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Abstract

Amyloid fibrils are associated risks for the development of neurodegenerative diseases. Amyloid fibrils

are not only naturally present in the human body, but are also found in food. Two amyloid fibril forming

proteins found in food are the net positively charged hen egg-white lysozyme and α-Synuclein, which

is net negatively charged. Hen egg-white lysozyme and α-Synuclein fibrils can cross-seed α-Synuclein,

present in for example neurons, which can lead to aggregation into amyloid fibrils. This makes exposure

to fibrils of the food-related proteins a potential risk for neurodegenerative diseases if these fibrils find

their way to the brain. For this research, the α-Syn A53T variant of α-Synuclein is used to model animal

α-Synuclein. The goal of this project was to examine the differences of lysozyme and α-Syn A53T fibrils

in permeability characteristics across in vitro cell models to evaluate the risk of amyloid fibril exposure.

As a first step towards developing a methodology to quantify the permeability of the in vitro cell models

of the epithelial intestinal barrier, polystyrene nanobeads were used.

The permeability of the in vitro cell model of the epithelial intestinal barrier to polystyrene nanobeads

was quantified using Single Particle Tracking. Amyloid fibril length was analyzed using Atomic Force

Microscopy. Quantification of amyloid fibrils was done using bulk fluorescence emission and Real-Time

Quaking-induced Conversion (RT-QuiC). The latter was also used to differentiate between the presence

of amyloid fibrils and monomers in the samples of the basolateral compartment of a Caco-2 model and

the co-culture of Caco-2 and HT29MTX cells. With Fluorescence Correlation Spectroscopy (FCS), it

was attempted to identify free dye and different sizes of lysozyme and α-Syn A53T structures. With

confocal microscopy, the location of the amyloid fibrils in the cell layers was examined and cytoskeletal

remodelling due to the presence and uptake of the fibrils was examined.

The results showed that polystyrene nanobeads could permeate across the Caco-2 cell model, but this

was only a very low amount of the total number of nanobeads. The PS nanobeads accumulated within

the cytoplasm of the Caco-2 cells. The results showed that lysozyme fibrils could more easily permeate

the cell models than α-Syn A53T fibrils. However, it is expected that the basolateral samples contained

mostly monomers, as there was no clear decrease of lag-time of the aggregation of α-Synuclein wt

monomers. Though, these results may be not reliable due to limitations of the RT-QuiC experiments.

The FCS data suggests that there was probably no free dye present in the samples. In the basolateral

samples, a relatively large species was found, which could be small fibrils, oligomers or proteins in the

culture medium bound to labelled monomers. Internalization of lysozyme fibrils and remodelling of F-

actin cortex was observed using confocal microscopy, while α-Syn A53T fibrils seems to attach to the

top side of the cell layer. This might be a possible explanation for the difference in permeability observed.

Altogether, the results of this research indicate that hen egg-white lysozyme, can cross the in vitro intesti-

nal epithelial cell models used in this study more easily than α-Syn A53T, which is used as a model for

animal α-Syn. This difference may be due to the charge difference, which can lead to different internal-

ization properties. The exact nature of the permeated amyloid fibrils and the internalization mechanism

should be further analyzed.
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Samenvatting

Amyloïde fibrillen worden geassocieerd met risico’s voor de ontwikkeling van neurodegeneratieve ziek-

ten. Amyloïden zijn niet alleen van nature aanwezig in het menselijk lichaam, maar komen ook voor in

voedsel. Twee amyloïdvormende eiwitten die in voedsel worden aangetroffen, zijn lysozyme, afkomstig

uit kippeneiwit en α-synuclein. Lysozyme en α-Synuclein-fibrillen kunnen met α-Synuclein, aanwezig

in bijvoorbeeld neuronen, aggregreren wat leidt tot formatie van amyloïde fibrillen. Dit maakt bloot-

stelling aan fibrillen van de voedselgerelateerde eiwitten een potentieel risico voor neurodegeneratieve

ziekten als deze fibrillen hun weg naar de hersenen vinden. Voor dit onderzoek wordt de A53T-variant

van α-Synuclein gebruikt om dierlijk α-Synuclein te modelleren. Het doel van dit onderzoek was om

de verschillen tussen lysozyme- en α-Syn A53T-fibrillen te onderzoeken in mogelijkheid tot transport in

in vitro cel-modellen om het risico van blootstelling aan amyloïden te evalueren. Als eerste stap in de

ontwikkeling van een methodologie om de permeabiliteit van de in vitro celmodellen van de epitheliale

darmbarrière te kwantificeren, werden polystyreen nanobeads gebruikt.

De permeabiliteit van het in vitro model van de epitheliale darmbarrière voor polystyreen nanobeads

werd gekwantificeerd met behulp van Single Particle Tracking. De lengte van de amyloïde fibril werd

geanalyseerd met behulp van Atomic Force Microscopy. Het kwantificeren van de concentratie van amy-

loïden werd uitgevoerd met behulp van bulk fluorescentie-emissie en Real-Time Quaking-induced con-

version. Dit laatste werd ook gebruikt om onderscheid te maken tussen de aanwezigheid van fibrillen

en monomeren in de basolaterale compartiment van een Caco-2-model en de co-kweek van Caco-2- en

HT29MTX-cellen. Met Fluorescence Correlation Spectroscopy werd geprobeerd free dye en verschil-

lende groottes lysozyme en α-Syn A53T te identificeren. Met confocale microscopie werd de locatie

van de amyloïde fibrillen in de cellen bepaald en werd de hermodellering van het cytoskelet door de

aanwezigheid en opname van de fibrillen onderzocht.

De resultaten toonden aan dat polystyreen nanobeads door het Caco-2-model konden verplaatsen, maar

dit was slechts een zeer kleine hoeveelheid van het totale aantal nanobeads. De PS nanobeads aggregr-

eren in het cytoplasma van de cellen. De resultaten toonden aan dat lysozyme-fibrillen gemakkelijker

de modellen konden doordringen dan α-Syn A53T-fibrillen. De samples bevatten waarschijnlijk voor-

namelijk monomeren, aangezien er geen duidelijke afname van de lag-time van de aggregatie van α

-Synucleïne monomeren waargenomen is. Deze resultaten zijn echter mogelijk niet betrouwbaar van-

wege beperkingen van de RT-QuiC-experimenten. De resultaten suggereren dat er waarschijnlijk geen

free dye in de basolarale compartiment aanwezig was. Internalisatie van lysozyme-fibrillen en hermod-

ellering van F-actine cortex werden waargenomen.

Al met al, lijken de resultaten aan te tonen dat lysozyme, beter de in vitro intestinale epitheelmodellen

kan passeren die in deze studie zijn gebruikt dan α-Syn A53T, dat wordt gebruikt als een model voor

dierlijk α -Syn. Dit verschil kan te wijten zijn aan het ladingsverschil, dat tot verschillende internalisatie-

eigenschappen kan leiden. De exacte aard van de amyloïden en het internalisatiemechanisme moeten

verder worden geanalyseerd.



Contents

Abstract 2

Samenvatting 3

1 Introduction 7

2 Background 10
2.1 Intestinal barrier . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1.1 Transport across epithelial cell barriers . . . . . . . . . . . . . . . . . . . . 11
2.1.2 In vitro models of the intestinal epithelial cell barrier . . . . . . . . . . . . 13
2.1.3 Evaluation of the in vitro cell models . . . . . . . . . . . . . . . . . . . . . 14

2.2 Amyloid fibrils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2.1 Lysozyme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2.2 α-Synuclein . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3 Principles of experimental methods . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3.1 Fluorescence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3.2 Single Particle Tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3.3 Real-Time Quaking-induced Conversion . . . . . . . . . . . . . . . . . . . 21
2.3.4 Atomic Force Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3 Methodology 24
3.1 In vitro cell model of the intestinal epithelial barrier . . . . . . . . . . . . . . . . 24

3.1.1 Cell culturing and seeding . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.1.2 Monolayer integrity: Transepithelial Electrical Resistance . . . . . . . . . 24
3.1.3 Cell viability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.1.4 Fixation and Staining of the cells . . . . . . . . . . . . . . . . . . . . . . . 25
3.1.5 Confocal imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2 Polystyrene nanobeads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.2.1 Single Particle Tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.2.2 Permeability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.3 Amyloid fibrils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.3.1 Aggregation and labelling . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.3.2 Bulk fluorescence spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . 29
3.3.3 Real-Time Quaking-induced Conversion . . . . . . . . . . . . . . . . . . . 30
3.3.4 Atomic Force Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.3.5 Förster Resonance Energy Transfer . . . . . . . . . . . . . . . . . . . . . . 31
3.3.6 Fluorescence Correlation Spectroscopy . . . . . . . . . . . . . . . . . . . . 31

4 Results and Discussion 33
4.1 Polystyrene nanobeads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.1.1 Characterization and quantification . . . . . . . . . . . . . . . . . . . . . . 33
4.1.2 Viability of Caco-2 cells during exposure to PS nanobeads . . . . . . . . . 35

4



Contents 5

4.1.3 Permeation of PS nanobeads through membranes with different pore sizes 36
4.1.4 Permeation of PS nanobeads through empty transwell membranes . . . . 37
4.1.5 Permeation of PS nanobeads through the Caco-2 cell model . . . . . . . . 40
4.1.6 Localization of the PS nanobeads in the Caco-2 cell layer . . . . . . . . . 43
4.1.7 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.2 Amyloid fibrils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.2.1 Length and morphology of amyloid fibrils . . . . . . . . . . . . . . . . . . 46
4.2.2 Cell layer integrity: Transepithelial Electrical Resistance . . . . . . . . . . 48
4.2.3 Quantification of the concentration of amyloid fibrils . . . . . . . . . . . . 52
4.2.4 Apparent permeability of amyloid fibrils in the Caco-2 and Caco-2+HT29MTX

models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.2.5 Identification of amyloid fibrils and monomers in the basolateral samples . 59
4.2.6 Identification of free dye and lysozyme and α-Syn A53T species in the

basolateral samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.2.7 Internalization of amyloid fibrils by Caco-2 and HT29MTX cells . . . . . . 68
4.2.8 Reorganization of cytoskeleton upon uptake of lysozyme fibrils . . . . . . 72

5 Conclusion 75

6 Recommendations 77

Acknowledgements 79

References 87

Appendices 88
Appendix A: Sequence of α-Synuclein . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
Appendix B: Confluence of Caco-2 cell layer on different seeding days . . . . . . . . . . 89
Appendix C: Emission spectra lysozyme and α-Syn A53T fibrils . . . . . . . . . . . . . 90
Appendix D: Excitation and emission spectra AF488 and AF647 . . . . . . . . . . . . 91



LIST OF ABBREVIATIONS 6

List of Abbreviations

α-Syn α-Synuclein

α-Syn A53T α-Synuclein variant with threonine at residue 53

AF Alexa Fluor

Caco-2 Cancer coli-2 cell line

DMEM Dulbecco’s Modified Eagle Medium

DOL Degree Of Labelling

FBS Fetal Bovine Serum

HDR High Dynamic Range imaging

HS High Salt concentration

HSPG Heparan Sulfate proteoglycan

HT29 Human colorectal adenocarcinoma cell line

LS Low Salt concentration

MSD Mean Square Displacement

MTX Methotrexate

NAC Non-Amyloidal Component

NaCl Sodium Chloride

NaN3 Sodium azide

NEAA Non-Essential Amino Acids

NHS N-HydroxySuccinimide

NR Nile Red

P/S Penicillin-Streptomycin

PBS Phosphate-Buffered Saline

PC Polycarbonate

PFA Paraformaldehyde

TJ Tight Junction

wt wild-type



1 Introduction 7

1 Introduction

Protein molecules can adopt different conformational states between their synthesis and degradation

within a living system. The conformational state of a protein does not only depend on its amino acid

sequence but also the presence of molecular chaperones, the biological environment and degradation

processes [1]. The native, or folded, state of a protein corresponds to the structure that is most thermody-

namically stable. The shape into which the protein is folded is crucial for its function. For example, actin

filaments provide mobility and shape to a cell by how they are assembled. Besides this, the folding and

unfolding processes of proteins are functional for cellular activity, such as trafficking, secretion, immune

response and regulation of the cell cycle [2]. Genetic mutations and oxidative stress are examples of

processes that can cause misfolding of proteins, for example genetic mutations, translational errors or

thermal or oxidative stress.

Misfolding of proteins can lead to different diseases. Some diseases result from the misfolded pro-

teins not being able to exercise their function. In other cases, groups of proteins form aggregates within

cells or the extracellular space [3]. An example of these proteins is amyloid fibrils. Amyloid fibrils are

normally found in nature, playing a role in the host organism’s survival [4]. However, they are also as-

sociated with different neurodegenerative diseases, such as Parkinson’s Disease and Alzheimer’s [1, 3, 5].

Amyloid fibrils are fibrillar structures containing cross-β-sheets and are formed by a nucleation-dependent

polymerization process [6]. Because of their fibrillar and stable structure, non-disease-related amyloid

fibrils are often used in applications for (bio)nanotechnology. A few examples are nanowires [7], hydro-

gels for (stem) cell culture and networks for drug delivery [4]. Amyloid-forming-proteins and amyloid

fibrils are also naturally present in food [8, 9, 10]. Two food-related amyloid fibril forming proteins are

hen egg-white lysozyme and animal α-Synuclein, present in pig, cow and fish among others [9, 11, 12].

In this study, α-Synuclein with mutation A53T was used as a model for animal α-Synuclein. In this

mutation, alanine at residue 53 is replaced by threonine. alpha-Syn A53T fibrils, are directly related to

the neurodegenerative disease Parkinson’s [6].

Hen egg-white lysozyme, on the other hand, is in physiological conditions not dangerous to human

health, but it can induce aggregation of disease-related amyloid fibrils and form a potential hazard [12].

