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Abstract  

The sequencing of the genome of various species, including the human species, have led to increased 

understanding about how a protein structure is generated, and how specific structures are related to the 

proteins’ functionality. In paper I and II of this thesis, the folding of proteins in vitro to form 

hierarchical nanostructures, which in vivo often have a pathological effect, have been studied. Protein 

isolates from soybean and potato, that are byproducts from oil and starch production, respectively, were 

used as a starting material for protein nanofibril (PNF) formation, and mass spectrometry was used to 

identify the building blocks that are included in the formed PNF. The five peptides identified in soybean 

PNF and the six peptides identified in potato PNF originated from the major seed storage proteins for 

the respective crop.  

The use of ionic liquids has increased for improvement of the performance of different separation 

techniques due to their adjustable properties, and good solvating ability. In paper III, an ionic liquid 

and water mixture was used as background electrolyte in capillary electrophoresis for protein separation. 

The system showed high reproducibility at basic conditions, and could potentially be used for routine 

control analysis. 

Many diseases and injuries require clinical diagnosis techniques e.g. ultrasound imaging, to be detected, 

and for the physician to be able to decide the correct therapy. To increase the resolution of such imaging 

techniques, contrast agents can be used. In paper IV-VI, a newly developed contrast agent consisting 

of air-filled microbubbles stabilized with a shell of polyvinyl alcohol (PVA-MBs) was studied. 

Development of a capillary electrophoretic method for analysis of the PVA-MBs with the intentions to 

be used for clinical diagnosis is performed, where different detectors such as a UV detector, a UV area 

imaging detector and an in-house constructed microscope are used to increase the sensitivity of detection 

for the PVA-MBs. The developed method could be used for quantification of the contrast agent, since 

individual PVA-MBs were visible using the imaging detectors. Findings regarding the mobility of the 

PVA-MBs in human blood plasma and in water implies that a protein corona was formed around the 

MBs. 
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Sammanfattning  

Sekvensering av genomet för många arter, inklusive den mänskliga, har lett till en ökad förståelse för 

hur proteiners strukturer är genererade, och hur specifika proteinstrukturer är relaterade till proteinernas 

funktioner. I artikel I och II i denna avhandling studeras proteinveckning till hierarkiska nanostrukturer 

in vitro, vilka vanligtvis har en patologisk effekt in vivo. Proteinisolat från sojabönor och potatis, d.v.s. 

biprodukter från respektive olje- och stärkelseproduktion, användes som startmaterial för tillverkningen 

av protein-nanofibriller (PNF). Masspektrometri användes för att identifiera byggstenarna i dessa 

nanofibriller. De fem identifierade peptiderna från sojabönans PNF och de sex peptiderna från potatis 

PNF har sitt ursprung i de större lagringsproteinerna från respektive gröda.  

Användningen av jonvätskor har ökat i avseende att förbättra prestandan för olika separationstekniker 

på grund av jonvätskors justerbara egenskaper och effektivitet vid användning som lösningsmedel. I 

artikel III används en utspädd jonvätska som bakgrundselektrolyt i kapillärelektrofores för separation 

av proteiner. Systemet uppvisade så god reproducerbarhet vid alkaliska förhållanden att det potentiellt 

skulle kunna användas vid rutinanalyser.  

Många sjukdomar och skador kräver kliniska diagnostiska tekniker såsom ultraljudsavbildning 

(sonografi), för att rätt terapi ska kunna tillämpas. För att förbättra upplösningen för ultraljudsavbildning 

kan kontrastmedel användas. I artikel IV-VI studerades nyligen utvecklade mikrobubblor av luft med 

ett hårt och stabiliserande skal av polyvinylalkohol (PVA-MBs) som kontrastmedel. En 

kapillärelektroforetisk metod har tagits fram för analys av dessa PVA-MBs som i avsikt att använda 

dessa i klinisk diagnostik. Tre olika detektorer har utvärderats för att uppnå känslig detektion av detta 

kontrastmedel: en UV-detektor, en ytavbildande UV-detektor och en egen-konstruerad mikroskop-

detektor. Den utvecklade kapillärelektroforetiska metoden kan användas för kvantifiering av PVA-MBs 

då känsligheten för de avbildande detektorerna var så hög att individuella MB var synliga. Den 

elektroforetiska mobiliteten för PVA-MB varierade när PVA-MBs suspenderats i vatten med suspension 

i humant blodplasma, vilket indikerar att en proteinkorona kring PVA-MB bildades.  
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2 List of abbreviations and symbols 

 

 α  Alpha  

 AA 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 AFM Atomic force microcopy 

 β  Beta 

 BGE Background electrolyte 

 CCD Charged-coupled device 

 CD Circular dichroism spectroscopy 

 CE  Capillary electrophoresis 

 CID Collision induced dissociation 

Amino acid Three-letter code One-Letter code 

Alanine ALA A 

Arginine ARG R 

Asparagine ASN N 

Aspartic acid ASP D 

Asparagine or aspartic acid ASX B 

Cysteine CYS C 

Glutamic acid GLU E 

Glutamine GLN Q 

Glutamine or glutamic acid GLX Z 

Glycine GLY G 

Histidine HIS H 

Isoleucine ILE I 

Leucine LEU L 

Lysine LYS K 

Methionine MET M 

Phenylalanine PHE F 

Proline PRO P 

Serine SER S 

Threonine THR T 

Tryptophan TRP W 

Tyrosine TYR Y 

Valine VAL V 
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 CMOS Complementary metal–oxide–semiconductor 

 CZE Capillary zone electrophoresis 

 d  Inner diameter of the capillary 

 DHB 2,5-dihydroxybensoic acid 

 e   Charge of an electron 

 E  Electric field 

 EAN Ethylammonium nitrate 

 EOF Electroosmotic flow 

 ε  Relative permittivity 

η   Viscosity  

 FTIR Fourier transform infrared spectroscopy 

 HCCA α-cyano-4-hydroxycinnamic acid 

 IgG Immunoglobulin G 

 IL  Ionic liquid  

 L  Mass spectrometry: drift path of an ion,   

Capillary electrophoresis: total length of the capillary  

 LC  Liquid chromatography 

m   Mass 

MALDI Matrix-assisted laser desorption/ionization 

MBs Microbubbles 

MCP Microchannel plate 

MS Mass spectrometry 

µa  Apparent mobility 

µe  Electrophoretic mobility 

µEOF Electroosmotic mobility 

NIR Near infrared 

OPG Osteoprotegerin 

P  Pressure 

PAGE Polyacrylamide gel electrophoresis 

PNFs Protein nanofibrils 
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PPI Potato protein isolate 

PSD Post-source decay 

PVA Polyvinyl alcohol 

PVA-MBs Polyvinyl alcohol microbubbles 

q  Charge of an ion 

r  Stokes radius 

RNA Ribonucleic acid 

RSD Relative standard deviation 

SA  Sinapinic acid 

SD  Standard deviation 

SEM Scanning electron microscopy 

SPI Soybean protein isolate 

SPIONs Superparamagnetic nanoparticles of iron oxide 

t   Time 

ThT Thioflavin T 

TOF Time of flight 

Uex  Ion source potential  

UV Ultraviolet 

vEOF Velocity of the electroosmotic flow 

z   Charge 

ζ  Zeta potential 
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3 Introduction 

The word protein is among the general public often associated with the nutrition statement on food 

packages, and the hype of eating a certain amount of proteins after workout. This is not entirely wrong, 

but the functionality of proteins is much more complex than that. Proteins are part of the central dogma 

of molecular biology, where they are created by translation of the ribonucleic acid (RNA) in living cells. 

