shown in Appendix III. 

Presented in figure 14 is the size distribution of the exosomes calculated from NTA. The X10 

value shows exosomes with 86 nm in diameter, which describes that 10% has a smaller size. 

The X90 shows a diameter of 224 nm and describes that 10 % has a larger size. The size 

distribution curve in MALS represents the average of the exosome's sizes at a certain point in 

the curve. It suggests that the exosomes may need to be more fractionated to see the smaller 

exosomes.   

The purified exosomes have a reported median size of 152.13 nm in diameter and a 

concentration of 2.6×1012 particles/mL, previously quantified with NTA. The median X50 

value is 143 nm in diameter and is slightly lower than the reported median value of 152.13 nm. 

The concentration of 7.15×1012 p/mL was also higher than the reported value of 2.6×1012 

particles/mL. The difference in particle concentration may be caused by errors from pipetting 

when diluting the sample. The difference in particle concentration may also be caused by 

different settings used in NTA measurements. 

 

Figure 14. A) An image of the tracked scattering exosomes by NTA. B) The calculated mean X50, average radius 

from Zimm (Rg) and Sphere (Rgeometric). The error bars from the NTA are the standard deviation from three 

replicas. The error bars from average Rg and Rgeometric represent the calculation error in the Astra software. C) 

The distribution of exosome sizes obtained from NTA are from three replicas. X50 is the median size in diameter, 

X10 represents the particles' diameter where 10% is smaller, and X90 represents the diameter of the particles 

where 90 % is smaller. The sizes presented are averaged from three replicas, and the error bars represent the 

standard deviation.  
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5.2 IEX-MALS 

IEX-MALS analysis was performed on a Capto Q ImpRes column, and different volumes of 

diluted purified exosomes (1:100) were injected (3 mL, 6 mL, 10 mL, and 15 mL). The total 

amount of particles loaded onto the column is presented in table 10. The purified exosome 

sample has a reported particle concentration of 2.6×1012 particles/mL, and the total binding 

capacity for the column is 1×1012 particles/mL resin.  

Table 10. The total amount of particles injected onto the columns for each sample volume of purified exosomes.  

Sample volume Conc. Particles/mL Total number of particles loaded onto the 

column 

3 mL 2.6×1010 7.8×1010 

6 mL 2.6×1010 1.5×1011 

10 mL 2.6×1010 2.6×1011 

15 mL 2.6×1010 3.9×1011 

The exosome sample was separated into three peaks with a step gradient, see figure 15. The 

first peak eluted at 20 % (400 mM NaCl), second peak eluted at 40 % (800 mM NaCl) and 

third peak eluted at 60 % (1200 mM NaCl). All chromatograms are presented in Appendix IIII. 

Four fractions were manually collected for further analysis with NTA, see figure 15.  

 

Figure 15. The chromatogram from IEX-MALS analysis using step gradient with 2 M NaCl. Purified exosomes 

were injected with a sample volume of 6 mL (diluted 1:100). Four fractions were manually collected from the 

IEX-MALS analysis. Fraction 1 was collected at 21-22.75 mL, fraction 2 at 27.5-28.75 mL, fraction 3 between 

28.75-30 mL and fraction 4 was collected between 33.5-35.25 mL. Note that the LS signal is delayed (0.3 mL) 

from the UV signal in the chromatogram) 
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The calculated average radius for Zimm and Sphere model for each fraction is presented in 

tables 11-12. The size in fraction 1 could not be determined from the analysis with lower 

injection volumes (3 mL, 6 mL, 10 mL), as it did not fit any model in the software. The average 

size could be determined after increasing the volume to 15 mL. It suggests that the 

concentration in fraction 1 was too low when injecting smaller volumes. The result from the 

different fractions shows a trend where the exosome size increases with each peak. The result 

suggests smaller exosomes elute at a lower salt concentration than larger exosomes.  