The aggregation of the disease-related α-Synuclein wild type (wt) monomers can be induced in the pres-

ence of lysozyme and α-Syn A53T amyloid fibrils [12]. α-Syn wt monomers are abundant in several

tissues in the human body, mainly in neuronal cells [13]. Amyloid fibrils formed by α-Syn monomers

can translocate via the vagus nerve to the brain, which was shown in animal studies [14]. This indicates

that if lysozyme and α-Syn A53T fibrils can pass biological barriers, they can be a potential risk to

human health. Therefore, it is important to understand which properties of food-related amyloid fibrils

determine the permeability characteristics across the biological barrier that protects the human body.

The most predominant barrier in the uptake for most substances is the luminal membrane in the gas-

trointestinal tract. After extensive research, no studies were found that have examined in vitro or in vivo

transport of hen egg-white lysozyme and α-Syn A53T across the intestinal barrier. However, several
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transport studies of other amyloid fibrils or amyloid-forming proteins across epithelial barriers can be

found in literature. Killinger et al. [9] summarize several routes of transport via which α-Syn from

food can infect a human host. It was found that M-cells, enterocytes and dendritic cells can actively

absorb α-Syn from the lumen. Furthermore, Bates et al. [15] have found that α-Syn wt monomers

can translocate across the blood-cerebrospinal fluid barrier, another epithelial cell barrier. Keaney et al.

show that the paracellular pathway is involved in the transport of Aβ monomers across the blood-brain-

barrier. Amyloid-β can enable enhanced movement by decreasing the levels of the tight junction-proteins

claudin-5 and occludin [16].

Tight junctions form the intracellular barrier between cells to regulate the selective transport of sub-

stances across the barrier [17]. Kuan et al. found that the expression of tight junction proteins, such as

ZO-1 and occludin can be down regulated by exposure to α-Syn [18]. Puig et al. found that other types

of amyloid fibrils, such as Amyloid-β could decrease occludin levels in Caco-2 cells [19]. A decrease

in occludin levels could disrupt the monolayer that is formed by tight junction complexes in between the

cells. This indicates that amyloid fibrils can increase the permeability of epithelial layers by disruption

of tight junction complexes. Next to this, it was found that it is possible for α-Syn to penetrate mucus, in

a hydrogel model containing gastric mucus [20]. Transport of α-Syn molecules can also occur in porcine

intestinal mucin [21]. Moreover, different types of amyloid fibrils can resist proteolysis. This implies

that fibrils could remain intact when passing through the lumen in the intestines when fibril containing

food is consumed [22]. This all leads to the hypothesis that it is possible for lysozyme and α-Syn A53T

to cross the intestinal cell barrier.

To study the permeability characteristics of amyloid fibrils, the concentration of the fibrils should be

quantified. For the quantification, amyloid fibrils can be fluorescently labelled. However, it is difficult to

quantify the concentration of amyloid fibrils in single particle methods, because amyloid fibrils are het-

erogeneous in size and have a tendency to cluster. The single particle quantification methods are usually

limited, as the dynamic range of the camera should be broad enough to image large and small amyloid

fibrils at the same time. Therefore, amyloid fibrils are not very suitable for the quantification using single

particle methods. As a first step towards developing a methodology to quantify the permeability of the

in vitro cell models of the epithelial intestinal barrier, the permeability of nanobeads was also tested in

the first part of this research. Nanobeads are homogeneous in size, stable, easy to quantify and could be

an indicator of substances that can cross the barrier.

Nanobeads are defined as spherical nanoparticles with a size between 1 and a few hundreds nanome-

ters. Various materials are used for the production of nanobeads, such as metals and synthetic or natural

polymers. Often, polystyrene (PS) nanobeads are used as they are available in a wide range of sizes. Fur-

thermore, surface modifications are available to facilitate the coupling of various molecules and proteins

to the surface of the nanobeads. Polystyrene nanobeads can be fluorescently stained which makes them

easily quantifiable in single particle tracking methods or bulk fluorescence measurements.

In literature, PS nanobead uptake and translocation were measured for several types of (epithelial) barri-

ers in vitro: pulmonary [23], placental [24] and blood-brain-barrier [25] models. In intestinal epithelial
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cell models, the translocation of PS nanobeads has been examined for different cell models (mono-,

co- and tri-culture), sizes of nanobeads and charges. Walczat et al. [26] have found that there was no

significant difference between PS nanobead permeability in mono-, co- and tri-culture cell models with

Caco-2, HT29MTX and M-cells. They did find that 50 nm PS beads translocated to a higher extent than

100 nm PS beads. PS beads without charge and negatively charged beads permeated more than posi-

tively charged PS beads. Bannanah et al. [27] et al. have found the same for 50 and 100 nm PS beads

for a Caco-2 barrier. Domenech et al. tested whether PS nanobeads affect the permeability by measur-

ing transepithelial Electrical Resistance and Lucifer Yellow transport after PS nanobeads exposure [28].

There was no cytotoxicity observed, and neither the integrity nor the permeability was affected by PS

treatments. However, they did find that PS nanobeads of 50 and 200 nm are taken up by the cells and

also permeate the barrier. More studies show that PS nanobeads are internalized but do not have a direct

cytotoxic effect on the cells [29, 30]. Long-term effects, however, are not entirely known. Overall, it is

believed that small and negatively charged PS nanobeads can transport efficiently across the intestinal

barrier. This makes permeation of nanobeads a good preliminary experiment to test the single particle

based quantification method.

To summarize, if food-related amyloid fibrils, such as lysozyme and α-Syn fibrils, can cross the biolog-

ical barrier that protects the human body, they can be a potential hazard for neurodegenerative diseases.

The goal of this project was to examine whether lysozyme and α-Syn A53T could translocate across in

vitro cell models of the epithelial intestinal barrier to evaluate the risk of amyloid fibril exposure. Next

to this, differences in permeability characteristics between the net positively charged lysozyme and net

negatively charged α-Syn will be examined. First, the permeability for PS nanobeads was determined

as a preliminary model for the permeation of amyloid fibrils and to test the single particle quantification

method.
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2 Background

In this chapter, the background of this research is presented. First, an overview of the intestinal barrier,

transport of substances across the epithelial cells and in vitro models of intestinal barriers are discussed.

This is followed by a brief overview of amyloid fibril aggregation, amyloidogenic proteins like lysozyme

and α-Syn A53T and their associated risks. Finally, the principles of some experimental methods used

in this research are explained in more detail.

2.1 Intestinal barrier

The gastrointestinal tract is part of the digestive system. The digestive system has three main functions:

digestion of food, absorption of nutrients to the blood and elimination of solid food waste. The small and

large intestines fulfil a major role in the gastrointestinal tract, especially in digestion and absorption of

nutrients. The intestinal wall consists of four layers: mucosa, submucosa, muscular layer and adventitia,

which are schematically depicted in Figure 2.1a.

The mucosa is an epithelial cell layer. The epithelial cell layer is not a straight layer but consists of

crypts [33]. Enterocytes are the most abundant cell type in the mucosa: 80% of the cells are entero-

cytes. They have hair-like projections on the luminal side, called microvilli. Crypts and microvilli are

depicted in Figure 2.1a. Microvilli increase the surface area that is available for absorption. Besides this,

enterocytes form intracellular junction complexes which bind the cells together in a monolayer. Another

major cell in the mucosa layer is goblet cells which produce and secrete mucus. Goblet cells comprise

approximately 10% of the cells in the mucosa layer. Various other cell types in this layer are; M-cells,

neuroendocrine cells and Paneth cells [33]. The different cells are depicted in Figure 2.1b. The mucosa

layer absorbs useful substances, such as nutrients, but it also forms a barrier against harmful substances,

such as pathogens and toxic foreign particles. As mentioned earlier, the goblet cells secrete mucus.

(a) (b)

Figure 2.1: (a) Schematic representation of the cross-section of the intestinal barrier [31]. (b) An electron
microscope image (bottom) of the junction complexes of intestinal epithelial cells and the corresponding

schematic view (top) [32].
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Mucus keeps the tissue moist and mucus is also a form of protection against harmful substances [31].

Mucus is a gel-like structure composed of water, ions, proteins and macromolecules. The major macro-

molecular component of mucus is the glycoprotein mucin [34].

Beneath the mucosa, the submucosa is located. The submucosa layer is a collagen-rich extracellular

matrix and supports the mucosa. It contains blood vessels, nerves and lymphatics [35]. The submu-

cosa joins the mucosa to the muscular layer, which is responsible for gut movement (peristalsis). Gut

movement is necessary to propagate food in a forward direction. The outer layer is the adventitia, which

consists of fibrous connective tissue [31].

2.1.1 Transport across epithelial cell barriers

There are two main distinct mechanisms for molecules to translocate across the intestinal epithelial bar-

rier: the paracellular and transcellular pathway [36]. A third pathway can be found in pathological

situations: the unrestricted pathway [37]. The type of transport depends on many characteristics of

the substance, such as size, morphology, surface charge and hydrophobicity, and the potential to form

(hydrogen) interactions [38].

The paracellular pathway is a passive route for molecules in which molecules move through the inter-

cellular space of the intestinal cells. The pathway is restricted by tight junctions (TJ), positioned between

the cells. The main function of TJ is to prevent the passage of molecules in-between cells. TJ-complexes

allow only the passage of water, ions and small molecules [17]. All cells in the intestinal barrier are

capable of forming TJ, but TJ-proteins proteins are especially expressed in enterocytes. TJ form a com-

plex of transmembrane proteins (e.g. occludins and claudins) and associated cytoplasmic proteins (e.g.

zonula occludens proteins) that link the TJ to actin-filaments [17]. Figure 2.1b shows a simplified view

of the most important TJ proteins. There are many more proteins involved in the TJ complexes [32, 39].

Figure 2.1b also shows adherens junctions. These are also strong adherent bonds, but their main func-

tion is intercellular interaction. Loss of adherens junctions can lead to disruption in the matrix, but also

inefficient cell differentiation [32].

Within the paracellular pathway, there are two types of transport. The first route is the ‘pore pathway’

and is characterized by small pores that are defined by claudin associated proteins. The size of the pores

is approximately 0.4 nm [32]. The second route is the ‘leaky pathway’. This allows larger particles to

cross the intestinal barrier. The size of particles for this route is not precisely defined but the maximum

size of particles is thought to be in the range of 10-20 nm [32, 39, 40]. There are several ideas proposed

to explain the existence of the leaky pathway. The first is the loss of occludin and claudins. This is

not necessarily pathological. Another possibility is that larger molecules can cross the TJ is a stepwise

matter by temporary separation of the connections between TJ-proteins in the TJ-complex [41].

Transcellular transport occurs by transcytosis, a process in which substances are taken up by the cells

by endocytosis and secreted by exocytosis. The transport occurs from the luminal (apical) side to the

extracellular fluid (basolateral). The main function of transcellular transport is absorption and secretion

of larger molecules, which cannot take place via the paracellular route [32].
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There are several mechanisms by which cells can translocate substances via transcellular transport. The

process of uptake is called endocytosis. There are several distinct types of endocytosis: phagocytosis,

clathrin-mediated endocytosis, caveolin-mediated endocytosis, clathrin/caveolae-independent endocyto-

sis, and macropinocytosis [32, 42]. Many membrane bound- and cytoskeletal proteins are involved in

endocytosis [43]. Figure 2.2 depicts a schematic view of macropinocytosis showing the role of actin

reorganisation in the uptake of substances. Enterocytes and M-cells are mainly responsible for transcel-

lular transport [33].

Figure 2.2: Schematic representation of macropinocytosis.
The F-actin cortex reorganizes to take up substances [42].

Finally, unrestricted transport can occur in pathological situations. The function of the intestinal bar-

rier is dependent on the cooperation of the components that make up the barrier. Under pathological

conditions, the barrier can be compromised, for instance by infectious, ischemic or immune-derived

stimuli. The paracellular pathway can become leaky because of a loss in transmembrane proteins. The

transport can even become unrestricted by the total loss of the TJ-complexes. In unrestricted transport,

large and small molecules can cross the barrier. Furthermore, bacteria and viruses can move towards

the blood system, which can potentially be dangerous. Long-term damage is mostly avoided because

of the rapid reformation of the epithelial barrier. When unrestricted transport occurs, surviving epithe-

lial cells spread to cover the basement membrane before new cells can be generated by proliferation [37].

To summarize, the intestinal barrier contains the mucosa layer. The mucosa layer is an epithelial cell

barrier with a few important functions. The first is to absorb nutrients. Secondly, the cells form a barrier

against harmful substances, such as pathogens and foreign particles. There are different routes sub-

stances take to cross the epithelial barrier. The type of transport depends on particle properties, with size

being one of the crucial properties. Only small substances with a diameter up to 10-20 nm can cross the

barrier via the paracellular pathway. Larger molecules are transported via the transcellular pathway or in

pathological conditions by the unrestricted pathway.
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2.1.2 In vitro models of the intestinal epithelial cell barrier

To study the transport of molecules across the intestinal barrier, several in vitro models found in literature,

such as organs-on-chip or organotypic models. These systems replicate functional units of organs to

model organ (patho)physiology in vitro. A commonly used intestinal barrier model is in vitro (co)culture

models with cell lines derived from tumors. Here, cell cultures are grown on permeable membranes to

allow access to both apical and basolateral compartments, as schematically depicted in Figure 2.3. When

the cells are cultured under specific conditions for a particular period, they will form a monolayer. The

monolayer that is formed shows characteristics similar to the intestinal barrier [44].

Figure 2.3: Schematic representation of Caco-2 differentiation and HT29 growth on a transwell membrane after
approximately 21 days. Image was created using Biorender.

The most widely used cell line for human intestinal in vitro models is the Caco-2 line [45]. The model

has become a standard tool to obtain an indication of intestinal permeability, absorption, metabolism and

bioavailability of drugs for several substances. It has been extensively used as an in vitro barrier model

[46, 47, 48]. After reaching confluence on a filter support, Caco-2 cells start to differentiate from colon

cells into polarized cells. After differentiation, the cells show many properties of enterocytes, such as

apical microvilli and intercellular TJ which serves as a physical and biochemical barrier for ions and

small molecules [49].