In the human body proteins have several roles, like having the ability to enzymatically catalyze chemical 

reactions, where the character of any cell is determined by their specific enzyme composition. Certain 

diseases may alter the levels of enzyme production in the cells or alter amino acid (AA) sequences in 

the protein. Transportation of substances between cells is also regulated by proteins, and the most 

important example might be the transfer of oxygen by hemoglobin and myoglobin in the blood and in 

the muscles, respectively. Some proteins e.g. immunoglobulins and interferon, have a protective 

function against bacterial and viral infections, or fibrin, which protects the vascular system by stopping 

the blood flow in case of an injury. Regulation of gene transcription, translation, and signaling are also 

controlled by proteins. Many proteins like elastin, collagen, and keratin provide the right structural 

properties in terms of strength and elasticity to organs, the vascular system or epidermal tissue.1 

The sequencing of the genome of various species, including the human species, have led to increased 

understanding of how a protein structure is generated, and how specific structures are related to the 

proteins’ functionality2. The order of the AA in the linear polypeptide chain of a protein is the primary 

structure (figure 1), which determines how the polypeptide chain folds locally within the protein. This 

folding is a protein’s secondary structure, which is regulated by the hydrogen bonding of the AA, 

occurring in a repeating pattern forming alpha (α) helices and beta (β) sheets. These local structures 

have a large impact on the globular proteins’ three-dimensional structures (tertiary structure). The 

tertiary structure is stabilized by the interactions of the different AA groups by ionic bonds, disulfide 

bridges (which occur by oxidation and bonding of two cysteines), hydrophobic interactions and 

hydrogen bonding. Interactions between the hydrophobic side chains present in some AA are the driving 

force for the folding of the protein both in the secondary and the tertiary structure, resulting in an 

arrangement where the protein has a hydrophobic core and a more hydrophilic surface.3-4 

 

 

Figure 1 - Illustration of the protein structure 
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Most of the proteins consist of only one polypeptide chain, although some proteins contain several 

polypeptide backbones, so called subunits, and the way those unite together is called the quaternary 

structure of the protein. As an example, the human hormone insulin is a dimer having both an A-chain 

and a B-chain that are linked together by disulfide bonds5. 

In this thesis, proteins will be of major interest both directly, and indirectly. In paper I-II, proteins are 

directly used to form well-ordered nanostructures. The elements in these structures are identified by 

mass spectrometry (MS). A method for separation of proteins using capillary electrophoresis (CE) with 

sufficient reproducibility is presented in paper III. CE is also used for separation of contrast agents 

(paper IV-VI) that can be used for diagnosis and therapy e.g. of protein related diseases. Moreover, 

results acquired in these studies suggest that a protein corona may be created on the surface of the 

contrast agent changing the mobility characteristics.   

The presented research has addressed several of the 17 UN Global goals set for a better world 20306. 

The formation of the well-ordered protein nanostructures is performed on materials that could be drawn 

from large scale protein rich sidestreams that today are only used as fodder for livestock. If the formation 

of protein nanostructures is successful, new materials can be formed with various mechanical properties, 

which would lead to better usage of our current natural resources. To have the ability of producing 

materials in a sustainable way, instead of having materials derived from petrochemicals, will also 

contribute to a more responsible production (goal 12). Such a shift in production, with goal 2 in 

consideration, would require the implementation of improved agricultural practices, which might 

increase the productivity and strengthen the crop resilience against e.g. climate change. The contrast 

agents have the possibility to be used as multifunctional platforms for multimodal imaging, drug 

delivery, and targeting in healthcare. This would aid the discovery of non-communicable diseases at an 

early stage, and with the same devices individual treatments can be introduced (goal 3). The 

implementation of such multifunctional platforms would modernize and make the healthcare more 

efficient, with the goal of making improved healthcare accessible for everyone.  

 

 

  



8 

 

4 Protein nanofibrils 

One type of protein structure that can be observed in biological systems is the assembly of peptides into 

secondary well-ordered nanostructures. This can occur in vivo when soluble proteins accumulate into 

insoluble thread-like aggregates, which are unaffected by typical degradation pathways7-8. Aggregates 

that have a pathological effect are often referred to as amyloid fibers, and specific protein or peptide 

amyloids are related to certain diseases9 e.g. amyloid β peptides causing Alzheimer’s disease10, or islet 

amyloid polypeptide causing Type II diabetes11. The hierarchical structure of these amyloid fibers starts 

with β-strands that are bundled together mainly by hydrogen bonding, thus forming β-sheets. Those β-

sheets can further self-assemble into long protofilaments by hydrophobic interactions, hydrogen 

bonding, or electrostatic interactions, where each β-strand is orthogonal to the protofilament axis. The 

β-sheets will be oriented parallel to the fiber axis, and this structure is also known as cross-β structure. 

Furthermore, the protofilaments can twist together forming amyloid fibers (figure 2).12 

 

 

Figure 2 – The hierarchical structure of an amyloid fibril 

 

The amyloid formation has recently been shown not to be limited to the pathological proteins but rather 

being a generic ability of proteins8, 13, driven by the energy minimization of ordering small molecules 

into larger structures14. Hence, in this thesis the term protein nanofibrils (PNFs) is implemented to 

dissociate the created cross-β nanostructures from disease-related amyloids. The finding of the protein 

ability to form PNFs has opened the possibility to study the mechanisms of the fibrillation process in 

vitro, and to explore if proteins from large-scale sidestreams from industrial or agricultural industry can 

be exploited. Such large-scale produced PNFs could be used to create new materials, since the 

mechanical properties of PNFs have shown to be comparable to other protein materials like silk15.  
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4.1 Protein nanofibril formation  

The self-assembly of proteins into PNFs is one of the different folding patterns that a protein could have 

in vivo, and it is dependent on environmental conditions7, which also has been observed for PNF 

formation in vitro. Parameters as temperature, pH, initial concentration of the protein, and the 

physiochemical properties of the solvent could all be used in vitro to steer the folding of proteins to PNF 

formation rather than to other types of protein aggregates14. The conditions shown to favor PNF 

formation from several non-pathological proteins is incubation of the protein solutions at relatively high 

temperatures (70-90°C) and at low pH (≈ 2)16-22. The high temperature aids in the unfolding of the 

proteins to a random coil conformation, while the acid can hydrolyze the protein, thus forming shorter 

peptide chains. The length of the peptide chains involved in the formation of the PNFs will affect the 

stability of the PNFs, and their nanomechanical properties, as well as the macroscale properties of the 

material23. Shorter peptide chains are easier to stack into fibrils than longer peptide chains or full-length 

proteins, and result in stronger hydrogen bonding networks. This gives a more rigid fibril, while the 

structural constraints of longer peptide chains result in lower stability of the formed PNF24.  

4.2 Characterization of protein nanofibrils 

The characterization of PNFs can be performed using various techniques. For structural information 

about the PNFs, e.g. thickness and length of a fibril, microscopy can be used. The most commonly used 

are transmission electron microscopy and atomic force microscopy (AFM), since the PNFs can be 

visible at the nanoscopic scale25-26. To gain information about the interatomic distances between the β-

sheets, the three-dimensional structure of the fiber and how the repeating units appear along the fiber 

axis, solid-state nuclear magnetic resonance and X-ray diffraction can be used27-28. 

When using techniques like circular dichroism spectroscopy (CD), Fourier transform infrared 

spectroscopy (FTIR), and dye staining with either Congo red or Thioflavin T (ThT), information about 

the formation of the PNFs can be obtained29-30. This is due to changes in the secondary structures of the 

proteins during incubation. Polyacrylamide gel electrophoresis (PAGE) can also be used to study the 

fibril formation for several incubated samples at different times31. Changes in the protein concentration 

and the size of the proteins can be monitored. Based on their molecular size the PNFs are separated from 

the rest of the components in the solution. 

MS has recently been shown to be useful gaining structural information of novel PNFs as complement 

to the abovementioned techniques32-33. MS has the potential to aid the identification of the peptide 

building blocks of the PNFs, and will therefore be discussed in the next section.  
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5 Mass spectrometry 

MS is a powerful analytical technique that has been used for many applications, including proteomics.34 

A general mass spectrometer consists of an ion source, where the analytes are ionized, a mass analyzer 

to separate the ions, and a detector that detects the ions34. Here, a matrix-assisted laser 

desorption/ionization-time of flight (MALDI-TOF) mass spectrometer was used, to determine the AA 

sequence of the PNF forming peptides, and each part of the instrument will be described individually.  