Table 11. A purified exosome sample was injected with different volumes (3 mL, 6 mL, 10 mL, and 15 mL). The 

average Rg (nm) was calculated using the Zimm model from IEX-MALS analysis using column Capto Q 

ImpRes. The error for MALS data represent the error in the calculation in the Astra software. 

Sample volume F1 [nm] F2 [nm] F3 [nm] F4 [nm] 

3 mL - 36.1 ± 3.0 % 43.3 ± 3.5 % 74.3 1.6 % 

6 mL - 40.2 ± 4.0 % 47.8 ± 2.5 % 83.4 0.9 % 

10 mL - 41.3 ± 3.6 % 47.2 ± 2.3 % 86.3 0.9 % 

15 mL 38.4 ± 4.2 % 36.4 ± 2.6 % 47.4 ± 2.1 % 88.1 0.7 % 

Table 12. A purified exosome sample was injected with different volumes (3 mL, 6 mL, 10 mL, and 15 mL). The 

average Rgeometric (nm) was calculated using the Sphere model from IEX-MALS analysis using column Capto 

Q ImpRes. The error for MALS data represents the error in the calculation in the Astra software. 

Sample volume F1 [nm] F2 [nm] F3 [nm] F4 [nm] 

3 mL - 47.9 ± 3.1 % 53.9 ± 3.1 % 81.4± 1.9 % 

6 mL - 43.4 ± 4.2 % 54.3 ± 2.7 % 81.7 ± 1.9 % 

10 mL - 43 ± 3.9 % 50.3 ± 2.4 % 74.5 ± 2.3 % 

15 mL 44.5  46.5 ± 2.3 % 54.2 ± 1.4 % 79.7 ± 2.2 % 

The size distributions calculated with the Zimm model are presented in figure 16. The size 

distribution of the first peak shows a mixture of different size species. The second peak has a 

size range between 60 and 110 nm in diameter, and the third peak shows a size distribution of 

120-200 nm in diameter. The result suggests that there might be aggregates or other larger EVs 

or contaminants in the sample in the third peak (F4). In the third peak (F4), the size distribution 

curve is shifted downwards for the analysis with a sample volume of 3 mL. The analysis for 

sample volume 6 mL, 10 mL and 15 mL are shifted upwards and approximately overlaps. This 

was observed for both Zimm and Sphere models. The size distribution curve for the Sphere 

model is presented in Appendix IIII.  

The shift in distribution could be the effect of the concentration of exosomes. A higher 

concentration of exosomes could result in a size biased towards the larger, as larger particles 

scatter more. Besides, since the size is very large, there might be aggregates, large EVs or other 

contaminants that cause the shift in size distribution. However, all size distribution curves 

overlap except for the 3 mL sample volume analysis. It might be that the analysis with a 3 mL 

sample volume is incorrect, and maybe it was disturbed by LS noise. Therefore, the analysis 

with a 3 mL sample volume was repeated. The repetition of the 3 mL run also leads to a shift 

downwards in the size distribution curve. The result from the repetition of IEX-MALS analysis 

with 3 mL is presented in Appendix IV.  
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Figure 16. An overlay of the IEX-MALS analysis injecting 3 mL, 6 mL, 10 mL, and 15 mL of purified exosomes 

(diluted 1:100). The size distribution for the three peaks was calculated using the Zimm model. 

5.2.1 Verification of size with NTA 

Four fractions were manually collected, and the particle concentration and size were analysed 

with NTA, see table 13. The RSD% between the triplicates is very large for the calculated 

number of particles in fractions 3 and 4.  

Table 13. The particle concentration and mean X50 were calculated from NTA measurements. Fraction 1 is the 

average of two replicas. Fraction 2, 3 and 4 is the average of three replicas. The X50 is the median size in 

diameter, X10 represents the particles' diameter where 10% is smaller, and X90 represents the diameter of the 

particles where 90 % is smaller. The presented X10, X50 and X90 are the average from three replicas (duplicates 

on fraction 1).  