A second cell type that is often added to the Caco-2 cell model is HT29MTX. The human adenocar-

cinoma colorectal cell line HT29 can be differentiated, in the presence of methotrexate (MTX), into

mucus-producing goblet cells called HT29MTX [50]. Similar protein expression was found in HT29

cells and scrapings of the human epithelium in vivo [51]. Adding HT29MTX cells to the mono-culture

of Caco-2 cells give rise to a mucus layer that functions as a physical and biochemical barrier for sub-

stances. The presence of mucus in the model is important for estimation of the intestinal permeability

as the mucus acts as a physical and biochemical barrier [52]. The mucus layer is also present in in

vivo situations [31], so a co-culture of Caco-2 and HT29MTX provides a more realistic model than a

mono-culture of Caco-2 cells [53].
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Even though the Caco-2 cell model and co-culture model of Caco-2 and HT29MTX cells are widely

used, there are some drawbacks that must be taken into account. Tumoral cells, such as Caco-2 cells, are

found to over- and underexpress certain proteins [51], leading to an altered phenotype that may impact

the permeability [54]. For example, the overexpression of TJ proteins can lead to an incorrect estimation

of in vivo permeability of compounds that can take the paracellular route [44]. HT29MTX cells express

less tight junctions, and by the secretion of mucus, the co-culture is thought to be a better representation

of the in vivo situation [52]. Still, other cell types, such as M-cells are missing, which could possibly

exclude some routes for transportation. Permeability characteristics, have found to be alike for different

substances, such as passive transport of different types of drugs [55]. Still, the difference between in

vitro models and the in vivo situation can be different for other substances.

To summarize, Caco-2 and HT29MTX cells are widely used for in vitro models of intestinal epithelial

cell layers. Overexpression in Caco-2 cells may lead to a decreased permeability compared to in vivo.

Next to this, by the exclusion of M-cells, some transcellular routes may be excluded, which may also

decrease the permeability of the in vitro cell model. By the addition of HT29MTX, the TJ-expression

and presence of mucus are more similar to in vivo. It is assumed that the co-culture of Caco-2 and

HT29MTX a better representation of the in vivo situation than the Caco-2 model. However, to know the

exact permeability characteristics of amyloid fibrils, it is recommended to measure the permeability in

vivo.

2.1.3 Evaluation of the in vitro cell models

To evaluate in vitro cell model of the intestinal epithelial cell barrier, different experiments can be per-

formed. First, to determine the cell layer integrity, Transepithelial Electrical Resistance (TEER) can be

measured. TEER is the measurement of electrical resistance across a cell layer, which reflects the ionic

conductance of the paracellular pathway in the cellular monolayer [45]. TEER values are an indicator

of an intact cellular layer which suggest low permeability for ions and molecules [56]. TEER is a non-

invasive method and can be used to monitor the growth and expansion of the cell layer by division of

cells [45]. In the same way, TEER values can suggest a compromised barrier which indicates increased

permeability. For permeability studies, an intact cell layer is necessary to avoid unrestricted transport.

TEER values are an indication of cell layer integrity by transport of ions, but the TEER values do not

represent the permeability for the compound of interest. The transport rate of a compound in in vitro

models is typically expressed as the apparent permeability coefficient (Papp). Papp (in cm/s) is calculated

using equation 2.1 [44, 46].

Papp =
dC × Va

dt×A× Ci
(2.1)

dC/dt represents the change in the concentration of the particle of interest in the basolateral compartment

(µM/s). dC/dt can be determined from the slope of the cumulative concentration. Va the volume in

the apical compartment (mL), A the surface area of the entire membrane (cm2) and Ci the initial con-

centration of particles in the apical compartment (µM) [46]. Papp includes the transport of all transport

mechanisms.
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TEER values and apparent permeability can be determined for a monoculture (Caco-2) and co-culture

(Caco-2 and HT29MTX). Cells that express more TJ-proteins show higher TEER values than cells that

express fewer TJ-proteins [56]. Caco-2 cells express more TJ-proteins than HT29MTX cells, and it is

indeed reported that the mono-culture shows higher TEER values than the co-culture [44, 53]. TEER

values for Caco-2 layers are reported to be 150-400 Ω × cm2 after 21 days of culturing [45]. For co-

cultures with Caco-2 and HT29MTX, the TEER values depend on the seeding ratio, but are always lower

than solely Caco-2 cells. The values vary from lab to lab because of the heterogeneity of the cell lines.

The TEER values should be monitored during culturing. When the TEER values reach a plateau, the

cell layer can be used for testing [45, 57]. This does not imply that the apparent permeability is lower

for all molecules in Caco-2 models compared to the co-culture. Some studies report that the apparent

permeability in Caco-2 is lower than in the co-culture, for example for the fluorescence molecule Lucifer

Yellow [44, 53] or PS nanoparticles [26]. Others propose that the mucus layer secreted by the HT29MTX

cells is an extra barrier for the substances, so the apparent permeability is lower for the co-culture than

the mono-culture [58].

To summarize, in vitro cell models with Caco-2 and HT29MTX cells is a commonly used cell model

for simulation of the intestinal epithelial cell barrier. Caco-2 cells differentiate into enterocytes and ex-

press TJ-proteins. HT29MTX cells are goblet cells that can secrete mucus A cell model containing only

Caco-2 cells show higher TEER values than a co-culture model with HT29MTX cells. TEER values are

not directly related to the permeability, so the apparent permeability of the substance of interest should

be measured to study the transport mechanism.
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2.2 Amyloid fibrils

Amyloid fibrils are formed from (partly) denatured or misfolded proteins. Fibril formation is usually

irreversible in physiological conditions, as the amyloid-forming form of proteins is often thermodynam-

ically more stable than the native state. The formation of amyloid fibrils when there are no amyloid

fibrils present in the first place is called primary nucleation. The term secondary nucleation is used to

refer to nucleation that is induced by the presence of amyloid fibrils. The growth of nucleation can be

represented in a sigmoidal growth curve with three phases: nucleation, elongation phase and plateau
phase [1, 59]. Figure 2.4 shows the different phases and the corresponding protein structures.

Figure 2.4: Schematic representation of amyloid fibril formation. The growth is represented in a sigmoidal curve
with three phases: nucleation, elongation and plateau phase. Misfolded proteins aggregate to oligomers and after
conversion into cross-β-sheets, amyloid fibrils are formed. Amyloid fibrils can form larger aggregates and amyloid

fibrils can be sonicated to fragment them into smaller amyloid fibrils. Image was created using Biorender.

In the nucleation phase, (partly) misfolded proteins aggregate into protofibrils, which act as nuclei that

can elongate to form fibrils. These nuclei are believed to be held together by hydrogen interactions and

salt bridges. Different conditions influence the lag-time, such as the monomer concentration, type of

monomers, pH and temperature [59].

In the elongation phase, fibrils are formed by monomers binding to the ends of the nuclei. The monomers

adopt cross-β-sheet conformations parallel to the fibrillar axis. The rate of elongation depends on the

monomer concentration and the amount of available fibril ends. Between the nucleation phase and the

elongation phase, there is an intermediate state: oligomers. As the name implies, an oligomer is an ag-

gregate of multiple monomers. Oligomers are believed to be more cytotoxic to cells compared to fibrils

[60, 61], but the oligomeric state is thermodynamically meta-stable. There must be a minimum concen-

tration of monomers in the elongation phase to have elongation [59].

In the plateau phase, the growing rate levels off because of the depletion of monomers. The rate of

addition of monomers to fibril ends is in equilibrium with the rate of monomers detaching from the fib-

rils [59].
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There are several proteins that are capable of forming amyloid fibrils. In this project, two types of

food amyloid fibrils are used: hen egg-white lysozyme and α-Synuclein. Properties of lysozyme and

α-Synuclein will be discussed in the next section.

2.2.1 Lysozyme

Human lysozyme is found in tears, saliva and human milk. It acts as a non-specific defense against gram-

positive bacteria by hydrolysis of the peptidoglycan cell wall [62]. hen egg-white lysozyme is an ortholog

of human lysozyme with around 60% sequence similarity with human lysozyme [8, 63]. It contains 129

residues and has a molecular weight of 14.3 kDa. The structure of hen egg-white lysozyme contains

α-helical and cross-β-sheet regions, which is depicted in Figure 2.5a. Residues 57-107 of hen egg-white

lysozyme are believed to be responsible for amyloid formation [60, 64]. At neutral pH, lysozyme is net

positively charged [11, 65]. In physiological conditions, lysozyme is a stable enzyme that does not easily

aggregate to form amyloid fibrils. Fibrillation of human and hen egg-white lysozyme occurs at a pH of

2 and temperature of approximately 70◦C [63]. At these conditions, lysozyme is unfolded and can form

amyloid fibril aggregates with key amyloid fibril characteristics, such as cross-β-sheet-rich structure,

fibrillar morphology and self-seeding abilities [8].

Some mutations of lysozyme are known to form amyloid fibrils in physiological conditions. The exact

mechanisms of how these amyloid fibrils can affect various organs are not fully understood. It is believed

that oligomeric and mature fibrils of lysozyme have cytotoxic effect in vitro. Probably there is an effect

on organs as well, which can reduce organ function and eventually organ failure [61]. It is known that

lysozyme fibrils can act as fibrils onto which monomers of disease-related amyloid-forming proteins can

bind [11]. This property of lysozyme can also be exploited for the determination of the concentration

of lysozyme fibrils and will be further discussed in Section 2.3.3 about Real-Time Quaking-induced

Conversion.

(a) (b)

Figure 2.5: (a) Representation of the structure of a lysozyme monomer. The orange parts are segments 1-38 and
108-129. Green is segment 57-107, which is the region responsible for amyloid formation. Segments 39-56 are
blue [64]. (b) Representation of the membrane-bound form of an α-Syn monomer including the mutation sites

(A30P, E46K and A53T) that are associated with Parkinson’s disease. The red part is the unstructured
C-terminal, blue the N-terminal and green the NAC-region [6].
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2.2.2 α-Synuclein

α-Synuclein (α-Syn) is a protein mainly expressed in neuronal tissue and is involved in the pathogenesis

of several neurodegenerative diseases. Next to this, early onset of Parkinson’s disease is induced by dif-

ferent mutations such as A30P, E46K and A53T [66]. The number in the mutation indicates the residue

and the letters the type of amino acid. For instance, A53T indicates that the alanine at the amino acid 53

is replaced by threonine. α-Syn and some mutations are schematically depicted in Figure 2.5b. α-Syn

contains 140 residues and has a molecular weight of 14 kDa. At physiological conditions, α-Syn is net

negatively charged [13]. The normal functions of α-Syn remain unclear, but several reports show that it

probably has a role in the regulation of neurotransmitter release, synaptic function and plasticity [13].

Monomeric α-Syn is intrinsically disordered, meaning that it lacks a three-dimensional structure in the

absence of cells or molecules such as proteins or RNA. The central region, residue 61-95, is called the

NAC-region (non-amyloidal component). It contains a high density of hydrophobic amino acids, which

is critical for the amyloidogenic properties of α-Syn. The NAC-region is believed to form the core of

the cross-β-sheet structure. This is known because, cross-β-Syn lacks this region and this is not able to

form amyloid fibrils [67]. The C-terminal of α-Syn is acidic and net negatively charges and can shield

the NAC-region to prevent spontaneous aggregation. α-Syn is net negatively charged.

Most vertebrate species that humans consume, express α-Syn, including cow, chicken and pig, and

several fish species. α-Syn is mostly abundant in brain tissue, but is also found in other tissues, including

skeletal muscle and bone marrow. Small traces of α-Syn are found in bovine milk proteome [10]. This

indicates that α-Syn is present in meat and milk that humans consume. Approximately 90% of the amino

acid sequence of those animals corresponds to human α-Syn, see Appendix Figure A1. For porcine α-

Syn, this is 98%. This means that there are three differences in amino acid sequence between porcine and

human α-Syn, which are A53T, G68E, and V95G [68]. The differences in properties of porcine α-Syn

and human α-Syn have been investigated by Larsen et al. [68, 69]. A decreased fibrillation propensity of

α-Syn in the presence of the three mutations A53T, G68E, and V95G was found. α-Syn with only one

mutation is more prone to fibrillation [68]. For this research, α-Syn A53T was used as a model for animal

α-Syn, but α-Syn A53T might have different physico-chemical properties, for instance in fibrillation.
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2.3 Principles of experimental methods

2.3.1 Fluorescence

The process of fluorescence involves the absorption of light by a molecule followed by the emission

of some of this light energy a few nanoseconds later. In this process, some energy is lost, because of

vibrational relaxation. This results in emission of a photon with less energy than the absorbed photon.

Photons with higher energy have a shorter wavelength than light with lower energy. Therefore, the light

emitted from the fluorescence molecule has a longer wavelength than that of the absorbed light. This

change is called the Stokes shift [70].

2.3.2 Single Particle Tracking

In Single Particle Tracking (SPT), Brownian motion of nanoparticles is followed over time. Brownian

motion is the movement of particles in a liquid or gas, caused by collisions between these particles or

between the particles and molecules of the liquid or gas. These collisions are stochastic, so the path

along which a particle follows is a random walk [71]. The trajectories of particles can be obtained from

an acquired image sequence, wherein particles are bright spots on a dark background. The x- and y-

coordinates of the particles can be determined on every image by setting a threshold intensity [72]. With

algorithms based on the nearest-neighbour theory, the coordinates of the particles are used to calculate

the corresponding trajectories. An example of one of those algorithms is the Crocker-Grier algorithm

[73]. The algorithm can be used to determine the diameter of the particles and the concentration in the

picomolar range [74].

(a) (b)

Figure 2.6: (a) An example of a schematic trajectory of a particle moving due to Brownian motion. The blue
dots indicate the consecutive frames. Red is the distance the particles has moved in a time of 1τ . Yellow is 2τ ,
green 3τ and so on. (b) MSD graph of the trajectory. The slope of this graph is the diffusion coefficient (D).