5.1 Matrix-assisted laser desorption/ionization ion source and the matrix  

When using the MALDI ion source, the selection of the matrix, and the sample preparation is as 

important as the actual analysis. The primary function of the matrix is to absorb the energy from the 

laser used in the ion source, and to assist in the ionization of the analyte upon ablation from the target 

plate35. The matrix often consists of small, aromatic molecules with acidic or basic functional groups, 

chosen depending on the sample and analyte characteristics34 (figure 3). Once the matrix is selected, 

there are several ways of mixing and depositing the sample and the matrix solutions onto the target 

plate36. Depending on the mass spectrometer brand, the laser can give different wavelengths, and 

therefore the suggested preparation method for the sample, matrix and the deposition method can vary. 

In both paper I and II the Bruker guide to MALDI sample preparation was used, where the matrices 

2,5-dihydroxy benzoic acid (DHB) and α-cyano-4-hydroxycinnamic acid (HCCA) were deposited with 

the dried droplet method, while sinapinic acid (SA) was applied with a double layer technique. 

 

 

Figure 3 – Common matrices used for matrix-assisted laser desorption/ionization mass spectrometry 
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When the samples have been deposited onto the target plate, the plate is introduced into the MALDI ion 

source. The ionization of the analytes occurs with the help of the laser and the matrix (figure 4). The 

laser excites the matrix, which desorbs from the target plate, creating an expansion plume towards the 

inlet of the mass analyzer37. The mechanism of the protonation of the analyte is not fully known yet, but 

it is during this step that the analytes become ionized. Depending on the potential between the target 

plate and the ion optics at the inlet of the mass analyzer, either positive or negative quasimolecular ions, 

[M+H]+ or [M-H]-, can be detected. In figure 4, this process using positive potential is illustrated. 

MALDI is a soft ionization technique, meaning that the quasimolecular ions are often seen, and little 

fragmentation of the analytes occurs38. For some applications alkali metals or other metals are added to 

the sample39-40, thus forming adducts with the analytes, e.g. [M+Na]+, [M+K]+, [M+Li]+, [M+Cu]+, or 

[M+Ag]+. This is often done to samples that are not easily protonated. However, this adduct formation 

can also be an unwanted process, suppressing the signal from [M+H]+.40 

 

Figure 4 – The ablation and ionization of sample upon laser irradiation of the target plate. 

 

5.2 Time of flight mass analyzer 

There are several ways to separate the ionized analytes, and one of these is by using a TOF as a mass 

analyzer. Exiting from the ion source the analytes have gained a certain velocity, and in the TOF they 

are drifting freely, without an external electrical field applied. The ions will thus be separated due to 

their mass (m) to charge (z) ratio, determined by the time it takes for the ions to reach the detector 

(equation 1),  

𝑚

𝑧
= 2 𝑒 𝑈𝑒𝑥 (

∆𝑡

𝐿
)

2
    [1] 

where e is the charge of an electron, Uex is the potential between the target plate and the inlet of the mass 

analyzer, Δt is the time it takes for ions to travel the distance L, and L is the length of the TOF tube (i.e. 

the path the ions drift)34. The TOF tube can be designed in two ways (figure 5), either just as a straight 

tube with the detector at the end opposite to the mass analyzer inlet (linear mode), or as bent into a V 

shape with the detector at the same end as the inlet (reflectron mode). The difference is that in reflectron 

mode, the ion beam is deflected by a set of ion optics that increases the ion pathway. Having a longer 

pathway is desirable, since the ion pathway is directly proportional to the resolution of the peaks in the 

mass spectra41. Nowadays, with the advancement of the technique, there are more complex TOF mass 

analyzers, where the ion pathway is in a W shape to increase the ion pathway even further.  
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Figure 5 – Schematic illustration of a matrix-assisted laser desorption/ionization-time of flight mass spectrometer 

operated in a) linear mode, and b) reflectron mode. 

One disadvantage of having a bent ion pathway is that the upper limit for the detectable ion m/z ratio is 

considerably reduced. In the linear mode, there is no theoretical limit for how large m/z ions that can 

drift through the TOF tube, but the ionization of very large ions could be difficult and will be the limiting 

factor. Samples with masses above 300 kDa have been observed.42-43 The broad m/z range is one reason 

why linear TOF is used in many applications like proteomics44, forensics45, and genetic testing. For the 

reflectron TOF, on the other hand the upper limit is roughly m/z 10 00046. In many cases like proteomics, 

both modes are used (linear for the intact proteins and reflectron for the digested proteins) to gain a 

complete picture of the components in a sample. 

It is possible to run tandem MS analysis if two TOF mass analyzers are sequentially connected 

(figure 6).47 In the first TOF, the ions from the ion source are fragmented, and the fragments will still 

have the same initial velocity as the intact quasimolecular ion. The fragmentation can either be induced 

by collision with gas (collision induced dissociation, CID)48, or take place because the intact 

quasimolecular ions have obtained enough internal energy while desorbing from the target plate so that 

they fragment releasing excessive energy. This latter type of fragmentation is called post-source decay 

(PSD)49. Parent ions are the ions isolated in the selector for further fragmentation, while all the other 

ions are discarded. The parent ion and the fragments, daughter ions, are reaccelerated in the ion source 

of the second TOF, and then separated. 
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Figure 6 – Schematic illustration of a mass spectrometer with two time of flight (TOF) mass analyzers. 

 

5.3 Microchannel plate detector  

In the specific instrument used here, detection of the separated ions is accomplished with a microchannel 

plate (MCP) detector, consisting of several continuous dynodes. The incoming ions will hit the wall of 

the channel tube, and a cascade of electrons is released by secondary emission throughout the channel. 

This will amplify the obtained signal for each ion, and increase the likelihood of detecting it. The MCP 

detectors works extremely fast and are able to measure the arrival time of the ions with high precision. 

This makes the MCP detector exceptionally suitable in combination with TOF mass analyzers.34  

5.4 Analysis of proteins 

Qualitative analysis of proteins can be performed by two different routes, the bottom-up and the top-

down approach2, where the end result is the identification of the proteins and/or the assessment of the 

primary protein structure. The bottom-up method involves the digestion of the intact protein e.g. 

enzymatically with trypsin, while in the top-down method the intact protein ion is analyzed, and 

fragmented ions are created by gas-phase dissociation of the protein. The fragments from a 

peptide/protein can be classified in two categories depending on whether the cleavage occurs on the 

peptide chain or on the AA lateral chains. Cleavage of the main peptide bonds can occur at three 

positions, and yields six types of fragments (an, bn, cn, from the N-terminal, and xn, yn, zn from the C-

terminal) depending on the position of the positive charge (figure 7)50. The nomenclature, defined by 

Roepstorff and Fohlman51, uses the subscript n to denote the number of AA in the fragment, and the 

difference between ions in the same series will correspond to the mass residue of the AA in the sequence. 

 

Figure 7 – The formation of ions (a, b, c, x, y, and z) from the cleavage of the main peptide bond, here illustrated by a 

general five amino acid peptide. 
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6 Soybean and potato nanofibrils 

Soybean (Glycine max) and potato (Solanum tuberosum) are two of the most cultivated crops in the 

world. Both of the crops have various food applications, and soybean oil and potato starch are 

industrially extracted to be used in for example adhesives. Those extractions leave sidestreams of 

isolates that have very high protein content. In paper I and II the formation of PNFs from soybean and 

potato protein isolate (SPI, PPI respectively) were studied.  

6.1 Evaluation of the crop fibrils 

The conditions used to form PNFs from SPI (paper I) and PPI (paper II) was 90°C at pH 2, and the 

solutions were incubated at quiescent conditions for up to 5 days. The formation of these PNFs was 

monitored at various times during the incubation using CD, FTIR, PAGE, and dye staining. The results 

showed that the fibril formation occurred simultaneously with the hydrolysis of the proteins in the 

isolates, that the fibrils had high β-sheets content, and that the fibrils matured as the incubation exceeded 

2 days. The final fibrils were examined visually using AFM (figure 8). The thickness of the fibrils from 

the two crops were nearly the same: 4.4 nm for SPI fibrils and approximately 5 nm for PPI fibrils. The 

length and morphology of fibrils varied between the crops, though. SPI fibrils are rather short (roughly 

between 0.1 and 0.5 μm), and highly curved with a few longer, thicker (5.4 nm), and straighter fibrils, 

while PPI fibrils are highly curved but also entangled, making the length estimation difficult. 