Sample Particle/mL RSD 

% 

MEAN 

X50 

RSD 

% 

X10 X50 X90 

F1 2.30×108 6.2 87.9 0.6 56.9 87.9 144.9 

F2 6.16×108 7.7 126.7 5.8 72.4 125.6 256.8 

F3 3.73×108 23.4 117.4 7.0 68.6 117.0 227.1 

F4 1.93×109 15.8 123.0 2.4 75.9 122.7 201.9 

Presented in table 14 is the total number of particles in fractions 1-4 for a 6 mL sample volume. 

The number of particles loaded onto the column was 1.5×1011 for the 6 mL sample volume. 

The yield was calculated to be 3.36 %, based on the sum of the number of particles collected 

in all four fractions. The results show that the yield of the collected exosomes is extremely low. 

However, the fractions were manually collected, and the volume obtained from each fraction 

may be inaccurate. The RSD% is also very high for the particle concentration obtained from 
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fractions 3 and 4. Besides, the sample was filtered before being loaded onto the column. Some 

exosomes may have been lost during the filtration. New fractions could be collected using a 

fraction collector to obtain a more accurate result, and the NTA measurement should be 

repeated. A new concentration value from the starting material could also be determined with 

NTA, as the sample can have been affected during storage.  

Table 14. The total number of particles collected in each fraction for IEX-MALS when loading 6 mL of sample. 

The particle concentration for each fraction was obtained from NTA measurements. 

Sample Volume [mL] Particles/mL Total number of particles 

F1 1.75 2.30×108 4.0×108 

F2 1.25 6.16×108 7.7×108 

F3 1.25 3.73×108 4.7×108 

F4 1.75 1.93×109 3.4×109 

The calculated mean X50 from NTA and radius from MALS are presented in figure 17. The 

results show that the size calculated from MALS in fraction 1 agrees well with the size 

calculated with NTA. However, the results show that the calculated size from MALS diverges 

from the result obtained from NTA for fractions 2-4. In infraction 2, the average size obtained 

from MALS is ~80 nm in diameter, compared to the ~126 nm calculated with NTA. In 

infraction 4, the NTA calculates a size of ~122 nm in diameter, whereas MALS calculates ~160 

nm in diameter.  

 

Figure 17. Exosome size for the four fractions obtained from IEX-MALS analysis and compared with the exosome 

size obtained from NTA (mean X50). All data is calculated from the IEX-MALS injecting 6 mL of sample volume, 

except for fraction 1. The size from MALS in fraction 1 was calculated from the IEX-MALS analysis from 15 mL 

of sample volume. The error bars from NTA X50 are based on three replicas (duplicates on fraction 1. The error 

bars for MALS data represent the error in the calculation in the Astra software. 

The difference in the average size between NTA and MALS could be caused by the increased 

salt concentration in peaks 2-4. According to theory, a new normalisation of the detectors must 
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be performed when changing the mobile phase. It is not reasonably possible for IEX as the 

buffer changes in the salt gradient. Therefore, the detector's normalisation could be affected 

when eluting with a high salt concentration, and cause calculation errors when determining the 

radius particle size.  

As NTA is very sensitive to software settings, there might be a risk that the setting was not 

quite right for the sample, and therefore some particles may not have been detected, which 

could affect the calculation of the sizes. There was a problem with drifting during the NTA 

measurements, and several minutes passed before the drifting was low enough to perform the 

measurement. Therefore, the sample spent several minutes inside the cell before the 

measurement was performed, which can have affected the sample. The drift could be caused 

by leakage of the instrument's tubings or air bubbles in the cell. The drift might also have been 

caused by mixing two solvents with different ionic strengths. As the sample was eluted in a 

high salt concentration gradient (2 M NaCl), it was diluted in 10 mM PBS before NTA 

measurement. The NTA cell was filled with 10 mM PBS before measurement. However, the 

salt concentration might still have been higher in the sample than in the cell, which could have 

introduced the drifting.  
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6. Conclusions and future research 

6.1 SEC-MALS 

The MALS intensity can detect the exosomes in the chromatogram and give valuable 

information about the size distribution in a peak. Still, the SEC-MALS results are not 

reproducible, as sometimes, a shift in the size distribution over the peak occurs. Some 

indications suggest that the difference in concentration is causing the shift. A weaker LS signal 

has resulted in a shift downwards in size, and a stronger LS signal has resulted in a shift 

upwards in size. The result has also shown that the void peak area varies between the runs, 

caused mainly by the exosomes interacting with the resin or the column's filter. 