From the trajectories, information about the surroundings and interactions of the particle can be obtained,

which can be used to determine motional behavior and characteristics of the solution and the particles,

such as particle diameter. This analysis starts with calculating the mean square displacement (MSD)

[72]. The MSD, or < r2 >, describes the average of the squared distance between the position of the

particles for all time-lags (τ ) of certain lengths within one trajectory. Figure 2.6a shows an example of

a random walk of a particle. The blue circles are the consecutive frames. The average for all steps for

each lag-time is shown in Figure 2.6b.
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With increasing lag-time, there are fewer data points so the uncertainty is increasing. The diffusion

coefficient (D) can be described by equation 2.2.

< r2 >= qiD∆tα (2.2)

In which qi is a numerical constant that depends on dimensionality. qi=2, 4, or 6, for 1, 2, or 3 dimen-

sional diffusion. D represents the diffusion coefficient, ∆t the lag-time and α gives information about

the type of diffusion. A linear MSD-graph with α=1, indicates normal, or Brownian, diffusion. α 6=
1 describes anomalous diffusion, α<1 subdiffusion, so diffusion is restricted and α>1 superdiffusion,

which can indicate active transport. For normal diffusion in 2D the equation can be written as:

< r2 >= 4D∆t (2.3)

The diffusion coefficient, D, of spherical particles is the slope of the MSD-graph and can be described

by the Einstein-Stokes equation:

D =
KBT

6πηRH
(2.4)

In which KB is the Bolzmann’s constant, T the temperature and η the dynamic viscosity and RH the

hydrodynamic radius of the particles and. [72].

Inaccuracies of SPT can be due to assumptions made in the determination of the hydrodynamic diameter.

First of all, the particles are assumed to be spherical, which is not the case with nanobead aggregates of

particles with uneven shapes. Furthermore, to determine an accurate particle diameter with SPT, the

viscosity of the solution has to be known, which can change with different temperatures. However, SPT

is a relatively simple and fast method, for instance in sample preparation [6].
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2.3.3 Real-Time Quaking-induced Conversion

Real-Time Quaking-induced Conversion (RT-QuiC) is a quantitative fibril amplification method for de-

tecting protein aggregation [75, 76]. RT-QuiC is widely implemented for the diagnosis of prion diseases

and can be applied to different biological samples, such as whole blood, plasma, cerebrospinal fluid and

urine [75]. In RT-QuiC, the amount of amyloid fibrils is quantified using the reduction in lag-time of

elongation. Elongation occurs in a defined temperature, pH and buffer and occurs in a cyclic manner, as

depicted in Figure 2.7a. Template fibrils, called seeds, are fragmented after a quaking step to create more

binding spots. Aggregation and shaking cycles are repeated to create exponential growth of the pro-

teins. The experiments are performed over 5-13 days [75]. Aggregation can occur via seed-elongation

or surface-mediated RT-QuiC. Seed-elongation is mostly homologous, meaning the seeds consists of the

same protein as the monomers. In seed-elongation RT-QuiC, monomers bind to available extremities of

the fibrils. The monomers that are added adopt the same morphology as the seeds.

In surface-mediated RT-QuiC, monomers do not bind to the extremities of the seeds, but interact with

other binding sites of the fibril. This method is mostly heterologous, so the fibrils can induce aggre-

gation of a different protein [78]. The protein structure of elongated fibril is not necessarily the same

as the structure of the seeds. An example of such aggregation is lysozyme with α-Syn wt monomers,

where the net positive charge of lysozyme plays an important role. It is hypothesized that lysozyme

fibrils bind to the negatively charged C-terminal of α-Syn. The aggregation-prone NAC-region is now

exposed and available to bind with the C-terminal of other α-Syn monomers. The structure is left in a

more aggregation-prone conformation on the lysozyme fibril surface, so monomers will assemble on the

surface [11].

It has been observed by researchers of the NBP-group that lysozyme monomers can also cause aggrega-

tion of α-Syn wt monomers. Therefore, it is important to add a control group with monomers. To reduce

the aggregation caused by interactions of α-Syn with lysozyme monomers, it is possible to increase the

salt concentration of the buffer. By doing this, the charge of monomers is screened, so the binding of α-

Syn monomers to lysozyme monomers is reduced. Fibrils have a higher charge density than monomers,

so the net charge of fibrils is not screened in a salt solution.

(a) (b) (c)

Figure 2.7: Schematic representation of the principle of RT-QuiC. (a) The cyclic process of seed-elongation of
monomers to a template fibril, or seed. (b) ThT binding to amyloid fibrils and emits a fluorescence signal. (c)
The increase of ThT emission is a sigmoidal curve with lag-time decreasing with increasing concentration of

seeds. Images were adapted from [77].
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Aggregation in RT-QuiC is quantified by the real-time recording of Thioflavin-T (ThT) dye fluorescence

[79]. ThT contains a cationic benzothiozole group which is connected to aniline rings by a single C-C

bond. In aqueous conditions, the two aromatic rings can rotate freely around their bond. Upon excitation,

this rotation causes ThT to relax from a radiative excited state to a non-radiative state, causing quenched

fluorescence. When binding onto the cross-β-sheets of amyloid fibrils, the rotational freedom of the C-C

bond is lost and the non-radiative decay impedes. Consequently, this relaxation leads to an increased and

blue-shifted fluorescence of ThT [80, 81]. In this way, the fluorescence signal of ThT is proportional to

the amount of cross-β-sheets. ThT emits a fluorescence signal upon binding to fibrils at excitation of 450

nm and emission of 480 nm [79].

During RT-QuiC, the increase of ThT signal describes the amyloid formation in a lag-phase, an ex-

ponential phase and a plateau, see Figure 2.7c. The curve depends on the experimental conditions and

the fibril concentration. By thresholding, the lag phase can be exploited, which correlates to the amount

of fibrils in the samples. The logarithmic concentration of fibrils is inversely linear to the lag-time.

Another, more quantitative method is to look at the time necessary to reach 50% of the maximum fluo-

rescence. Different factors can influence the lag-time, such as the type of protein and buffer conditions.

Acidic pH and high salt concentration have been shown to either enhance RT-QuiC reactions or result

in spontaneous aggregation of the seed [82]. Abnormalities in the curves can be due to heterogeneity of

the sample or entrapment of ThT. For these reasons, negative and positive controls are usually added in

which respectively very slow aggregation occurs and in which an increase of fluorescence is observed

[79].

Lysozyme and α-Syn A53T fibrils can both reduce the lag-time of aggregation of α-Syn wt monomers

in a concentration dependent matter [11, 12]. This means that it is possible to exploit RT-QuiC to ob-

tain the concentration of fibrils in a solution For α-Syn A53T, the mechanism is seed-elongation and

for lysozyme surface-mediated. As mentioned, for lysozyme, the binding is driven by the difference

in net charge between lysozyme and the C-terminal of α-Syn [11]. It is expected that, at equal fibril

concentration, aggregation in seed-elongation is faster, because, in this case, not all α-Syn wt monomers

that bind to lysozyme will form a new binding site for a second α-Syn wt monomer. However, surface-

mediated RT-QuiC is a good method to exploit when homologous seeding is not possible because of

buffer conditions (temperature, pH etc.) [78].
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2.3.4 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a technique with which the dimensions of nanometer sized particles

can be determined. It is therefore an appropriate technique for studying the morphology of amyloid

fibrils at a resolution of a few nanometer. A cantilever with a sharp tip scans over a sample surface and

records the topography of the surface by variation in interactions between the tip and sample experience

by the cantilever [6]. For imaging of amyloid fibrils, tapping-mode AFM is used. Amyloid fibrils can

be imaged in dry samples. In tapping mode, the cantilever moves at or near the resonance frequency.

The tip briefly touches the surface at each bottom of each swing. Interactions between the tip and the

sample reduce the oscillation amplitude [83]. The lag-time between the oscillation amplitude and the

driving amplitude determines the contrast in the AFM images. The amplitude should be large enough

to overcome capillary forces, but must not damage the sample [6]. The movement of the tip is usually

determined by the detection of a laser beam deflection on a diode.
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3 Methodology

In this chapter, the methodology and experimental procedures will be explained in detail. First, methods

and materials for the in vitro cell models will be explained. This will include cell culture, viability,

staining and (confocal) microscopy. Next, quantification and permeability studies will be explained for

nanobeads and for amyloid fibrils. For amyloid fibrils, the methods of aggregation, labelling, RT-QuiC,

AFM and FCS will be presented.

3.1 In vitro cell model of the intestinal epithelial barrier

3.1.1 Cell culturing and seeding

Two different in vitro models were used to study the ability of amyloid fibrils to permeate the intestinal

barrier. The fist model was a mono-culture of Caco-2 cells and the second model was a co-culture of

Caco-2 and HT29MTX cells. HT29MTX cells were added to test the influence of the presence of goblet

cells and the influence of mucus on the permeation of amyloid fibrils.

Caco-2 and HT29MTX cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 20%

fetal bovine serum (FBS) to provide essential nutrients and growth factors. 10% FBS was used in the

co-cultures. 1% Penicillin-Streptomycin (P/S) was added to prevent bacterial contamination. Finally,

1% non-essential amino acids (NEAA) was added to the culture medium as a supplement to increase

the cell growth and viability. This culture medium was added to the cells during culturing in T25 flasks,

and also during the differentiation process on the transwell membranes in the apical and basal chamber.

During permeability studies, the same culture medium, but without Phenol red was used. Refreshing of

culture medium was done every 2-3 days. The cells were maintained in an incubator at 37◦C and 95%

atmospheric O2 and 5% CO2.

Before seeding, the cells were trypsinized with 0.25% Trypsin in EDTA for approximately 8 minutes

at 37◦C. The cell suspension was centrifuged at 1200 rpm for 3 minutes to obtain a cell pellet. Culture

medium was added for resuspension of the pellet. The cells were counted in a Neubauer chamber and

seeded on the transwell-membranes (pore size: 3.0 µm) at a cell concentration of 1 × 105 cells/cm2

(33,600 /transwell) for the mono-culture with only Caco-2 cells. In the co-culture, Caco-2 was seeded at

a concentration of 4.5 × 104 cells/cm2 (15,000 /transwell) and HT29 1.5 × 104 cells/cm2 (5,000 /tran-

swell). A ratio of 1:3 of H29MTX cells to Caco-2 cells is reported to be the best compromise between

the model response and the presence of mucus in the layer [52]. The cells were cultured on the tran-

swell membranes until they were used for the permeability tests. The permeability tests were performed

between day 21 and 25 after seeding the cells.

3.1.2 Monolayer integrity: Transepithelial Electrical Resistance

Transepithelial Electrical Resistance (TEER) measurements were performed every 2-3 days during the

differentiation process to monitor the cell layer integrity. For the TEER measurements, the commercially

available system Epithelial Voltohmmeter (EVOM3) with STX2-PLUS electrodes were used. EVOM3

can generate a low AC current that avoids electrode metal deposits and negative effects on tissues which
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can possibly be caused by higher DC currents. One electrode was placed in the apical compartment and

the second electrode in the basolateral compartment. The electrodes contain silver/silver chloride pellet

for measuring voltage and a silver electrode for passing current [56]. The measurements were performed

in a 24-wells plate with 700 µL cell culture medium in the basolateral compartment and 250 µL in the

apical compartment. The measured resistance of the cellular monolayer was corrected for the surface

area and the resistance of an empty membrane.

3.1.3 Cell viability

A MTT assay was performed to measure cell viability. For the MTT assay, the seeding concentration

was 5,000 cells/cm2. The MTT assay was performed in single day seeded cells. In a MTT assay, the

metabolic activity of cells was measured. It is therefore an indicator for the cell viability, proliferation and

cytotoxicity. A yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,

or MTT) was reduced into purple formazan crystals by viable cells containing NAD(P)H-dependent

oxidoreductase enzymes [84, 85]. Formazan accumulates as an insoluble precipitate inside the cell as

well as being deposited near the cell surface and in the cell medium [85]. Formazan was dissolved with

a solubilization solution. The degree of light absorbed was measured by a spectrophotometer (Tecan) at

570 nm. Measurements at a reference wavelength (650 nm) were subtracted from the measurements to

correct for the difference between locations of measurements [84]. The measurements were normalized

between 0% and 100%, with 0% being a blank sample and 100% a control without nanobead exposure.

3.1.4 Fixation and Staining of the cells

Before imaging the cell layer, the Caco-2 and HT29MTX cells need to be fixed and stained. The fixa-

tion and staining protocols were equal for both cell types. Cells were fixed with 4% paraformaldehyde

(PFA) in Phosphate-buffered saline (PBS) for 20 minutes after the experiments. After fixation, the cells

were washed 3x with PBS. Before staining the cells, the cell membrane was permeabilized with 0.1 %

Triton-X for 10 minutes and again washed 3x with PBS. Alexa Fluor 488 (AF488) phalloidin was used

to stain F-actin. AF488-phalloidin was used at a concentration of 5 units/mL (165 nM) for 20 minutes.

To visualize the cell nucleus, DAPI dilactate (4’,6-diamidino-2-phenylindole) staining was used with a

treatment of 5 minutes of 2 µg/mL. After fixation, permeabilization and staining, the membrane of the

transwell was cut out of the holder. The membrane was put on a microscope slide with the cells facing

upwards. A droplet of mounting medium was added before covering the membrane with a coverslip

(thickness No. 1.5H). During imaging, the cell-side of the membrane was faced towards the objective.