 

 

 

 

 

  

Figure 8 - Atomic force microscopy images of: right - soy protein isolate fibrils formed after 2 days 

incubation at 90°C, left - potato protein isolate fibrils formed after 4 days at 90°C. (Part of Figure 2, 

Paper I, and Figure 4, Paper II) 
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6.2 Identification of the peptides forming the protein nanofibrils 

In order to get insight into how the PNFs are formed from soy and potato proteins, the PNFs were 

dissociated into the peptide building blocks, by breaking the hydrogen bonds between the β-sheets and 

potential disulfide bonds, followed by analysis using MALDI-TOF. The dissociation process required 

high concentrations of chaotropic salt and reducing agent, and prior to MS analysis the samples were 

desalted. The desalting step aids in the minimization of the adduct formation, and only the 

quasimolecular ions for the peptide fragments were expected to be detected.  

The mass spectra for the PNFs had different signal intensities depending on the matrix. For both soybean 

and potato PNFs, DHB yielded high intensities of the peptide peaks, and gave visible peaks in a higher 

mass region compared to the other matrices (figure 9). The peptides which formed the PNFs were all 

below 5000 Da, and therefore only the reflectron mode was used to gain maximum resolution in the 

mass spectra.  

 

Figure 9 – Mass spectra of disaggregated potato protein nanofibrils prepared with (top) DHB, (middle) HCCA, and 

(bottom) SA, as the MALDI matrix (Figure 6, Paper II) 
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To maintain the high mass accuracy of the MALDI-TOF, the instrument was calibrated for every second 

target spot with a peptide calibration standard that covers the range of 1000-3200 Da. The mass accuracy 

is important for the correct determination of the peptide fragments because a slight shift could lead to 

an incorrect assignment of the peptide sequence. 

The peaks with high intensity (> 5000), and sufficient signal-to-noise ratio (> 10), were selected for 

fragmentation and possible peptide sequence identification using the top-down approach. For SPI an 

additional criterion was an m/z value above 1500. The parent ions were fragmented by PSD, and a query 

against MASCOT server engine was performed with the search criteria only including proteins from 

“other greens” for soybean PNFs, and from Solanum Tuberosum for potato PNFs. The query takes the 

daughter ion peaks in each spectrum and compares it to potential matches for the crop proteins. The ion 

series from the fragmentation were identified, and figure 10 shows the b-ion series (b6-b17) for the 

sequence GGGIKGIIPAIILEFLEGQLQEV in the potato PNFs, where the glutamine (Q) was 

deamidated (marked by underlining).  

 

Figure 10 – Fragment ion mass spectra of parent ion m/z 2395.38 with the a- and b-ion series annotated and the 

corresponding amino acids.  
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In total five peptide fragments belonging to glycinin and β-conglycinin were identified for the soybean 

PNFs, and six peptides from the patatin and serine protease protein groups for the potato PNFs (table 1). 

It is not surprising that the peptides belong to seed storage proteins for the respective crop, since those 

proteins are the most abundant in the isolates. None of the peptide fragments that were identified 

exceeded 3000 Da, which likely is related to the easiness of stacking shorter peptide chains into a fibril. 

Certain peptide sequences like ADFLLFVLSGRAILTLVNND from soybean and APCANGVFRFNS 

from potato, gave rise to several peaks in the mass spectrum, indicating that the peptide chains were 

present in the fibril at various lengths. Since the protein is being hydrolyzed, the hydrolysis might occur 

at different positions in the polypeptide chain, and is therefore not a specific cleavage (compared to 

enzymatic cleavage). Nevertheless, at least two batches of PNFs made from either SPI or PPI were 

tested, and no differences between the batches were observed. The same peptide fragments constituted 

the building blocks of the PNFs, despite hydrolysis being an imprecise method of breaking the 

polypeptide chain. No information about the position of the peptides in the fibril could be obtained from 

the MS spectra, and the presence of unassigned peaks suggested that there were additional peptides 

composing the PNFs. However, this was a first step to gain understanding about how the PNFs are 

formed, and to investigate the possibility to use protein-rich sidestreams from the agricultural industry 

for other applications than fodder.  

 

Table 1 – The mass to charge ratio (m/z) of the identified peptides from the SPI and PPI PNFs, the corresponding AA 

sequence, and the protein of origin.  

Soybean protein isolate 

m/z Peptide Protein 

2010.86 SILSGFTLEFLEHAFSV Glycinin G1 

2122.06 LSSTQAQQSYLQGFSHNIL/LQGFSHNILETSFHSEFE β -conglycinin, β-chain 

2191.22 ADFLLFVLSGRAILTLVNND β -conglycinin, β-chain 

2256.97 LDIFLSIVDMNEGALLLPHF β -conglycinin, α-chain 

2970.71 GVAWWMYNNEDTPVVAVSIIDTNSLE Glycinin G1 or G2 

Potato protein isolate 

m/z Peptide Protein 

1111.54 APCANGIFRY Serine protease inhibitor 

1282.62 APCANGVFRFNS Serine protease inhibitor 5 

1683.97 PALLSISVATRLAEKD/ PALLSLSVATRLAQED Patatin group 

2498.36 GGGIKGIIPATILEFLEGQLQEVD + deamidated Q Patatin group 

2510.38 GGGIKGIIPAIILEFLEGQLQEVD + deamidated Q Patatin group 

2941.58 PAFASIRSLNYKQLLLLSLGTGTNSEF + deamidated N Patatin group 
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7 Capillary electrophoresis 

In many cases, samples including proteins are very complex, with many components making the 

identification of the proteins difficult or too uncertain. In those cases, an analytical technique that 

separates the sample constituents can enable the detection of individual analytes. CE as a separation 

technique, have several advantages, compared to other liquid-based separation techniques like liquid 

chromatography (LC), since short analysis time with high resolution, negligible waste, the possibility of 

automatization, and minimal sample requirement can be obtained52. The CE system is often simple, and 

composed of only a few vital components: a high voltage supply with electrodes that are submerged into 

background electrolyte (BGE) reservoirs, a fused silica capillary that is also submerged in the BGE, and 

a detector (figure 11). The introduction of the sample to the system can be performed by using 

hydrodynamic or electrokinetic injection. The injections are simply performed by replacing the inlet 

BGE vial with a sample vial, and applying a pressure difference or a voltage over the capillary. The 

separation of the analytes occurs inside the capillary, and the analytes are detected when passing the 

detector.53 Each part of the system will be further described below.  

 

Figure 11 - Schematic illustration of a capillary electrophoretic system constructed from a high voltage (HV) supply, 

buffer reservoirs, a sample vial, a separation capillary, and a UV detector. 

 

7.1 Background electrolytes 

The BGE plays an important role in CE, and depending on the composition and characteristics, one of 

the five modes of CE can be obtained. The simplest and most used mode is capillary zone electrophoresis 

(CZE), where the BGE is often a solution of a buffer salt, which can contain additives in form of e.g. 

organic solvents54. In capillary isotachophoresis, two BGE are selected; one leading electrolyte with 

anions/cations that have the highest mobility in the system, and one terminating electrolyte with the 

lowest anion/cation mobility55. The analytes will be separated between the electrolyte solutions in regard 

to their mobility. By including ampholytes that covers a range of pH values in the BGE, the analytes 

can be separated according to their isoelectric point (pI) in the capillary isoelectric focusing mode56. By 

adding a gel or a polymeric network at low concentration >10% in the BGE, a capillary gel 

electrophoresis separation mode is obtained57. If surfactants with a concentration above the critical 

micellar concentration are added to the BGE, capillary micellar electrokinetic chromatography can be 

performed58.  
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Commonly, the BGE in CZE is used to control the pH, the charge of the analytes and the state of the 

capillary wall, but it also effects the detection.54 The buffer capacity of a buffer is dependent on the 

concentration of the buffer salts and the pKa value, where a higher concentration yields a higher buffer 

capacity. The highest buffer capacity is reached within 1 pH unit from the buffer pKa. The buffers most 

frequently used in CZE are phosphate, borate, citrate, and acetate.59 A high buffer capacity is desirable, 

not only to maintain a stable pH in the capillary but also since electrolysis occurs at the electrodes. 