In future work, the SEC method needs to be improved to investigate further the effect of the 

concentrations and the cause of the shift. A filter study could be made to see if the exosomes 

interact or stick to the filter. Also, different mobile phases could be investigated to reduce the 

interactions between resin/filter and the exosomes.  

The radius of gyration calculated with the Zimm model, and the geometric radius calculated 

with the Sphere model shows similar results within the exosome size range. Suggesting both 

models can be used for the determination of exosome size. However, as previously reported in 

the literature, the Zimm model overestimates the size of larger particles.  

The average sizes calculated from MALS agree with the sizes calculated with NTA. The results 

from MALS and NTA imply that the exosomes are very large. However, both methods are 

based on light scattering techniques, and according to the literature, the average size can be 

biased towards the larger particles. In future work, the results from MALS could be verified 

with TEM or other non-light scattering techniques. Better data might also be obtained if a SEC 

column was developed for larger particles, which could fractionate the exosomes into 

subgroups.   

6.2 IEX-MALS 

IEX-MALS analysis was performed on a Capto Q ImpRes column, and different volumes of 

purified exosomes were injected (3 mL, 6 mL, 10 mL, and 15 mL). The results show that the 

purified exosome sample was separated into three peaks. The average size from the three peaks 

calculated with MALS shows that the exosome sizes increase with the gradient. The exosome 

eluted with 800 mM NaCl ranged between 60-110 nm in diameter. The exosomes eluted with 

1200 mM NaCl ranged between 120-200 nm in diameter. 

Injecting a sample volume of 3 mL resulted in a shift in the size distribution curve downward 

in size for the third peak (fraction 4) for both the Zimm and Sphere models. It indicates that 

the concentration of the sample affects the determination of size. Also, the calculated size from 
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MALS did not agree with NTA for fractions 2, 3 and 4. The analysis could be repeated and 

further analysed with other techniques to verify the result in future work. The effect of the high 

salt concentration on the exosomes also needs to be further investigated.   
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Appendix I  

Presented in the Appendix is an explanation of some terms used for tangential flow filtration 

and a list of all samples collected from the five TFF runs that were performed.  

Tangential flow filtration  

The pressure over the membrane is called transmembrane pressure (TMP). The TMP can be 

determined by equation 4. The TMP needed to push the solution over the membrane depends 

on the filter chosen for the process (Millipore, 2003).  

𝑇𝑀𝑃 =
𝐹𝑒𝑒𝑑 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 + 𝑅𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒

2
− 𝑃𝑒𝑟𝑚𝑒𝑎𝑡 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒          𝐸𝑞. 4 

TFF is commonly used for sample concentration. The concentration is performed by allowing 

fluid to leave through the permeate and reduce the retentate volume. The larger component that 

remains in the retentate will be more concentrated (Millipore, 2003). The concentration is often 

defined by a volume concentration factor (VCF), see equation 5.  

𝑉𝐶𝐹 =
𝑇𝑜𝑡𝑎𝑙 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑓𝑒𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑑𝑑𝑒𝑑

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑟𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒 𝑣𝑜𝑙𝑢𝑚𝑒
          𝐸𝑞. 5 

Diafiltration is when a buffer is introduced into a system to wash smaller components out into 

the permeate. The retentate volume is constant, which means the amount of buffer added will 

equal the fluid leaving through the permeate. Diavolume (DV), is the volume of buffer 

introduced to the retentate in relation to the retentate volume (Millipore, 2003), see equation 6. 