Qualitative analysis of mucus, secreted by HT29MTX cells, was performed with Alcian staining. For

this, the cells were fixed with 4% PFA or with Methacarn. Methacarn (60% methanol, 30% chloroform,

10% acetic acid) was added to the apical and basolateral compartment. Incubation was done at 4◦C for

15 minutes. The cells were gently washed with water and the membrane was cut out of the holder. The

Alcian blue solution was filtered through a 0.02 µm syringe filter and was added drop wise to the cell

layer until the entire surface was covered. The Alcian staining was removed from the membrane after

15 minutes. Multiple washing steps were done to remove the excess of staining. A counter staining of

0.1% Eosin was used to stain the cytoplasm. After this, the membrane was washed until the water stayed

colourless.
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3.1.5 Confocal imaging

To image the nanobeads and amyloid fibrils within the cell layers, confocal laser scanning microscopy

was used. With confocal microscopy, the optical resolution is improved compared to wide-field mi-

croscopy by blocking of out-of-focus-light by a pinhole. To create an image, the focused spot is scanned

across the sample. With confocal microscopy, it is possible to obtain information for z-slices and gener-

ate 3D-images [86].

A Picoquant MicroTime200 Laser scanning confocal microscope was used for imaging the cell layer. The

lasers were operated in a pulsed interleaved excitation (PIE) mode with repetitive three-color pulses. The

excitation wavelength for the nanobeads and amyloid fibrils was 636 nm, for F-actin (AF488-phalloidin)

483 nm and for the cell nucleus (DAPI) 401 nm. The 483-nm laser pulse was followed by pulses at

483 nm and finally 636 nm. The time between two subsequent pulses was 25 ns. An optical filter of

690/70 was placed before the detector of the 636-laser, of 520/35 for detector the 483-laser and 438/24

and 447/60 before the 401-laser. The dichroic mirror transmitted 80% of the light and reflects 20% of

the light. The diameter of the pinhole was 50 µm. The distance between z-slices was 1 µm and the num-

ber of pixels was chosen to obtain a pixel size of approximately 100 nm. The objective was Olympus

UPlanSApo 60x WI, so before use a water droplet was placed on the objective. Orthogonal views of the

confocal images were made in Fiji by a slice spacing of 1 µm and interpolating the signal.

3.2 Polystyrene nanobeads

The nanobeads used within this research were 20 nm polystyrene FluoSpheresTM Carboxylate-Modified

Microspheres [87] and 200 nm polystyrene NanospheresTM [88]. The 20 nm beads are so-called ‘dark

red’ (ex. 660 nm, em. 680 nm). The 200 nm beads were stained with Nile Red (NR) (ex. 552 nm, em

580 nm). 2 mg of NR powder was added to 1 mL methanol. 10 µL of nanobeads was added to 10 µL

NR-methanol-solution and 990 µL MiliQ water. Before diluting the nanobeads from the stock solution,

the stock was sonicated in a sonication bath for 20 minutes. To determine the exact concentration of

nanobeads, a calibration curve was made for the 20 nm and the 200 nm nanobeads. Three sets of solutions

were prepared for the calibration.

3.2.1 Single Particle Tracking

Nanobead tracking and counting was performed with a custom made microscope. A 640 nm 2.1 Watt

laser diode was coupled with an inverted microscope (NIKON TE-2000U). Excitation light was focused

on the objective’s back focal plane. The objective was Nikon CFI Plan Apo VC 60x WI, NA 1.20. An

excitation filter removed light with a wavelength above 640 nm from the laser. The dichroic mirror

separated excitation light from emission light. The emission light was filtered by a band-pass filter from

650 nm to 710 nm and a long-pass filter of 647 nm. The exposure time was for all measurements set to

5 ms and the frame rate to 35 frames per second for counting and 150 frames per second for tracking.

The videos were analyzed using Trackpy, a Python implementation of the Crocker-Grier particle tracking

algorithm. For measuring the concentration of nanobeads, nanobeads were required to be present for at

least three consecutive frames, and for the determination of the size, five consecutive frames.
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3.2.2 Permeability

As a first permeability experiment, the permeability of PS nanobeads through Whatman Nuclepore

Track-Etched polycarbonate (PC) membranes, was measured. PC-membranes with two different pore

sizes were tested: 400 nm and 1000 nm. Different pore sizes were tested to measure the effect of pore

size on the removal of nanobeads in the feed. For this experiment, 200 nm beads were used. The PC-

membrane was placed in a holder between two supports. Two syringes were placed on both sides of

the filter holder, with one syringe containing nanobeads at a concentration of 4.5 × 109. This syringe

was connected to a syringe pump and the flow was set to 20 µL/min. After wetting the membrane with

MiliQ, the measurement started. Every minute, 20 µL of sample was collected from the initially empty

syringe. The concentration of nanobeads in the permeate was measured in the SPT set-up. The retention

was calculated using equation 3.1.

R = 1− Cpermeate
Cfeed

(3.1)

Cpermeate is the concentration of nanobeads in the permeate after a plateau is reached and Cfeed is the

initial concentration of nanobeads.

Next, the permeability of a transwell membrane without cells was measured to test different experi-

mental methods in the SPT set-up. For the permeability tests of the transwell membrane, a custom made

holder and Ibidi black 24-wells plate were used to hold the transwell inserts. The custom made holder

contained a glass coverslip No.1.5 which needed to be cleaned with UV light for approximately 20

minutes. 100 µL of sample was pipetted into the apical compartment and 600 µL in the basolateral com-

partment. Testing the set-up on the empty membrane measurements was done with transwell membranes

with pores of 0.4 µm. The ‘real-time’ measurements for measuring the concentration of nanobeads in

the basolateral compartment were performed on the SPT set-up. After pipetting the nanobeads in the

apical compartment, the images were made at a frame-rate of 0.2 fps. Every 5 seconds, an image was

taken for a time of 2 hours (1440 frames). During that time, the holder (or 24-wells plate) and transwell

inserts were not moved from the set-up. As a positive control, the cells were treated with EGTA (ethylene

glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid) for 1, 2 or 4 hours.

To measure the permeability for longer time-points, the 24-wells plate was placed on a shake-plate in

the incubator in between the measurements. The shake-plate agitated at a speed of 150 rpm. Before

measuring the concentration of nanobeads in the basolateral, the transwell inserts were removed from

the 24-wells plate and placed in another plate that remained in the incubator to avoid contamination.

The transport in percentages was determined with the concentration of nanobeads in the apical and the

basolateral compartment by equation 3.2. The factor 6 is from the dilution from the apical compartment

to the basolateral compartment.

Transport(%) =
Cbasolateral
6× Capical

× 100% (3.2)
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3.3 Amyloid fibrils

3.3.1 Aggregation and labelling

The food-related amyloid fibrils studied in this research were hen egg-white lysozyme and α-Synuclein

(α-Syn). In this research, α-Syn A53T was used to mimic animal α-Syn. Unstained lysozyme and α-Syn

A53T fibrils were produced in a de novo aggregation reaction by other researchers of the NBP-group.

Lysozyme monomers were obtained from Sigma (cat. no. L6876). Amyloid fibrils were produced from

fibrils by ultrasound-sonication in a bath-sonicator. The time of sonication for lysozyme was 4 minutes

and for α-Syn A53T the sonication time was experimentally tested to obtain equally long α-Syn A53T

and lysozyme fibrils.

The amyloid fibrils were labelled using fluorescence labels for quantification purposes. Lysozyme

monomers were labelled with Alexa Fluor 647 (AF647) NHS ester. AF647 contains a N-Hydroxy

succinimide-ester (NHS-ester), which can react to the primary amine (R-NH2) of a lysozyme monomer

in slightly alkaline conditions. This will result in a stable amide bond [89, 90]. α-Syn α-Syn A53T

monomers were labelled with AF647 C5 maleimide. The alanine at residue 140 was substituted for

cysteine (A140C). Maleimide reacts with the sulfhydryl, or thiol, bond of the cysteine in a neutral pH

[91]. Before addition of the dye, the storage buffer of α-Syn A53T was removed. This storage buffer

contains dithiothreitol (DTT) to prevent the formation of disulfide bridges and inactivation of the cys-

teines. The storage buffer was removed by buffer exchange with Zeba Spin desalting column with a

molecular weight cut-off of 7 kDa. The buffer was replaced with a labelling buffer, containing tris[2-

carboxyethyl]phosphine (TCEP). TCEP is also a disulfide-reducing agent but does not have to be re-

moved before the reaction with maleimide.

The Alexa Fluor dyes were added to monomers with the concentration of dye being twice the con-

centration of monomers. After incubation of 1 hour at room temperature, the excess of dye was removed

by use of a Zeba Spin column with molecular weight cut off of 7 kD. The final protein concentration was

calculated with equation 3.3 by measuring the absorbance at the wavelengths 280 nm and 650 nm.

Cprotein =
A280 − CF ×A650

εprotein
(3.3)

Where A is the absorbance at 280 nm and 650 nm, CF a correction factor for the contribution of the pro-

tein absorbance of the absorbance of the dye, which is 0.05. εprotein was the molar extinction coefficient

(in M−1 cm−1). ε for lysozyme was 36,000 M−1 cm−1 and for α-Syn 5,600 M−1 cm−1.

After labelling, the monomers were added to amyloid fibrils to induce fibrillation. Labelled fibrils were

prepared from incubation of labelled monomers, unlabelled monomers and unlabelled fibrils at a ratio of

1:48:1. The concentrations of fibrils and monomers that should be added to obtain this ratio was deter-

mined by the help of the degree of labelling (DOL), as the solution of labelled monomers also contained

unlabelled monomers. The degree of labelling was calculated with equation 3.4.
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DOL =
A650

εdye × Cprotein × l
(3.4)

Where εdye was the molar extinction coefficient for Alexa Fluor dye, which was 239,000 M−1 cm−1,

and l the light path length.

For lysozyme fibrils, incubation was done at 80◦C, with shaking at 750 RPM for 24 hours. The ag-

gregation buffer was NaH2PO4 50 mM with pH 2. α-Syn A53T incubation was performed at 37◦C with

shaking of 750 RPM for 24 hours. The buffer was Tris 10 mM, NaCl 10 mM, EDTA 0.1 mM with pH

7.4. The labelled fibrils were separated from monomers and oligomers by centrifugation for 1 hour at

21,000 g at 20◦C. The supernatant was removed and the absorbance at 280 nm and 650 nm was mea-

sured to determine the concentration again with equation 3.3. The final concentration of labelled fibrils

was determined by subtracting the total concentration with the concentration of the supernatant. The

concentration of fibrils described throughout this research is equivalent monomer concentration.

3.3.2 Bulk fluorescence spectroscopy

Bulk fluorescence measurements were performed on the basolateral samples of the models after treat-

ment of lysozyme and α-Syn A53T fibrils. With the increase of concentration of fibrils in the basolateral

compartment, the apparent permeability can be determined.

Labelled lysozyme and α-Syn A53T fibrils were pipetted on mono and co-culture models. The ini-

tial concentration of fibrils in the apical compartment was 2.5 µM. The 24-wells plate containing the

transwell inserts was placed in the incubator on a shake-plate, which agitated at 150 rpm. During mea-

suring the fibril concentration in the basolateral compartment, the transwell inserts were removed from

the 24-wells plate and placed in another plate that remained in the incubator to avoid contamination. The

concentration of fibrils in the basolateral compartment was determined at different time points using the

Fluoromax 4 (HORIBA). 60 µL of sample was pipetted into a QS 3.00 mm cuvette. The excitation was

640 nm and emission 650-800 nm. The front entrance and exit slit were 5.00 nm bandpass for excitation

and emission. A calibration curve was made on each day of measuring the permeability. This was done

with lysozyme and α-Syn A53T fibrils in culture medium without phenol red. A blank measurement

containing only culture medium without Phenol red was always subtracted from the measurements. The

maximum of the emission spectra was taken for the calibration curve and to determine the concentration

of fibrils, which was at 669 nm. The transport in percentages was determined with the fibril concentration

in the apical and the basolateral compartment by equation 3.5. The factor 6 is from the dilution from the

apical compartment to the basolateral compartment.

Transport(%) =
Cbasolateral
6× Capical

× 100% (3.5)
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The apparent permeability (Papp) was calculated using equation 3.6.

Papp =
dC × Va

dt×A× Ci
[44, 46] (3.6)

dC/dt represents the change in amyloid fibril concentration in the basolateral compartment (µM/s). Va

was the volume in the apical compartment (mL), A the surface area of the entire membrane (cm2) and Ci
the initial fibril concentration in the apical compartment (µM). Papp of the cell layer without the transwell

was calculated with the following equation:

1

Papp(cells)
=

1

Papp(total)
− 1

Papp(transwellmembrane)
(3.7)

3.3.3 Real-Time Quaking-induced Conversion

Real-Time Quaking-induced Conversion (RT-QuiC) experiments were performed on the samples of the

basolateral compartments of the cell-models for lysozyme and α-Syn A53T to determine whether there

were amyloid fibrils or monomers, and in what concentration. Lysozyme and α-Syn A53T fibrils in

the sample, if present, will act as templates for aggregation of α-Syn wild type (wt) monomers. For

lysozyme, the reaction was based on the charge interactions between the positively charged lysozyme and

the negatively charged α-Syn monomers (surface-mediated mechanism). For α-Syn A53T, the growing

mechanism was seed-elongation, meaning the monomers only bind to the extremities of the α-Syn A53T

fibrils.

Recombinant α-Syn wt monomers were thawed from -80◦C and filtered through a 0.02 µm syringe

filter. A buffer was made with 10 mM Tris pH 7.4, 10 mM NaCl, 0.1 mM EDTA, 22.22 µM α-Syn

wt monomers and 22.22 µM ThT diluted in Miliq. NaCl concentration of 150 mM was also tested for

RT-QuiC with lysozyme. Dilution series were made for amyloid fibrils and monomers for both types of

proteins:

• Fibrils were obtained by sonication of fibrils in a ultrasound-sonication bath. For lysozyme fibrils,

the sonication time was 4 minutes and for α-Syn A53T 10 minutes.

• Lysozyme monomers were obtained by diluting lysozyme from hen egg-white in a NaH2PO4 50

mM solution with a pH of 2.

• Recombinant α-Syn A53T monomers were thawed from -80◦C and filtered through a 0.02 µm

filter.