However, a high concentration of the buffer could contribute to higher currents.  

Recently, ionic liquids (ILs) have been used in CE, as additives to improve the properties of the BGE, 

or diluted with water to a certain concentration and used as BGE without any extra addition of buffer 

salts60. ILs are defined as salts with a melting temperature below 100°C, and most often consist of an 

organic cation and an organic or inorganic anion61-62. In figure 12, the most common anions and cations 

are shown. The choice of the ions forming each pair will affect the physicochemical properties of the 

IL. It is common to refer to ILs as designer solvents due to their tuneability, but the ILs are known to 

have general features such as low vapor-pressure, high thermal, chemical and electrochemical stability, 

and to have unique solvation characteristics for proteins61, 63, 64. Addition of ILs to protein mixtures when 

handling them in vitro, have shown to maintain the protein stability regarding the native fold and the 

functionality.  

 

 

Figure 12 - Structures of main cations and anions of ILs used in CE separations. 1. Ammonium, 2. Imidazolium, 

3. Pyrrolidinium, 4. Phosphonium, 5. Pyridinium, 6. Piperidinium, a. Chloride, b. Tetrafluoroborate, c. Nitrate, 

d. Bromide, e. Hexafluorophosphate, f. Triflate, g. Bis(trifluoromethylsulfonyl)imide. 

 

7.2 Fused silica capillary and the separation 

The capillaries used in CE are most often made of fused silica covered with a thin layer of polyimide on 

the outside to increase their flexibility and decrease the brittleness of the glass. The dimensions can vary 

depending on the application, where the inner diameter ranges between 20 and 100 µm, and the total 

capillary length diverges from a few centimeters up to meters. When having the capillary submerged in 

the BGE reservoirs, and applying a temporary pressure, the BGE will fill the capillary. The charge at 

the inner capillary wall will be affected by the pH of the BGE, and above pH 2-3, the wall will be 

negatively charged because of the deprotonation of silanol groups at the surface. As the pH of the BGE 

increases the dissociation of the silanol groups at the wall increases until the surface is practically 

deprotonated, which occurs at approximately pH 7.65-66 If the capillary wall is negatively charged, the 

positively charged ions in the BGE will get attracted to the wall, creating two layers; a Stern layer with 
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strongly bound ions and a diffuse layer with loosely bound ions (figure 13). Depending on the pH and 

on the ionic strength of the BGE, the potential at the capillary wall, the so called zeta potential, ζ, will 

vary59. The zeta potential is inversely proportional to the ionic strength of the BGE. Once the voltage is 

applied over the capillary, the ions in the BGE will start to migrate towards the electrodes. This 

movement creates a flow of BGE solution from the anode to the cathode, called the electroosmotic flow 

(EOF). The EOF has a plug flow shaped profile (figure 13), compared to pressure driven separation 

techniques with parabolic flow profiles, which contribute to the increased separation efficiency of 

CZE.53-54, 67  

 

 

Figure 13 – To the left: plug shaped flow profile of the electroosmotic flow. To the right: the negatively charged 

capillary wall attracts positively charged ions. The Stern layer is composed of strongly bound ions, while the loosely 

bound ions create the diffuse layer. 

 

The velocity of the EOF, vEOF can be calculated using equation 2,  

𝑣𝐸𝑂𝐹 = µ𝐸𝑂𝐹𝐸    [2] 

where E is the applied external electric field, and µEOF is the electroosmotic mobility. The µEOF is defined 

by equation 3,  

µ𝐸𝑂𝐹 =
𝜀𝜁

𝜂
      [3] 

where ε is the relative permittivity of the BGE, η is the viscosity of the BGE, and ζ is the zeta potential 

of the capillary wall. However, the migration time registered in the electropherogram is a result of the 

analytes’ apparent mobility (µa), which is the sum of the analytes’ electrophoretic mobility (µe) and the 

µEOF. The µe of an analyte can be calculated using equation 4, and is dependent on the charge of the ion 

(q), viscosity of the buffer (η) and the Stokes radius (r) of the analyte. From the equation it is evident 

that smaller and multiply charged proteins will migrate faster in the CE system compared to ions, which 

are larger and singly charged.53 

μe =
q

6πηr
     [4] 

Since the separation of the analytes will be influenced by the EOF, it is essential to be able to control 

the EOF during analysis, to optimize the resolution, and to maintain a robustness of the method. Except 
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for the pH and the ionic strength of the buffer, there are other parameters affecting the EOF; electric 

field, temperature, dynamic or permanent coatings of the wall, the chosen buffer-ion pair in the BGE, 

and addition of an organic solvent to the BGE.  

When using wall coatings, the EOF can be increased, reduced or reversed. To reverse the EOF, 

positively charged surfactants or polyamines are commonly utilized, forming a double layer next to the 

wall, creating a positively charged surface59. Capillary coatings are often used when analyzing proteins, 

because these are prone to adsorb to the capillary wall, and thus get retained or remain in the capillary.68 

The cations of an IL have the ability of binding dynamically to the capillary wall, which may change 

the EOF and shield the negatively charged silanol groups from the analytes, preventing them from 

binding to the capillary wall. One of the advantages of using ILs is that the dynamic coating at the 

capillary wall can easily be removed, and the capillary can be regenerated and used further.  

Self-heating of the capillary arising from the applied voltage, and migration of ions 69 is also an indirect 

factor affecting the EOF. This self-heating, known as Joule heating, could increase the temperature 

inside the capillary, and change the viscosity of the BGE53. If the cooling of the capillary is insufficient, 

a loss in resolution, efficiency and reproducibility of the separation, and potentially loss of injected 

sample can be the result 70. One phenomenon observed when using ILs-water mixtures as BGEs 

compared to traditional CE buffers is the lower currents obtained. The lower the current in the CE 

system, the lower Joule heating is generated, thereby less peak broadening and more reproducible results 

are obtained71-72.  

7.3 Detectors 

The detectors used for CE are to some extend the same as for other liquid-based separation techniques. 

The most frequently used detector is the UV detector that measures the absorbance of the analyte as it 

passes the detection window. The fused silica is transparent, and allows light with wavelengths down to 

190 nm to pass through it. Nowadays, diode array UV detectors can be used to monitor samples at 

multiple wavelengths simultaneously. However, the limit of detection is about two orders of magnitude 

higher in CE than in LC53, and is related to the short path length of the light, which in turn is related to 

the inner diameter of the capillary. To increase the sensitivity, flow cells with extended path length or a 

detector that measures fluorescence can be used. The fluorescence detectors are roughly two orders of 

magnitude more sensitive, but in many cases requires derivatization of the sample if the analytes are not 

natively fluorescent. 53 

Another detector that can be used is the conductivity detector, which is a universal detector. This detector 

measures conductivity of the analytes as they pass the detection cell, and offers the possibility to detect 

inorganic ions as well.73 The sensitivity of conductivity detectors could be roughly the same as for 

fluorescence detectors but is heavily dependent on the conductivity of the BGE. MS can also be used as 

a detector for CE, but this demands optimized interfaces. Later in this thesis two novel types of detectors 

used for CE will be described (10.2 Other detectors for detection of polyvinyl alcohol microbubbles). 
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8 Ethylammonium nitrate in capillary electrophoresis 

Ethylammonium nitrate (EAN) was one of the first discovered ILs, and in paper III, EAN-water 

mixtures were used as the BGE in CE to investigate whether an improvement of the reproducibility 

could be achieved. The µEOF was investigated in the pH range from 2 to12 (table 2). The behavior of the 

µEOF could be divided into three distinct regions. In the low pH region (pH 2-3) the µEOF was reversed; 

0 > µEOF > -0.9∙10-4 cm2s-1V-1, which is not particular fast. This indicates that EAN is interacting with 

the capillary wall without forming a proper double layer, which is related to the concentration of the 

EAN.74 In the middle pH range (4-9) the µEOF was unstable, and the results also varied with different 

batches of EAN. The relative standard deviation (RSD) for day-to-day experiments were used as a 

measure for the reproducibility of the method. The CE runs were performed by two operators on two 

instruments using a few different capillaries. In the middle region the RSD of the EOF exceeded 10% 

for the same batch. For the highest pH region (pH 10-12) the µEOF increased and reached a plateau value 

of 6.2∙10-4 cm2s-1V-1, and the precision improved to 1.05% RSD. When using a normal buffer salt in 

bare fused silica capillary the µEOF is characterized by having a sigmoid curve that depends on the pH, 

where the highest slope of the curve is at pH 5-6. Regarding the behavior of µEOF with the pH for the 

EAN BGE, the position of the curve was shifted towards higher pH values, with the highest slope being 

between pH 8-10. This is most likely due to the equilibrium between the IL cation, and the corresponding 

anion that occurs at pH 1075. 