𝐷𝑉 =
𝑇𝑜𝑡𝑎𝑙 𝑏𝑢𝑓𝑓𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒

𝑅𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒 𝑣𝑜𝑙𝑢𝑚𝑒
          𝐸𝑞. 6 
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List of TFF samples 

Presented in table 15 is a list of all samples collected from tangential flow filtration processes 

using different filter cut-offs.   

Table 15. The sample list of the samples collected from five TFF runs. 

Sample Filter Cut-off [kDa] Sample Description  Comment 

B0 - Harvest material  

B1 750 Before benzonase  First wash was not performed 

before adding benzonase 

B2 750 After benzonase  

B3 750 Final sample  

C1 750  Before benzonase   

C2 750 After benzonase  

C3 750 Final sample  

D1 500  Before benzonase   

D2 500 After benzonase  

D3 500 Final sample  

E1 300 Before benzonase   

E2 300 After benzonase  

E3 300 Final sample  

F1 750  Before recirculation Benzonase was not added 

F2 750 After recirculation  

F3 750 Final sample  
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Appendix II 

Presented in the Appendix are the chromatograms for SEC-MALS analysis on TFF isolated 

exosomes, using column Superose 6 Increase, SuperSEC prototype 1 and 2. Also presented in 

the Appendix are the blank injections performed in WTC-050-S5 and Superose 6 increase. 

Comparison of columns 

The overlay of the chromatogram for Superose 6 increase (figure 18), SuperSEC prototype 1 

(figure 19) and SuperSEC prototype 2 (figure 20), with harvest material 1 and TFF isolated 

exosome 1 and 2 (300 and 750 kDa cut-offs). The second LS peak for SuperSEC prototype 2 

for sample TFF isolated exosome 1 (300 kDa) is believed to be a ghost peak, also called noise 

peak, which could be caused by air or column particle leakage.  

 

Figure 18. An overlay of the chromatogram for SEC-MALS analysis with Superose 6 increase for harvest material 

1 and TFF isolated exosomes 1 and 2 (300 and 750 kDa cut-offs). 
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Figure 19. An overlay of the chromatogram for SEC-MALS analysis with SuperSEC prototype 1 for harvest 

material 1 and TFF isolated exosomes 1 and 2 (300 and 750 kDa cut-offs). 

 

Figure 200 An overlay of the chromatogram for SEC-MALS analysis with SuperSEC prototype 2 for harvest 

material 1 and TFF isolated exosomes 1 and 2 (300 and 750 kDa cut-offs). 

Blank injections  

Blank injections were performed on column WTC-050-S5 with a flow rate of 1 mL/min, 0.5 

mL/min and 0.3 mL/min, see figure 21. It is observed that the LS noise from blank injections 

reduces with decreased flow rate. The noise from the blank injections may come from particle 

leaking due to the pressure drops from the injection. The LS noise from Superose 6 increase is 

shown in figure 22. 
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Figure 21. SEC-MALS analyses with blank injections on column WTC-050-S5. Three different flow rates, 1 

mL/min (Blue), 0,5 mL/min (Green) and 0,3 mL/min (Purple). 

 

Figure 22.SEC-MALS analyses with blank injections on column Superose 6 Increase with a flow rate of 0,5 

mL/min (Red) and WTC-050-S5 with a flow rate of 0,5 mL/min (purple) 
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Appendix III  

Presented in the Appendix are the chromatograms for SEC-MALS analysis on all samples 

collected from TFF runs, using column Superose 6 Increase. Also presented in the Appendix 

are the size distribution curve (Zimm model) for the samples collected from TFF 500 kDa (D) 

and a diluted sample (1:10) of the final TFF 500. The size distribution curve of purified 

exosomes calculated with the Sphere model is also presented.  

Analysis of TFF samples 

Presented in tables 16-17 are the calculated average radius from MALS for all TFF samples, 

using Zimm and Sphere model.  