For lysozyme fibrils and monomers, the concentration range was between 0.001 and 10 µM. For α-Syn

A53T fibrils and monomers, between 0.5 nM and 5 µM, with steps of power 10. 100 µL of each of the

dilutions, samples or negative control (unseeded) were added to 900 µL of the buffer. 200 µL of the

mixture was added in quadruplicate in a black 96-wells polystyrene microplate, covered with a seal. The

RT-QuiC experiments were performed at a pH of 7.4 and at a temperature of 37◦C. The fluorescence

intensity was measured at the beginning of each new cycle at an excitation wavelength of 458 nm and an

emission wavelength of 485 nm. The gain was set to 40. Each cycle consists of 5 repetitions of 1 minute

of orbital shaking at 335 rpm and 1 minute without shaking. After 1000 cycles, the measurements were

finished.
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RT-QuiC data was analyzed using Origin. For each sample, the threshold was the mean + 5×standard

deviation of the first hour, or first 6 data points. The lag-time was determined by finding the first intercept

of the threshold in the intensity versus time plots. The lag-time was normalized to the lag-time of the

unseeded sample, with the lag-time of the unseeded sample being 1. The normalized lag-times were

plotted versus concentration in a semi-log plot. A linear fit was plotted, which was used to determine the

concentration of fibrils in the samples.

3.3.4 Atomic Force Microscopy

Atomic Force Microscopy (AFM) was performed on 20 nm beads and amyloid fibrils to determine the

exact size. Next to this, AFM was performed on lysozyme and α-Syn A53T unsonicated and sonicated

fibrils to determine the length and morphology of the fibrils.

AFM samples were prepared by adding 20 µL to a freshly cleaved mica disk. For all AFM measure-

ments, a concentration of 10 µM of fibrils or fibrils was used. To remove unbound fibrils and the buffer,

the mica disk was washed three times with MiliQ water and dried with a soft flow of nitrogen. For the

measurements, soft tapping mode in air was used with Bioscope Catalyst (Bruker). The HQ:NSC36/Cr-

Au BS probe was used with a force constant of 2 N/m. The images were made with a resolution of

512x512 px at a rate of 0.5 Hz. The images were processed with the Nanoscope Analysis software. The

length of the fibrils of the AFM-images was measured using Fiji. The mean length was determined from

50 fibrils or nanobeads of at least 2 different AFM images. The concentration of fibrils was 10 µM and

the concentration of nanobeads was 1.25× 105 nanobeads/mL.

3.3.5 Förster Resonance Energy Transfer

The confocal images that were made with Picoquant MicroTime 200 were analysed on the presence of

Förster Resonance Energy Transfer (FRET). The images were made with pulsed interleaved excitation,

which could be used in the analysis of FRET. AF488 and AF647 could theoretically be a FRET pair.

FRET images were made by looking at the second time gate (483 nm) and the detector with an optical

filter of 690/70 nm.

3.3.6 Fluorescence Correlation Spectroscopy

Fluorescence Correlation Spectroscopy (FCS) experiments were performed on the permeate of the cell-

models for lysozyme and α-Syn A53T to determine whether there were monomers or free dye in the

sample. Picoquant MicroTime 200 laser scanning confocal microscope was used for FCS measurements.

The excitation wavelength was 636 nm and an optical filter of 690/70 was placed before the detector.

The objective was an Olympus UPlanSApo 60x WI, so before use, a water droplet was placed on the

objective. Calibration of the focal volume and κ was performed with a solution of 2.5 nM AF647 in

MiliQ water before every measurement. The monomer solution was diluted until G(0) was between 0.1

and 1. OD filters were used to attenuate the laser intensity to approximately 6,000 A.U. Diffusion-time

was between 0.001 and 100 ms. All samples were measured for at least 4 times for 60 seconds. The

autocorrelation graphs were all fitted to a second order with a triplet state fit. This type of fit was used

as electrons of the fluorophore can be excited to the triplet state and emit photons by a process called
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phosphorescence. The duration of phosphorescence, is slower than diffusion time of molecules, but it

is still long enough to be measured in FCS. By fitting the autocorrelation graph to a triplet state fit, this

effect can be taken into account [92]. The hydrodynamic diameter, Dh, of the particles was determined

with the Einstein-Stokes equation:

Dh =
KBT

3πηD
[72] (3.8)

In which D is the diffusion coefficient, kB the Bolzmann’s constant, T the temperature and η the dynamic

viscosity [72].
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4 Results and Discussion

In this chapter, the results of the research will be presented and discussed. The results are divided into

two main sections: polystyrene (PS) nanobeads and amyloid fibrils. PS nanobeads are used as a first step

towards developing a methodology to quantify the permeability of the in vitro cell models of the epithelial

intestinal barrier. The first part of this section will contain the characterization of nanobeads including

characterization of particle size and concentration. Nanobead characterization is followed by different

experimental methods of measuring the permeability of nanobeads through different membranes. In the

second part, the quantification of amyloid fibrils will be discussed. Finally, the permeability characteris-

tics of the different amyloid fibrils in the cell models mimicking gut barrier will be discussed.

4.1 Polystyrene nanobeads

4.1.1 Characterization and quantification

To study the permeability of PS nanobeads through the in vitro cell models, dark red carboxylated Flu-

oSpheres with a diameter of 20 nm were used. These were the smallest nanobeads available. The exact

diameter of these nanobeads was determined using Atomic Force Microscopy (AFM) and Single Parti-

cle Tracking (SPT). 200 nm PS nanospheres stained with Nile Red were used to determine the retention

of membranes with different pore sizes. For both sizes of nanobeads, the detection range of SPT was

determined by counting the number of nanobeads in the captures, which will be discussed in the second

part of this section.

The hydrodynamic diameter of the nanobeads was determined with SPT based on the theory discussed

in Section 2.3.2. Figure 4.1a shows a capture of the PS-nanobeads made with the SPT set-up. The red

circles are nanobeads which are recognized by the tracking program Trackpy. The mean hydrodynamic

diameter found with SPT was 23.0 ± 7.5 nm. The diameter of the nanobeads was also examined by

measuring the height of the nanobeads in the AFM images, see Figure 4.1b. In AFM, the mean height

was 16.9 ± 3.8 nm.

(a) (b)

Figure 4.1: (a) Capture of nanobeads in the SPT set-up. Red circles are nanobeads recognized by Trackpy.
(b) AFM image of ‘20 nm’ PS-beads. The color scale between black and white corresponds to a height of 25 nm.
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The difference between the diameter of the two methods is probably related to the fact that with SPT, the

hydrodynamic diameter was measured, while in AFM the particle height was determined. Because of

this, AFM offers a more realistic result of the actual nanobead diameter, whereas in SPT the nanobead

diameter is inflated. Larger nanobeads diameter has been observed in literature for other hydrodynamic

determination methods, such as Dynamic Light Scattering (DLS) [93]. The nanobeads appear to be in

the expected range of particles that can take the paracellular leaky pathway [32, 39, 40]. This means that

the PS nanobeads were suitable for the preliminary model for testing the quantification method.

To determine the concentration range of detection for the 20 nm and 200 nm beads, the number of

nanobeads in the detection volume was counted with a tracking algorithm. Figure 4.2 shows the number

of nanobeads in the detection volume plotted against the concentration. 20 nm beads were used for the

permeability studies on the Caco-2 cell model and 200 nm beads for the permeability experiment with

polycarbonate-membrane with different pore sizes.

From the measured number of nanobeads in the detection volume, the concentration could be calcu-

lated with the dimensions of the detection volume. The detection volume was 17 pL for the detection

of 20 nm beads and 29 pL for the detection of 200 nm beads. The volumes were different, as differ-

ent lasers were used for the detection. In Figure 4.2c the measured concentration is plotted versus the

assumed concentration. The assumed concentration was based on information given by the manufac-

turer of the nanobeads. The slope should be 1, as the difference between the measured and assumed

concentration should not be dependent of the concentration. For the 20 nm beads, the slope was 0.76

with R2 of 0.99. For the 200 nm beads, the slope was 1.02 with R2 of 0.98. The decrease of the slope

of the 20 nm beads could be due to that for higher concentrations, the tracking program does not track

the less bright nanobeads. The off-set between the 20 nm and 200 nm graph could be explained by the

number of nanobeads in the stock being not exact as given by the manufacturer. For the lowest concen-

tration, the number of nanobeads in the detection volume was on average less than 1. This means that

there were captures measured without containing nanobeads. Within 30 minutes of measuring, the low-

est concentration that could be measured was approximately 107 nanobeads/mL. Lower concentrations

could be measured by increasing the measuring time or by using flow to refresh the detection volume. A

disadvantage of inducing flow would be the volume, as for this research, the volume in the basolateral

compartment would not be enough to perform flow-experiments.

(a) (b) (c)

Figure 4.2: Number of (a) 20 nm and (b) 200 nm beads in the detection volume as a function of concentration.
The red line shows the linear fit of the data with R2 0.99 in (a) and 0.98 in (b). The error bars show the

standard deviation of 3 independent sets. (c) Measured concentration plotted against assumed concentration.
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4.1.2 Viability of Caco-2 cells during exposure to PS nanobeads

To verify if Caco-2 cells were still viable during exposure to PS nanobeads, a MTT viability assay was

performed. The understanding of potential toxic effect of nanoparticles on the Caco-2 cell layer is cru-

cial, because if the cells are not viable, the cell layer integrity might get compromised. This might

result in change of overall permeability characteristic of Caco-2 cell layer. In this study, carboxylated PS

nanobeads were used. The nanobeads have a high density of carboxylic acids (COOH) on their surface.

Because of this modification, the PS nanobeads were negatively charged, which is reported to cause a

decreased cytotoxic effect compared to positively charged nanobeads [27]. Moreover, charged nanopar-

ticles aggregate less than neutral nanoparticles.

Figure 4.3 shows the viability of Caco-2 cells after exposure to different PS nanobead concentrations

and exposure times normalized to the negative control, that did not have a nanobead treatment. Two con-

trol groups are shown, as the experiment of 2 hours treatment was not simultaneously performed with

72 hours treatment. There was no difference in the viability observed between treatment time of 2 hours

and 72 hours. There was also no difference between the control and the nanobeads concentrations of

5×1010, 5×1011 and 5×1012 nanobeads/mL. For the highest concentration of 5×1013 nanobeads/mL,

the viability of the Caco-2 cells was decreased to approximately 80%.

Figure 4.3: Viability of Caco-2 cells after exposure to PS nanobeads at different treatment times and
concentration. The error bars show the standard deviation of 4 replicates.

In literature, (carboxylated) PS nanobeads were tested for cytotoxic effects on Caco-2 cells. The nanobead

concentrations reported ranged from 0.1 to 200 µg/mL, which corresponds to 2 × 1010 to 5 × 1013

nanobeads/mL. In these studies, carboxylated and non-carboxylated PS nanobeads of 50 nm, 100 nm

and 500 nm within this concentration range do not have cytotoxic effect on Caco-2 cells after 24 hours of

exposure [28, 29, 30]. The slight decrease in the viability at the highest concentration was not observed

by these studies. It is possible that the decrease in the viability observed was not originating from the

PS nanobeads, but from other molecules in the particle suspension. The nanobeads were supplied as

suspension in water with 2 mM sodium azide (NaN3) as preservative. The concentration of NaN3 in the

highest concentration of nanobeads was 0.02 mM. In literature it is reported that a NaN3 concentration

of 0.015 mM may be toxic to epithelial cells [94]. This indicates that the slight decrease in the viability

at 5×1013 nanobeads/mL may be due to the presence of NaN3. This effect probably occurred in the first
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2 hours after exposure, as there was no difference in the viability between 2 hours and 72 hours. Because

of the possibility of cytotoxic effects of NaN3 in the nanobead concentration of 5 × 1013 it was chosen

to exclude this concentration in the permeability experiments with cells.

From the viability experiment, it became clear that the concentrations of 5× 1010, 5× 1011 and 5× 1012

nanobeads/mL did not reduce the cell viability of Caco-2 cells within 72 hours of exposure. Thus, these

nanobead concentrations can be used in the permeability experiments with a maximum treatment time

of 72 hours.

4.1.3 Permeation of PS nanobeads through membranes with different pore sizes

As a first step in the determination of the permeability of the in vitro cell barrier, the retention of polycar-

bonate (PC) membranes with different pore sizes was determined. This was done to test the experimental

set-up and to determine the effect of pore size on the removal of nanobeads. In this experiment, there was

a flow exerted by a syringe pump. The flow rate of the syringe pump was 20 µL/min and every minute

the permeate was collected. Figure 4.4 shows the decrease in the nanobead concentration after filtration

through the PC-membrane with pores of 400 nm and 1000 nm. The first data point (gray dot) shows the

initial nanobead concentration before filtration. For the 400 nm beads, the concentration decreases until it

reached a plateau. For the 1000 nm beads, the concentration immediately drops to approximately 3×108

nanobeads/mL and remained at that concentration. The retention was calculated from the concentration

at this plateau by equation 4.1.

R = 1− Cpermeate
Cfeed

(4.1)

Retention of 1 indicates complete removal and retention of 0 indicates no removal by the membrane.

For the 400 nm membrane, the retention was 0.97 and for the 1000 nm membrane 0.65. For both

membranes there was some removal by the membrane, while the pores of both membranes were larger

than the nanobeads. This could be due to some pores being smaller than the given pore size, because

the pore sizes of track-edged membranes is a distribution. The nanobeads could attach to the membrane

and possibly form a cake layer. To conclude, membranes with smaller pores have a higher removal of

nanobeads than membranes with larger pores. This makes sense, as larger pores allow more transport

compared to membranes with small pores. This is also expected to occur in paracellular transport by

cells.

Figure 4.4: Concentration of nanobeads in permeate after filtration of 200 nm PS beads through a PC-membrane
with two different pore sizes: 400 and 1000 nm. The gray dot shows the initial concentration in the feed.
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4.1.4 Permeation of PS nanobeads through empty transwell membranes

For the permeability experiment by PC-membranes described above, it was not possible to calculate

the apparent permeability from equation 2.1 in Chapter 2. This was not possible, because the system

was pressure-driven, as the nanobead solution was pushed through the membrane by a syringe-pump.