One reason to why the reproducibility of the EAN BGE is high at e.g. pH 10 was the low currents 

(≈12 µA) obtained. As a comparison, a regular phosphate buffer at the same condition can generate a 

current of 21 µA. The lower current for the EAN BGE definitely reduces the joule heating in the 

capillary.  

Table 2 - The electroosmotic mobility (µEOF) variation with a confidence interval set to 95% using a 20 mM 

ethylammonium nitrate background electrolyte at different pH values. The standard deviation (SD), and relative SD 

(RSD) are listed.  (Table 1, Paper III) 

pH µEOF [x10-4 cm2s-1V-1] SD [x10-4] RSD [%] 

2 0 > µEOF > - 0.9 - - 

3 0 > µEOF > - 0.9 - - 

Unadjusted 5.6 1.37±0.08 0.18 13.3 

6.2 2.2±0.13 0.25 11.5 

7 1.61±0.4 0.83 51.4 

8 1.48±0.07 0.16 10.8 

9 3.72±0.19 0.51 13.8 

10 6.25±0.03 0.07 1.05 

12 6.21±0.01 0.03 0.45 
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8.1 Separation of proteins using ionic liquids 

After the magnitude of the µEOF had been established in the selected pH range, the performance of EAN 

BGE was also evaluated for the separation of three model proteins. The proteins chosen were myoglobin, 

albumin, and osteoprotegerin (OPG), and they were selected so that a distribution in size and pI was 

obtained (table 3). The pH of 10 was used to avoid having extremely harsh conditions for protein 

analysis, rendering the proteins negatively charged. The observed mobility can be seen in table 3, where 

both the RSD of the peak height and the peak area are shown. The low RSD values obtained, suggest 

that there was limited interaction of the proteins with the capillary wall, and that the proteins were stable 

during the CE run. The latter is crucial for analysis of proteins at high pH.  

 

Table 3 - The relative standard deviation (RSD) for peak height, peak area, and apparent mobility for the proteins 

myoglobin, albumin, and osteoprotegerin (n=3). 

 Myoglobin Albumin  Osteoprotegerin 

pI 7.23 5.59 6.62 

Molecular weight (kDa) 17 ∼70 20 

RSD (%) 
Height Area Height Area Height Area 

6.59 0.88 0.47 0.18 4.91 0.10 

Averaged apparent 

mobility (×10-4 cm2s-1V-1) 
4.87 3.16 6.11 

RSD of mobility (%RSD) 0.65 1.39 0.39 

 

8.2 Separation of human blood plasma using ionic liquids 

The complexity of the protein sample was increased when human blood plasma was analyzed at both 

low (pH 2) and high pH (pH 11) using EAN BGE. It was theorized that the proteins could still be 

analyzed and separated due to their apparent mobility even though the contribution of µEOF is low at low 

pH (figure 14). Albumin and immunoglobulin G (IgG) are the two highly abundant proteins in human 

blood, and therefore give rise to the two largest peaks in the electropherogram. The apparent mobility 

of albumin and IgG was sufficient in order to detect them. However, the resolution between the albumin 

and IgG peaks still was lower with EAN BGE than the resolution obtained with phosphate buffer at pH 

2, but could be improved by optimizing the separation parameters.  

For the high pH EAN BGE, the electropherogram showed more features belonging to other analytes in 

human blood plasma. Note that at high pH the migration order of the proteins is the reverse to when 

phosphate is used, and albumin is the protein migrating slowest. At high pH two separation voltages 

were tested, 10 kV and 30 kV, and the major difference was the analysis time, approximately 60 minutes 

compared to 15 minutes. Nonetheless, the repeatability of the albumin peak was better than 1% in terms 

of RSD for both separation voltages, and no additional cleaning of the capillary with bases between runs 

was necessary to maintain the repeatability. According to the US Food and Drug Administration (FDA) 

the reproducibility of e.g. drug substances in routine quality control is expected to be at a level of RSD 

of 2% or lower [13], which the usage of EAN as a BGE in CE systems enables.  
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Figure 14 - Electropherograms of human blood plasma using a) a 100 mM phosphate buffer at pH 2, b) 20 mM EAN 

BGE with pH 2 with a separation voltage of 20 kV, and 20 mM EAN BGE at pH 11 with c) 10 kV separation voltage, 

and d) 30 kV. Samples were hydrodynamically injected and the capillary had a total length of 80 cm. (Figure 2, Paper III) 
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9 Polyvinyl alcohol microbubbles as contrast agents in clinical diagnosis 

In clinical diagnostics many technologically advanced scanning methods are used to aid physicians to 

establish the right diagnosis and the proper treatment. One of the techniques used is ultrasound imaging, 

where pulses of high frequency pressure waves, above 20 kHz, are transmitted towards the intended 

organ of interest. The generation of backscatter as the wave propagates through a medium with different 

acoustic properties is what can be viewed in the created ultrasound image. Compared to other imaging 

techniques, ultrasound imaging is a cheap, highly portable and available technique that have high spatial 

and temporal resolution, and which can be used to scan a majority of body parts in real-time without 

emitting ionizing radiation.76 Still, the quality of the images and thus the value for clinical diagnosis can 

be improved by the use of contrast agent. 

The contrast agents scatter the ultrasound differently related to their structure, composition and 

geometry, where spheres are the most efficient. Microbubbles (MBs) that are gas-filled are often used 

as contrast agents, since they easily expand and get compressed by the ultrasound waves, resulting in 

strong scattering signals, and thus an increase in contrast in the created image. The commercially 

available contrast agents on the market today are lipid-based microbubbles, with a stabilized sulfur 

hexafluoride gas as the core. However, in paper IV-VI, the relatively recently developed polyvinyl 

alcohol microbubbles (PVA-MBs) have been in focus. The PVA-MBs were developed by professor 

Gaio Paradossi, and have a hard shell of polyvinyl alcohol (PVA) surrounding a core of air77. The PVA 

shell tolerates more mechanical stress before breakage than the lipid MBs78, prolonging the shelf-life of 

the PVA-MBs to several months77. They also have a narrow size distribution, compared to lipid-based 

contrast agents. The size of the MBs of around 3 µm in diameter79 can also to some extent be regulated 

with pH or temperature changes during the fabrication80. Both the size and the size distribution are 

important factors to control, since they affect the efficiency of the PVA-MBs as contrast agents. Another 

aspect is the biocompability of the contrast agents, regarding the fact that they are directly injected in 

the blood stream, and this is a requirement which the PVA-MBs fulfills81.  

The characterization of PVA-MBs in regard to size, shell thickness, refractive index and composition, 

is often performed using various optical techniques like light scattering82-83, scanning transmission X-ray 

microscopy84-86, confocal laser scanning microscopy77, 84, digital holographic microscopy87, and 

scanning electron microscopy (SEM)84.  