Table 16. The average Rg (nm) was calculated using the Zimm model from SEC-MALS analysis using column 

Superose 6 Increase. The error represents how well the model fits the angular data. No first wash was performed 

for TFF 750 B, and no benzonase was added for TFF 750 F. 

Sample TFF 750 kD 

(B) 

TFF 750 kD 

(C) 

TFF 500 kD 

(D) 

TFF 300 kD 

(E) 

TFF 750 kD 

(F) 
Harvest 

material 

57.8 ± 0.8 % - - - - 

Before 

benzonase 

64.4 ± 0.5 % 75.2 ± 0.5 % 86.2± 0.7 % 76.8± 0.4 % 76 ± 0.5 % 

Aftre 

benzonase 

74.4 ± 0.6 % 76.1 ± 0.5 % 81± 0.7 % 79.7± 0.7 % 78.1 ± 0.5 % 

Final sample 76.3 ± 0.6 % 98.4± 0.6 % 75.5± 0.7 % 62.7± 0.7 % 71.7± 0.6 % 

Table 17. The average Rgeometric (nm) was calculated using the Sphere model from SEC-MALS analysis using 

column Superose 6 Increase. The error represents how well the model fits the angular data. No first wash was 

performed for TFF 750 B and no benzonase was added for TFF 750 F. 

Sample TFF 750 kD 

(B) 

TFF 750 kD 

(C) 

TFF 500 kD 

(D) 

TFF 300 kD 

(E) 

TFF 750 kD 

(F) 

Harvest 

material 

61.1 ± 1.6 %      

Before 

benzonase 

65.4 ± 1.3 % 72.5 ± 1.5 % 75.5 ± 1.5 % 72.3 ± 1.4 % 71.5 ± 1.4 % 

After 

benzonase 

70.1 ± 1.2 % 73.1 ± 2.3 % 73.5 ± 1.7 % 73.9 ± 1.3 % 73.3 ± 1.5 % 

Final sample 74.4 ± 1.8 % 79.5 ± 2.3 % 71.7 ± 1.6 % 65.9 ± 1.3 % 69.3 ± 1.3 % 

 

Chromatograms 

Shown in figure 23 is a chromatogram overlay from SEC-MALS analysis with Superose 6 

Increase for TFF 750 (B) sample. The chromatogram overlay from SEC-MALS analysis with 

Superose 6 Increase for sample TFF 500 (D) is shown in figure 24. Figure 25 shows the 

chromatogram overlay from SEC-MALS analysis with Superose 6 Increase for the TFF 300 

(E) sample. Presented in figure 26 is the chromatogram overlay from SEC-MALS analysis with 
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Superose 6 Increase for sample TFF 750 (F) when no benzonase was added. An overlay of 

final samples for the different filters 750, 500 and 300 kDa cut-off is shown in figure 27. 

 

Figure 23 SEC-MALS analysis with Superose 6 Increase. Overlayed chromatograms of samples collected from 

TFF run (B) with a 750 kDa filter cut-off, harvest material, before adding benzonase, after adding benzonase and 

after the final wash. There was no washing step before adding benzonase in the TFF 750 (B). 

 

Figure 24. SEC-MALS analysis with Superose 6 Increase. Overlayed chromatograms of samples collected from 

TFF run (D) with a 500 kDa filter cut-off, harvest material, before adding benzonase, after adding benzonase and 

after the final wash.  
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Figure 25. SEC-MALS analysis with Superose 6 Increase. Overlayed chromatograms of samples collected from 

TFF run (E) with a 300 kDa filter cut-off, harvest material, before adding benzonase, after adding benzonase and 

after the final wash.  

 

Figure 26. SEC-MALS analysis with Superose 6 Increase. Overlayed chromatograms of samples collected from 

TFF run (F) with a 750 kDa filter cut-off, harvest material, before adding benzonase, after adding benzonase and 

after the final wash. There was no washing step before adding benzonase in the TFF 750 (B). No benzonase was 

added in TFF run F.  
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Figure 27. SEC-MALS analysis from the final sample from three TFF runs with three different filters. Final TFF 

750 (Blue), final TFF 500 (Orange) and Final TFF 300 (Green).  