Therefore, it was decided to continue with the permeability experiments where no pressure was applied.

First, a transwell membrane without cells was used to test the experimental set-up of the quantification

of nanobeads permeability.

It was found that for some permeability studies in literature, a small volume is removed from the ba-

solateral compartment to measure the concentration of nanobeads in the sample. The basolateral sample

is replaced with medium [27, 95]. The main issue for the quantification of the permeability in these sys-

tems is that the concentration gradient across the membrane was influenced. To overcome this problem,

the concentration of the nanobeads in the basolateral compartment was measured in ‘real-time’. Another

advantage of measuring the concentration in real-time is that it would provide many data points to extract

the change in concentration (dC/dt) for the calculations of the apparent permeability.

First, the real-time method was tested on an empty transwell membrane with pores of 0.4 µm. A 24-wells

plate containing a transwell was kept on the SPT set-up during the entire experiment. The position of de-

tection in the basolateral compartment was kept constant during the measurements. After adding 20 nm

beads in the apical compartment of the transwell membrane, every 5 seconds a capture was made from

the detection volume in the basolateral compartment with the SPT set-up. Different initial nanobead con-

centrations in the apical compartment were tested and the reproducibility of the method was determined.

Initial nanobead concentration
The initial nanobead concentrations in the apical compartment were: 5 × 109, 5 × 1010 and 5 × 1011

nanobeads/mL. It is known from the nanobead concentration range discussed in Section 4.1.1 that the

number of nanobeads in the detection volume for 5× 109 nanobeads/mL was on average 14. The apical

compartment contained a volume of 100 µL and the basolateral compartment 600 µL. If there would be

an equilibrium in the concentration between the apical and basolateral compartment, the concentration

of nanobeads would be diluted 6 times. For an initial concentration of 5×109 nanobeads/mL, this would

lead to an average of approximately 2 particles in the detection volume of the basolateral compartment.

For 5× 1010 nanobeads/mL this would be 20 and for 5× 1011 nanobeads/mL 200.

Figure 4.5 shows the concentration of nanobeads in the detection volume over time for the three dif-

ferent initial concentrations. The moving average over 8 time points is depicted to smooth out the data,

to remove noise and to better expose the trend of the data. The graphs in Figure 4.5 show an increase of

concentration in the detection volume. For 5 × 109 and 5 × 1010 nanobeads/mL, the increase was fol-

lowed by a decrease in the concentration. The shape of these graphs could be explained by the diffusion

front of the nanobeads. This is described in detail in the next section about the reproducibility of this

method. The time at which the concentration starts increasing, depends on the position of the detection

volume. This will also be explained in the next section.
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(a) 5× 109 nanobeads/mL (b) 5× 1010 nanobeads/mL (c) 5× 1010 nanobeads/mL

Figure 4.5: Concentration of nanobeads in the basolateral compartment for three different initial concentrations.
The left y-axis in the graphs shows the concentration of nanobeads in nanobeads/mL. The right y-axis shows
the number of nanobeads calculated with the dimensions of the detection volume. The dots show data points,

and the black lines are the moving average over 8 data points. In (a), the concentration was 5× 109

nanobeads/mL, in (b) 5× 1010 nanobeads/mL and in (c) 5× 1011 nanobeads/mL.

After the decrease of concentration of nanobeads, the concentration seems to reach a plateau. For 5×109

nanobeads/mL in Figure 4.5a this plateau was approximately at 0.66 nanobeads in the detection volume.

For 5 × 1010 in Figure 4.5b this plateau was at 11 nanobeads in the detection volume. Previously it

was described that the final number of nanobeads in the detection volume for 5 × 109 nanobeads/mL is

expected to be 2 and for 5×1010 nanobeads/mL 20. This means that the measured number of particles in

the detection volume at the plateau was within the order of magnitude of what was expected. However,

the measured number of nanobeads were a bit lower than expected. This may be due to the nanobeads at-

taching to the membrane or sides and bottom of the wells plate and the holder of the transwell membrane.

Figure 4.5c shows that with an initial concentration of 5 × 1011 nanobeads/mL, there is a relatively

fast and steep increase of concentration in the detection volume. After the number of nanobeads in the

detection volume reaches approximately 60, the captures were overexposed, so the number of nanobeads

in the detection volume could no longer be determined.

Reproducibility of the real-time measurements
Figure 4.6a shows the concentration of nanobeads in the basolateral compartment over time of two mea-

surements. The initial concentration for both measurements was 5×1010 nanobeads/mL. The data points

and the moving average over 8 data points are shown. The experimental conditions of the two measure-

ments were equal. It was attempted to keep the detection position constant in between measurements.

However, obtaining the exact same position was difficult because of the small detection volume com-

pared to the basolateral compartment.

The graphs in Figure 4.6a show that there is an increase in the concentration of nanobeads in the basolat-

eral compartment. This was expected because of nanobeads permeating through the transwell membrane

and diffusing towards the detection volume. There is also a decrease of concentration for measurement

1, which was also observed before in Figure 4.5a and 4.5b. The shape of these graphs can be explained

by looking at the concentration profile, as depicted in Figure 4.6b. In this figure, the y-axis depicts the

concentration of particles at position x. t indicates different time points. At t=0, a substance was added
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to the origin at a certain x-position. In this experiment, the origin was the nanobeads in the transwell

membrane. The concentration spreads out with time. When looking at one position, for example the blue

line that depicts 1, there are at t=0 no particles, while at t=2 the concentration of particles increases. At

t=10, the concentration decreases again.

Another observation in Figure 4.6a was that the change in the concentration of nanobeads over time

was different for measurement 1 compared to measurement 2, while the experimental conditions were

kept constant. The first difference is that the increase of concentration in measurement 1 is more steep

compared to measurement 2. Next, the concentration in measurement 1 increases around 22 minutes.

For measurement 2, this is around 30 minutes. These differences can also be explained by looking at

the concentration profile depicted in Figure 4.6b. If the position of detection is closer to the origin, the

increase of nanobeads occurs earlier and faster than when the position of detection is further away from

the origin. This is indicated in Figure 4.6b, where at t=1 the concentration of particles start to increase

for measurement 1, at that time point, the concentration for measurement 2 is still 0. This indicates that

the increase of concentration depends on the position of detection.

To calculate the apparent permeability, it was necessary to know the change in the concentration of

nanobeads over time (dC/dt) in the basolateral compartment. Figure 4.6a shows that it is not possible

to obtain dC/dt from the real-time measurements, as the method depends on the exact location of the

detection position. To determine the apparent permeability of the cell model, another method was used,

which will be described in the next section.

(a) (b)

Figure 4.6: (a) Concentration of nanobeads in the basolateral compartment over time. The dots show data
points, and the black lines are the moving average over 8 data points. Measurement 1 and 2 are measured in the
same experimental conditions, only the location in the basolateral space was different. (b) Concentration profile

versus location x due to diffusion after a substance initially only present at an origin.
The different curves show the concentration profile at different time points [96].
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4.1.5 Permeation of PS nanobeads through the Caco-2 cell model

The real-time measurements were not found to be reproducible due to difficulties in keeping a constant

detection position. Another, more reproducible, experiment will be explained in the next section. How-

ever, the real-time method could be used to get a qualitative idea about the permeation of nanobeads

through the cell barrier. For the quantification of the permeability, another measuring method was used,

this will be explained at the end of this Section.

For the qualitative analysis, Caco-2 cells were cultured for at least 21 days on a transwell membrane.

During measuring of the concentration of nanobeads in the basolateral compartment, the wells-plate

with the transwell membrane was kept at the SPT set-up and every 5 seconds a capture was made from

the basolateral compartment. The Caco-2 cells were treated with 20 nm PS-beads at a concentration

of 5 × 1011 nanobeads/mL. This concentration was chosen, as it did not decrease the viability of the

Caco-2 cells. Furthermore, it is expected that the concentration is high enough to observe nanobeads in

the basolateral compartment, even if the permeability appears to be low. Caco-2 cells treated with EGTA

were used as a positive control, as EGTA leads to an increased permeability of the cell layer. EGTA is a

chelating agent for Ca2+, which is involved in the assembly and sealing of TJ [97]. EGTA is more often

used in literature as a positive control in permeability studies of epithelial barriers. In these studies, the

treatment of EGTA was done at a concentration of 3-4 mM for 30 minutes [26, 98].

Figure 4.7a shows the concentration of nanobeads in the basolateral compartment over time for the Caco-

2 model and for the Caco-2 model treated with EGTA. Without treatment of EGTA, nanobeads could not

permeate the Caco-2 model within 90 minutes. After 4 hours of 8 mM EGTA treatment, nanobeads were

detected in the detection volume. Shorter treatments did not lead to an increased permeability, which

is contradictory to literature, where lower concentrations of EGTA were used. It is not known why the

beads could not permeate the Caco-2 models treated with EGTA for 1 and 2 hours. With the treatment

of 4 hours at a concentration of 8 mM the cell barrier was no longer intact, which can be seen in Figure

4.7b and 4.7c. Here, it is expected that the nanobeads can freely diffuse via unrestricted transport.

(a) (b) Control (c) 4h EGTA

Figure 4.7: (a) Concentration and percentage transport of nanobeads in the basolateral compartment of the
Caco-2 model and for the model treated with EGTA, measured with the real-time method. (b) and (c)

Microscopic images of a control cell layer and a cell layer treated with EGTA for 4 hours. Green is F-actin and
blue cell nucleus.
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From the results of this permeability experiment, it seemed as if the pores between the Caco-2 cells are

not large enough to allow transport of the PS nanobeads. This indicates that the nanobeads used in this

research cannot transport via the paracellular pathway. In literature, the diameter of particles that can use

the paracellular leaky pathway is not precisely defined but the maximum range of particles is thought to

be in the range of 10-20 nm [32, 39, 40]. The diameter of the nanobeads used in this research is within

this range, so the results correspond to literature. There are more factors that are important for transport

via the paracellular pathway, such as charge. This could be further examined by using different surface

modifications of 20 nm PS beads.

As mentioned earlier, the real-time permeability measurements were not reproducible. Next to this,

the real-time measurements could not be performed for longer than approximately 2 hours, because it

was possible that the Caco-2 cells behave differently at non-physiological temperature and CO2-levels.

It was also possible that cells might detach from the transwell membrane. Because of these reasons, the

experimental conditions were changed to determine the apparent permeability for the nanobeads through

the Caco-2 model.

In the experimental condition that was tested next, the wells plate containing the transwell membrane

was placed on a shake-plate during the treatment with nanobeads. When performing the experiment in

this way, dC/dt was no longer dependent on the location of detection, as the nanobead concentration

throughout the entire basolateral compartment was equal. Next to this, in literature it was found that

without shaking of the transwell membrane, an unstirred water layer can be formed, which could de-

crease the permeability compared to the in vivo permeability [99]. Shaking was done at 150 rpm. By

placing the transwell in the incubator, the experiment could be performed for longer than 2 hours, as the

conditions in the incubator were 37◦C and 95% atmospheric O2 and 5% CO2. The same concentration

of nanobeads as with the real-time measurements was used, because it was still expected that the per-

meability will be low and the concentration of 5 × 1011 nanobeads/mL nanobeads/mL appeared not to

decrease the viability.

An experimental condition was added to examine the change of permeability during the differentiation

process of the Caco-2 cells. This was done to examine if differentiated Caco-2 cells and undifferentiated

Caco-2 cells show different permeability characteristics. The permeability of the cell model of Caco-2

cells that were cultured for 7 and 14 days were tested, next to the cell model of 21 days. The Caco-2 cells

need approximately 21 days for the differentiation of carcinoma cells into enterocytes [46, 47]. Appendix

Figure B1 shows that on day 7 after seeding, the cell confluence was 100%, so it was not possible for

the nanobeads to diffuse freely to the basolateral compartment. It was assumed that the main difference

between the conditions was that Caco-2 cells on day 7 were not differentiated, on day 14 some Caco-2

cells might be differentiated and on day 21 the Caco-2 cells were mostly differentiated.
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Figure 4.8 shows the increase of concentration of nanobeads in the basolateral compartment over time

for Caco-2 cells after 7, 14 and 21 days of seeding. The left y-axis shows the concentration in the baso-

lateral compartment in nanobeads/mL. The right y-axis shows the percentage of nanobeads which was

transported. 100% transport indicates an equilibrium in the concentration between the apical and baso-

lateral compartment. The dilution from 100 µL to 600 µL from the apical to basolateral compartment

was taken into account, as described in Chapter 3.2.2. The experiment could not be performed for longer

than 72 hours, because after 72 hours, the culture medium should be refreshed. Next to this, effects on

the cell viability due to exposure to nanobeads were not known for exposure longer than 72 hours.

For the Caco-2 cells that are cultured for 21 days, the concentration of nanobeads after 72 hours of

treatment was 4 × 108 nanobeads/mL, which corresponds to a transport of 0.5%. This shows that the

transport of nanobeads was very low. The concentration in the basolateral compartment was lower at all

time points for Caco-2 cells that were cultured for 7 and 14 days, compared to day 21 Caco-2 cells. The

results indicate that PS nanobeads were more easily translocated by Caco-2 cells that were mostly dif-

ferentiated compared to cells that were undifferentiated. The results of this experiment are contradictory

with literature, because it has been reported that in undifferentiated Caco-2 cells, fewer TJ-proteins are

expressed, leading to an increased permeability [49]. A possible explanation for this could be that the

mechanisms responsible for translocation of nanobeads in differentiated enterocytes were not present or

less efficient in undifferentiated Caco-2 cells. However, the degree of differentiation was not tested in

these experiments, so it is not certain that this explanation is correct. Next to testing the differentiation,

further research is needed to verify the exact pathway of transport. This can be done for example with

inhibitors for certain mechanisms in the transcellular route. Next to this, Transepithelial Electrical Resis-

tance (TEER) values were not measured in this part of this research. This should also be done in further

research, as cell layer integrity can influence the permeation characteristics. By measuring the TEER

values of the Caco-2 layer, it can be verified whether the model is suitable to use. In the next section, the

hypothesis about permeation across differentiated and undifferentiated Caco-2 cells was further tested

by imaging the cell layer after exposure to nanobeads.