 

Figure 15 - Images of PVA-MBs obtained with light microscope (left) and SEM (right). 
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The development of the PVA-MBs has resulted in trials of using the MBs as multifunctional platforms 

with the key features being drug delivery, targeting and multimodal imaging enabling usage for both 

diagnosis and therapy.88 The PVA-MBs surface contains both hydrophilic (-OH) and hydrophobic 

(-CH2) groups that are suitable for anchoring substrates as cyclic arginyl-glycyl aspartic acid peptide 

and cyclodextrin molecules. This allows for designing the MBs for targeting and drug delivery.89 For 

the multimodal purpose, several approaches have been tested, depending on the scanning technique of 

interest. A fluorescent dye could be coupled to the previously mentioned groups on the surface of PVA-

MBs, which enables them to be detected with near infrared (NIR) fluorescent imaging. By integrating 

superparamagnetic nanoparticles of iron oxide (SPIONs) to the PVA-MB shell another type of 

multimodal contrast agents can be achieved. The magnetic properties of the SPIONs contribute to a 

stronger spin–spin relaxation time effect, making those MBs also suitable as enhancers for magnetic 

resonance imaging (MRI). The progress of the use of the PVA-MBs requires that methods for flexible 

or universal detection and separation of the different types of MBs are available. 
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10 Analysis of polyvinyl alcohol microbubbles using capillary electrophoresis 

To get the PVA-MBs approved for clinical usage, two main issues have to be addressed. Firstly, it must 

be verified that the PVA-MBs are working as intended. Therefore, PVA-MBs have been extensively 

studied in vivo with focus on the biodistribution and the efficiency as contrast agents for mainly 

ultrasound imaging79, 88, 90. Secondly, the PVA-MB elimination from the body rather than accumulation, 

causing damage to the test subject, has to be established. B. Cerroni et al. analyzed the biodistribution 

of PVA-MBs in vivo by coupling a NIR fluorophore to the PVA-MB shell91. It was shown that in mice 

the PVA-MBs were accumulated mainly in the liver and spleen within the first 24 hours from injection, 

and then cleared after 7 days. No relevant defects in the organs were observed after one month of post-

dosing. Determination of the concentration of PVA-MBs in the blood stream would be desirable to 

increase the knowledge about how the PVA-MBs behave in vivo, since both the loss of MBs to organs 

and the ultrasound efficiency is related to the concentration. 

10.1 UV detection of polyvinyl alcohol microbubbles 

In order to develop a detection method for quantification of PVA-MBs, CE was used, and the first step 

(paper IV) was the adjustment of the pH of the phosphate buffer to obtain a satisfactory separation 

between the MBs. Phosphate buffer at pH 7 was used to mimic the physiological conditions of the 

potential sample (PVA-MBs in blood), and a higher pH (roughly at 12) was used to render the MBs 

more highly charged.  

The migration time for the PVA-MBs decreased from 11 min to 10 min when the pH 12 BGE was used 

compared to pH 7, and the spread of the peaks decreased as well. To avoid any risk of comigration of 

the PVA-MBs with any blood components, a phosphate BGE with the higher pH was used for further 

experiments in paper IV-VI. 

If a too high ultrasound frequency is used during imaging, or if the PVA-MBs are aged, there is a risk 

of the PVA-MBs degrading. To determine whether the observed peaks belonged to intact PVA-MBs or 

degraded ones, a test where PVA-MBs were degraded intentionally using ultrasound waves was 

performed. In this experiment, the power of the ultrasonic probe was set to 137 W, whereas the acoustic 

power varies between 0.3 to 440 mW for clinical ultrasound diagnostics. The power should have been 

sufficient to degrade a majority of the PVA-MBs in the sample, and the degraded sample was visually 

observed using SEM and analyzed in CE (figure 16). Comparison of the electropherograms for intact 

PVA-MBs, ultrasound degraded PVA-MBs and water shows a distinct difference between the three, 

where (i) intact PVA-MBs gave a group of sharp peaks, (ii) the ultrasound degraded PVA-MBs just 

gave a broad peak after the negative peak, and no sharp peaks, and (iii) water just gave a negative peak, 

which was also present in the other two electropherograms. The PVA-MBs were diluted in water 

originally, and detecting the water peak was therefore expected for those samples. The appearance of 

the electropherograms recorded for the three samples aids in distinguishing the components in an 

unknown sample.  
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Figure 16 - Scanning electron microscope images of a) intact PVA-MBs and b) ultrasound degraded PVA-MBs.  

c) Electropherograms of the two samples and water for reference. (Figure 2 and S2, Paper IV) 

 

To obtain information about the time the PVA-MBs can be circulating in the blood stream of a test 

subject, the concentration of PVA-MBs at various times could be determined by taking regular blood 

tests. To mimic the samples that could be obtained from clinical use of the PVA-MBs, vacuum tubes 

(blood collection tubes used in most healthcare facilities) filled with blood were spiked with a known 

number of PVA-MBs and centrifuged. The high buoyancy of PVA-MBs contributed to them rising in 

the vacuum tube, and gathering at the wall at the border of the fluid meniscus (figure 17a). The PVA-

MB plasma samples were analyzed in CE, and compared to plasma samples without any added MBs 

(figure 17d-e). The only difference between the two electropherograms were peaks with migration times 

between 10 to 13 minutes (enlarged in 17f), resembling the PVA-MBs peaks detected in the water 

samples. However, in the plasma sample the peaks corresponding to the PVA-MBs had slightly longer 

migration times that could be explained by protein adsorption to the surface of the MBs, creating a 

corona altering the charge of the MBs.  
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Figure 17 – a) Images of a centrifuged sample of human blood spiked with PVA-MBs in a vacuum tube with dipotassium 

ethylenediaminetetraacetic, and light microscopy images of plasma b) without PVA-MBs and c) with PVA-MBs. 

Electropherograms of d) a sample of human blood plasma, and e) human blood plasma mixed with PVA-MBs at a 

concentration of 4.4×107 MBs mL-1. f) Enlargement of (e) at the migration time 9.5–11.5 min. (Part of Figure 3 and 4, 

Paper IV) 
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10.2 Other detectors for detection of polyvinyl alcohol microbubbles 

When using the UV detector, no signal for the PVA-MBs was obtained when lower concentrations than 

2 x 106 MBs mL-1 were injected, which is in the same order of magnitude as the initial concentration 

injected into a test subject. The detection needs to be improved to obtain a method for monitoring the 

PVA-MB concentration in body fluids like blood. In an initial experiment a charge-coupled device 

(CCD) camera was attached after the UV detector, since the PVA-MBs could be viewed under a 

microscope. From those results (not shown here) it was clear that the PVA-MBs in the capillary had 

aggregated, and it was among other things those aggregates that were detected by the UV detector. Two 

alternative detection methods were evaluated to obtain a more detailed and precise detection. One was 

based on a lens-free UV area imaging detector (paper V), and the other on the optical visualization of 

the PVA-MBs flowing in the capillary using selected microscope lenses connected to a high-

performance camera (paper VI).  

10.2.1 Lens-free UV area imaging detector 

The lens-free UV area imaging detector used in paper V was the commercially available ActiPix D200 

(Paraytec Ltd, York, United Kingdom). This detector uses a complementary metal–oxide–

semiconductor (CMOS) sensor with a size of 2048 x 1089 pixels (equals to a detection area of 11.3 mm 

x 6 mm). The detector had to be mounted outside the CE system due to space limitations. This 

configuration and the large detection area, made it possible to let the capillary pass the detection area 

twice so that electropherograms of the PVA-MBs were collected both in the upward and downward 

direction (setup displayed in figure 18).  

 

Figure 18 – Schematic figure of the capillary electrophoretic instrumental setup used with the ActiPix D200 detector, 

and a zoom in at the detection window of the detector. The flow direction of the PVA-MBs for both detection windows 

is marked with arrows. (Figure 1, Paper V) 
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The main format of the results obtained from the ActiPix D200 is a sequence of shadowgraph images 

that can also be viewed as a movie sequence (figure 19a). This enables tracking of the PVA-MBs through 

the capillaries, and to visually assess whether the feature registered in the electropherogram belongs to 

an individual PVA-MB, aggregates of PVA-MBs, air bubbles, or other artefacts. One distinct difference 

attained by arranging the capillary in a vertical position, compared to in a horizontal position with loops 

as previously done with the UV detector (paper IV), was the absence of aggregates of PVA-MBs. The 

tracking ability of the frame file processing software enables the calculation of the flow velocity for 

each individual PVA-MB, where the optimal flow velocity is achieved when the minimum width, 

maximum height and highest symmetry of the peak have been obtained (figure 19b). In the 

electropherograms of PVA-MB samples, each positive MB peak starts and ends at a lower level of 

absorbance than the baseline, which is due to how the light is scattered and diffracted, when passing 

media with different refractive indices (air, fused silica, BGE).  