Size distribution curves 

Size distribution curves for SEC-MALS analysis with Superose 6 Increase. Figure 28 shows 

the size distribution curve for TFF 500 and a diluted sample of TFF 500 (1:10), calculated with 

the Zimm model. Presented in figure 29 is the size distribution curve for purified exosomes, 

calculated with the Sphere model. 

 

Figure 28. The size distribution was calculated with the Zimm model for SEC-MALS analysis for harvest material 

and TFF 500 before benzonase, after benzonase and final sample. The final TFF 500 was diluted (1:10) to obtain 

the same concentration as the harvest material 
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Figure 29. IEX-MALS analysis with Superose 6 Increase. A purified exosome sample was injected 100µl. The 

radius was calculated using the Sphere model. 

NTA data 

The particle size and concentration calculated from NTA are shown in table 18.  

Table 18. The particle concentration and mean X50 are calculated from NTA measurements (note that the harvest 

material was not concentrated 10 times in TFF). The mean X50, particle concentration and RSD%, was calculated 

from all positions of three measurements. Hence, harvest material was only measured once. The presented X10, 

X50 and X90 are the average of the three values from the three measurements. X50 is the median size in diameter, 

X10 represents the particles' diameter where 10% has a smaller size, and X90 represents the diameter of the 

particles where 90 % has a smaller size.   

Sample Particle/mL RSD 

% 

MEAN 

X50 [nm] 

RSD 

% 

X10 

[nm] 

X50 

[nm] 

X90 

[nm] 

Harvest material 4.20×1010 - 147.6 - 81.9 147 271 

Before Benzonase (C) 1.57×1111 5.9 154.8 5.9 84.1 155 279 

After benzonase (C) 2.06×1111 9.5 163.3 5.3 91.5 163 281 

Final 750 (C) 1.15×1111 5.0 152.1 5.3 83.8 152 270 

Final 750 (B) 1.47×1011 6.3 153.6 4.8 84.9 153 266 

TFF 500 (D) 1.26×1111 6.8 155.2 4.9 85.1 155 268 

TFF 300 (E) 1.03×1111 6.9 155.5 6.9 85.0 156 270 

TFF 750 (F) 1.19×1111 3.8 156.6 5.0 84.9 156 278 
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Appendix IV 

The chapter presents all the chromatograms from IEX-MALS analysis for different volumes 

of purified exosomes. Also presented in the Appendix is the size distribution curve for the 

sphere model when 6 mL of sample volume of purified exosomes were analysed with IEX-

MALS 

Chromatograms 

Shown in figure 30 are the chromatograms for IEX-MALS analysis with purified exosomes for 

column Capto Q ImpRes Hitrap 1 mL. Purified exosomes were diluted 1:100 and injected with 

volume 3 mL, 6 mL, 10 mL, and 15 mL.  

 

Figure 30. Shown are IEX-analyses with step gradient. A) Is the chromatogram from the blank injection. B-F) 

shows the chromatogram for purified exosomes with injection volumes 3 mL, 6 mL, 10 mL, and 15 mL.  
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Size distribution curves 

Presented in figure 31 is the size distribution curve for IEX-MALS analysis, calculated with 

Sphere model. Purified exosomes were diluted 1:100 and injected with volume 3 mL, 6 mL, 

10 mL and 15 mL. Shown in figure 32 is a repeated run with injection volume of 3 mL.  

 

Figure 31. IEX-MALS analysis with Capto Q ImpRes. Purified exosomes (diluted 1:100) was injected with 3 mL, 

6 mL, 10 mL and 15 mL. The size was calculated using Sphere model in Astra Software. 
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Figure 32. IEX-MALS analysis with Capto Q ImpRes. Purified exosomes (diluted 1:100) was injected with 3 mL 

and 15 mL. The 3 mL injection was repeated. The size was calculated using Sphere model in Astra Software.  
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