 

 

Figure 19 a) Three shadowgraphs of an MB (encircled) passing inside the capillary 200 ms apart, and b) 

electropherograms processed from 1.115 to 1.135 mm s-1 for the same MB.  

The positioning of the capillary, and the ability to determine the flow velocities of the PVA-MBs enabled 

the study of their flow velocity distribution in their upward, as well as downward motion. The PVA-

MBs had a higher velocity when ascending (1.38 ± 0.01 mm s-1) compared to descending 

(1.33 ± 0.01 mm s-1). This is unusual since in a strict electrophoretic system the velocity of an ion should 

be constant throughout the whole capillary. For the PVA-MBs, which have a high buoyancy (lower 

density than the BGE), creaming could affect the electrophoretic migration. However, a theoretical 

calculation of the creaming effect (around 2 µm s-1) shows an order of magnitude less contribution than 

observed experimentally (approximately 25 µm s-1), which might indicate that some of the PVA-MBs 

interact with the capillary wall in the loop slowing them down, before descending to the second detection 

window.  
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The separation of the PVA-MBs from human blood plasma was also performed spectrally with this 

detector by viewing the electropherograms at three wavelengths; 214 nm, 255 nm and 525 nm 

(figure 20). The absorbance of the individual PVA-MBs was highest at 214 nm (≥ 2 mAU) compared 

to the other two wavelengths (≤ 1.5 mAU). Since the proteins absorb considerably (> 20 MaU) in the 

UV range and negligibly in the visible range, a visible wavelength (525 nm) was used to confirm that 

the observed features belonged to PVA-MBs and were not related to proteins.  

 

 

Figure 20 - Electropherograms of PVA-MBs dissolved in human blood plasma processed at a value of the flow velocity 

of 0.95 mm s-1 at three different wavelengths; a) 214 nm, b) 255 nm, and c) 525 nm. d-f) are expansions of a-c at 

migration times from 560 s to 660 s. (Figure 4, Paper V) 

 

The velocity distribution of the PVA-MBs in plasma differed from what was observed when they were 

dispensed in buffer, and the averaged velocity was 1.001 ± 0.016 mm s-1 at the second detection window. 

This indicates that the PVA-MBs are interacting with the plasma proteins, which then alter the charge 

of the PVA-MBs. Previous studies show that serum albumin, serotransferrin, and complement C3 are 

some of the proteins that create a protein corona covering the PVA-MBs, without changing the 

geometric size of the PVA-MBs significantly92. 
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10.2.2 In-house constructed microscope detector 

The microscope detector used in paper VI was a home-built microscope consisting of a Köhler 

illumination system and a set of optics connected to a CMOS camera (figure 21). Two different 

objectives with the magnification of 5x and 10x were used to change the field of view, which implicitly 

changed the detection area to either 750x469 µm or 375x234 µm. Even though this area would be large 

enough to fit two capillaries in the microscope detector, only one capillary could be viewed in the 

detection window, since the lenses have a focus point in the middle of an image and abrasion at the 

edges can occur. The detector was therefore placed to only detect the upward motion of the particles. 

The detector parameters were optimized using monodispersed polystyrene particles, with a nominal 

particle diameter of 3 µm, regarding the resolution and the depth of field. The highest number of 

polystyrene particles were detected when using the 5x magnifying objective, and having 5 mm open 

aperture diaphragm in the illumination system.  

 

 

Figure 21 – Schematic illustration of the CE system with a zoom in on the illumination system. (Figure 1, paper VI) 
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Electrophoretic analysis of the PVA-MBs suspended in BGE using the optimal detector parameters 

detected several features flowing through the detection area. The features observed in the recorded 

frames could easily be categorized as individual PVA-MBs, pairs of PVA-MBs, or larger aggregates of 

PVA-MBs. The distinction between the three categories was performed simply by visualizing the 

movement of the PVA-MBs in several frames while they passed the detector area. To obtain an 

electropherogram that could be comparable to the ones obtained for the other detectors (UV detector 

and UV area imaging detector), each PVA-MB was annotated with the time of the last frame before 

their disappearance from the detection window (figure 22). The characteristics of the electropherogram 

resembles the one obtained for the UV detector (figure 16c), without the visible negative peak for water, 

where most of the PVA-MBs are detected after a time ranging between 3.5 and 4 min. Only a few 

features or aggregates are detected at longer migration times. The migration times for most of the PVA-

MBs are in good agreement with the ones obtained with the UV detector, considering that capillaries 

with different effective lengths were used.  

 

 

Figure 22 - Electropherogram of PVA-MBs detected between 190 and 510 s. (Part of figure 3, paper VI) 
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The PVA-MBs were also suspended in human blood serum to illustrate a more realistic biological 

sample. In this case, human serum was chosen over human blood plasma, to reduce the quantity of larger 

residues e.g. white and red blood cells that could interfere in the microscope detector. The serum was 

injected into the capillary and flushed through the CE system to detect the potential residues present. 

The only observable features for serum were larger in size and differed in opacity compared to the PVA-

MBs. The obtained electropherogram of the PVA-MB spiked serum (figure 23) showed mainly single 

PVA-MBs, but smaller clusters of PVA-MBs and some larger aggregates were also detected. The 

occurrence of the cluster and aggregates could be related to how the capillary was affixed in the 

commercial CE instrument, since the capillary had two bends (like a rotated S shape) before reaching 

the detector area. For the case with the UV area imaging detector where the first part of the capillary 

was perfectly vertical, no cluster or aggregates were observed. Therefore, testing the microscope 

detector under such conditions would be preferable.  

 

 

Figure 23 – Electropherogram of human blood serum spiked with PVA-MBs detected between 230 and 540 s. Inserted 

images a-d) show different individual PVA-MBs, were b) was close to the capillary wall, and e) shows a large 

aggregate. (Figure 4, paper VI) 
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11 Conclusions and future perspectives 

Proteins isolated from soybean and potato have been shown to form structures with fibrillary nanoscale 

morphology at certain incubation conditions, and depending on the crop, different morphologies of the 

fiber were obtained. The formation of the PNFs occurs at the same time as the hydrolysis of the soluble 

proteins in the isolate. The analysis of the building blocks of the PNFs by MS showed that the peptide 

fragments originated from the major seed storage proteins for the respective crop. A total of five peptides 

were identified for soybean, and six peptides for potato, forming PNFs with a high content of β-sheets. 

This knowledge can be used in the future for creating new materials, where the mechanical properties 

can be adjusted by choosing the right building blocks for the PNFs. Moreover, the methodology 

developed could be used to study protein fibrils from other sources. 

ILs have many good properties considering their use in separation techniques. When EAN diluted in 

water was used as BGE in CE at basic conditions (pH ≥ 10), the reproducibility of the electroosmotic 

and electrophoretic mobility was good, and thus this BGE could potentially be used for routine control 

analysis. Analysis of model proteins and proteins in human blood plasma reveal limited protein 

interaction with the capillary wall. When separating human blood plasma in EAN BGE at high pH, more 

features with better selectivity, repeatability and resolution was obtained compared to using a regular 

phosphate buffer. 

CE was also used for separation of PVA-MBs that are used as contrast agents for ultrasound imaging. 

A method was developed where a distinction between intact and degraded microbubbles could be made, 

and where the microbubbles were separated from proteins in human blood plasma. By implementation 

of the two tested imaging detectors, rather than using a conventional UV detector the sensitivity for the 

method increased, since single individual microbubbles could be detected. The positioning and 

arrangement of the capillary when analyzing the microbubbles is crucial to avoid aggregation of the 

microbubbles inside the capillary, and also to avoid the MBs to interact with the wall by frictional forces. 

The optimal position of the capillary is in the vertical direction. The vision for the future is to use the 

developed method to increase the understanding of how these microbubbles behave in vivo. 
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