Figure 4.8: Concentration and transport (%) in the basolateral compartment of the Caco-2 model of 7, 14 and
21 days after seeding. The error bars represent the standard deviation of 3 replicates.



4 Results and Discussion 43

4.1.6 Localization of the PS nanobeads in the Caco-2 cell layer

The Caco-2 cells that were treated with nanobeads for 72 hours were imaged with confocal laser scanning

microscopy to find the location of the nanobeads within the Caco-2 cells. The cells of different seeding

days and different Z-slices of these cell layers were compared. The Caco-2 cells were stained with DAPI

(blue) for staining of the nuclei and AF488-phalloidin (green) for staining of F-actin filaments. The

nanobeads were ‘dark red’ FluoSpheres, so they appear red in the images.

(a) Day 7 (b) Day 7 top (c) Day 7 10µm below

(d) Day 14 (e) Day 14 top (f) Day 14 10µm below

(g) Day 21 (h) Day 21 top (i) Day 21 10µm below

Figure 4.9: Images and orthogonal views of cell layers of the Caco-2 cell model after 7 (a-c), 14 (d-f) and 21 (g-i)
days after seeding. Green is F-actin, blue is cell nucleus and red are the nanobeads. The captions show how

many days the Caco-2 cells have been cultured before nanobead exposure. Top indicates images of a slice in the
top of the cell layer and bottom from 10 µm deeper into the cell layer. Arrows point towards the top of the cell

layer.

Figure 4.9a, 4.9d and 4.9g show confocal images and orthogonal views of the Caco-2 cell models of

7, 14 and 21 days after seeding. The Caco-2 cell layers were exposed to nanobeads for 72 hours at a

concentration of 5× 1011 nanobeads/mL. The images represent the cell layer well. Figure 4.9b, 4.9e and

4.9h show the nanobeads at the ‘top’ side, or the apical side, of the cell layer. Figure 4.9c, 4.9f and 4.9i

show nanobeads 10 µm deeper into the cell layer. All of the images show the presence of nanobeads,

which corresponds to the uptake of PS nanobeads reported in literature [29, 30].
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Nanobeads in the Caco-2 cells that were cultured for 7 days were evenly distributed over the cells,

whereas the images of day 14 and day 21 Caco-2 cells show some bright spots. These bright spots

are most likely aggregates of nanobeads. The aggregates were also visible in deeper regions in the cell

models of 14 and 21 days. The SPT measurements described in Section 4.1.1 show that in solution, the

nanobeads were not aggregating, so the nanobeads accumulated within the Caco-2 cells. From these

images, it seems as if differentiated Caco-2 cells (day 21) take up more nanobeads than undifferenti-

ated Caco-2 cells (day 7). Transport mechanisms for nanobeads may be less efficient in undifferentiated

Caco-2 cells, compared to differentiated Caco-2 cells, which corresponds to the hypothesis that was de-

scribed in Section 4.1.5 about the apparent permeability of nanobeads. However, these images are not

direct evidence of the absence or presence of transport mechanisms. Next to this, the difference in the

uptake between differentiated and undifferentiated Caco-2 cells was not found in literature search, so it

should be further examined.

As described before, there was no decrease in the Caco-2 cell viability observed at a concentration

of 5× 1011 nanobeads/mL after 72 hours. It is remarkable that there was no decrease in the viability ob-

served because the confocal images from Figure 4.9 show that the Caco-2 internalized the PS nanobeads.

The PS nanobeads are probably inert, but take up quite some space within the Caco-2. This could even-

tually have adverse long-term effects to cell and barrier function. Next to this, in in vivo situations, this

could mean that the nanobeads can be distributed into other organs [29]. Examining the long-term ef-

fects of nanobeads on Caco-2 cells or other cell types is interesting to further examine, as nanoplastics

are found in nature due to plastic pollutants [30]. This is, however, outside the scope of this research.
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4.1.7 Concluding remarks

As a first step towards developing a methodology to quantify the permeability of the in vitro cell mod-

els of the epithelial intestinal barriers, PS nanobeads were used. The hydrodynamic diameter of the

nanobeads was 23.0 nm and the height of the nanobeads in AFM images was 16.9 nm. The lowest con-

centration of nanobeads that could be detected, within the chosen measuring time with SPT, was 2× 107

nanobeads/mL. The viability of Caco-2 cells was not decreased by exposure to PS nanobeads at the con-

centration used for the permeability experiments.

The permeability experiments were performed on the SPT set-up and different experimental conditions

were tested. First, the concentration of nanobeads in the basolateral compartment was attempted to be

determined in real-time. The main drawback of this method was that measuring the concentration in

real-time turned out to be not reproducible, as the increase in the concentration in the basolateral com-

partment depended on the position in the sample. It was not possible to measure at exactly the same

position between different measurements. Another drawback was that the real-time method allowed a

maximum measuring time of 2 hours, as it could not be performed in physiological conditions. This time

was not long enough for the nanobeads to translocate through the Caco-2 model. The observation that no

nanobeads entered the detection volume in the basolateral compartment, indicates that the pores between

the Caco-2 do not allow transport of the nanobeads, so the nanobeads were too large for the paracellular

pathway.

The second method allowed measuring times up to 72 hours. Shaking conditions were used to obtain

an equal nanobead concentration throughout the basolateral compartment. This method appeared to be a

good method in measuring the transport of PS nanobeads in the cell model. Unlike reported in literature,

PS nanobeads permeated to a low extent in Caco-2 that were completely differentiated. Nanobeads accu-

mulated inside the cytoplasm by the Caco-2. Permeation and accumulation of nanobeads were higher for

completely differentiated cell layers compared to the undifferentiated Caco-2 cell layer. However, more

research is needed to verify whether the Caco-2 cells were differentiated after 21 days of culturing. The

results indicate that PS nanobeads translocated via the transcellular pathway. However, more research is

needed to research the exact mechanism.

With the SPT set-up, it was possible to quantify the concentration of nanobeads that transported across

the cell barrier. The next step in this research was to use the established method for the determination of

permeability characteristics of amyloid fibrils in the in vitro cell models.
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4.2 Amyloid fibrils

In this section, the permeation characteristics of two types of amyloid fibrils will be presented and dis-

cussed. The first type of amyloid fibril used in this research was lysozyme, which originated from hen

egg-white. The second type of amyloid fibril was α-Syn A53T, which was used as a model to mimic

animal α-Syn. It is assumed that the main difference between the two amyloid fibrils is the charge:

lysozyme is net positively charged and α-Syn A53T net negatively. In this section, the characterization

of amyloid fibril length and morphology will be discussed. Secondly, the cell layer integrity during

lysozyme and α-Syn A53T exposure will be discussed. Next, the quantification of amyloid fibrils using

several techniques, such as the SPT set-up and bulk fluorescence spectroscopy is explained. The perme-

ability of lysozyme and α-Syn A53T through the Caco-2 model and the Caco-2+HT29MTX cell model

will be presented. The Caco-2+HT29MTX cell model is added to test the effect of mucus on the perme-

ation of amyloid fibrils. Furthermore, the Caco-2+HT29MTX cell model is a more close representation

of the in vivo situation than the Caco-2 model. Finally, the identification of fibrils, monomers and free

dye is discussed.

4.2.1 Length and morphology of amyloid fibrils

The ability of a substance to cross the epithelial barrier depends on many characteristics of the substance

such as size, morphology, surface charge, hydrophobicity, and the potential to form interactions with pro-

teins of the cell plasma membrane [38, 95]. Not all properties were examined in this project, as the main

focus was the charge of amyloid fibrils. To understand the role of charge in permeability characteristics,

it was important to keep the other amyloid fibril properties, such as size, constant as much as possible.

With ultra-sound sonication, the fibrils can be fragmented into smaller fibrils and by varying the time of

sonication, it was possible to obtain different lengths of fibrils. By doing this, the amyloid fibril length

can be controlled and kept equal for both types of amyloid fibrils.

Figure 4.10 shows AFM images of lysozyme and α-Syn A53T fibrils. The fibrils were diluted in fresh

cell culture medium containing 20% Fetal Bovine Serum (FBS). The concentration of fibrils used for

AFM was 10 µM. Lysozyme fibrils that were sonicated for 4 minutes in an ultrasound-bath sonicator

had an average length of 116 ± 63 nm. The variation in length can be seen in Figure 4.10b. Next to

small fibrils, there were also aggregates of fibrils, depicted in the white circles. In α-Syn A53T fibrils in

Figure 4.10d, this aggregation was not observed. There are some white spots, which is probably due to

how crowded the fibrils on the image are. The length of α-Syn A53T fibrils after 4 minutes of sonication

was 355 ± 176 nm. Longer sonication times were tested for α-Syn A53T, as the length for both fibril

types should be similar. Figure 4.10c shows the mean fibril length for α-Syn A53T at different sonication

times and for lysozyme for 4 minutes of sonication. The average length of α-Syn A53T at 10 minutes

sonication was 118 ± 52 nm, so this was used for the permeability experiments.
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(a) Lysozyme
0 min

(b) Lysozyme
4 min (c)

(d) α-Syn A53T
0 min

(e) α-Syn A53T
4 min

(f) α-Syn A53T
6 min

(g) α-Syn A53T
8 min

(h) α-Syn A53T
10 min

Figure 4.10: AFM images of amyloid fibrils at different sonication times. (a) unsonicated lysozyme fibrils,
(b) lysozyme fibrils at 4 minutes. White circles show lysozyme fibrils aggregating. (c) The mean length of the
amyloid fibrils at different sonication times. The error bars show the standard deviation of the measurements of
50 fibrils. (d) α-Syn A53T unsonicated fibrils. α-Syn A53T fibrils were sonicated for 4 minutes (e), 6 minutes

(f), 8 minutes (g) and 10 minutes (h).

As mentioned, lysozyme fibrils seem to aggregate to larger fibril-aggregates. Figure 4.10h shows that

α-Syn A53T fibrils did not aggregate to larger non-fibrillar structures. Aggregation of fibrils can occur in

the same way as proteins bind to other proteins. This can be a combination of hydrophobic interactions,

Van der Waals forces, and salt bridges at binding domains on each protein [1]. From the AFM images,

it seemed as if lysozyme can more easily form these interactions, compared to α-Syn A53T. However,

in the presence of enzymes and proteins secreted by the cells, lysozyme and α-Syn A53T fibrils might

have other size and morphology characteristics compared to freshly diluted in cell culture medium. The

incubation temperature of 37◦C during the experiment could also alter size and morphology. Unravelling

the nature of the physicochemical interactions between proteins secreted by cells and lysozyme and α-

Syn A53T were not examined in this research. However, it is important to note that this may influence

the permeability, as size and morphology are crucial characteristics for the permeation.
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4.2.2 Cell layer integrity: Transepithelial Electrical Resistance

Transepithelial Electrical Resistance (TEER) values were measured to validate that the cell layer was

intact. An intact cell layer was important, as a disruption in the cell layer will lead to a wrong interpreta-

tion of the permeability. Next to this, TEER values were measured during exposure to amyloid fibrils to

check if amyloid fibrils influence the cell layer integrity. Disruption in cell layer integrity might indicate

that tight junction (TJ) complexes are disrupted. If amyloid fibrils can disrupt TJ-complexes, the perme-

ability of the call barrier may be increased.

In literature, it is reported that Caco-2 cells express more TJ-proteins than HT29MTX cells, so ionic

conductance across a Caco-2 cell barrier is lower than across a cell barrier containing HT29MTX cells

[56]. This leads to higher TEER values in Caco-2 cell layers than in co-cultures [44, 53]. TEER values

can vary from lab to lab because of the heterogeneity of the cell lines [45, 57], but mostly TEER values

for Caco-2 layers are reported in literature to be 150-400 Ω × cm2 after 21 days of culturing [45]. For

co-cultures with Caco-2 and HT29MTX, the TEER values depend on the seeding ratio, but are always

lower than solely Caco-2 cells. The TEER values should be monitored during culturing. When the TEER

values reach a plateau, the cell layer can be used for testing [45, 57].

Figure 4.11 shows TEER values for the Caco-2 model and Caco-2+HT29MTX model. Three differ-

ent seeding days are shown: 1, 2 and 3. The cell layers of moment 1 were used for the permeability

studies with α-Syn A53T and the TEER experiment during exposure to α-Syn A53T. The cell layers

of moment 3 were used for the TEER experiments with treatment of lysozyme. Moment 2 was added

to confirm the permeability results, as the TEER values were initially not measured for the cell layers

used for the lysozyme permeability experiments. The TEER values of all cell layers increased over time,

indicating that the layers became 100% confluent, that there was formation of TJ-complexes and that the

cell layers remained intact.

Figure 4.11: TEER values of Caco-2 cells and Caco-2+HT29MTX co-culture of different seeding moments 1, 2
and 3 over 21 days. TEER values are corrected for a blank measurement and the area of a transwell membrane.
The ratio of HT29MTX cells to Caco-2 cells in the co-culture at moment 1 was 1:3. The cell layers of moment 1
probably contained an excess of HT29MTX cells by contamination of HT29MTX cells in the master’s plate of

Caco-2 cells. For moment 1 n=7, for 2 n=2 and for 3 n= 4.
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The standard deviations show that there was not much variation between the replicates in one condition.

However, there are differences visible between the seeding days, for instance the difference between

moment 1 and moment 2. This shows that cell layers can have different properties when cultured on

other seeding days. This could be due to different passage, somewhat different seeding densities or other

differences in culturing and handling in the lab. For 1 and 2, there was a difference in TEER values

between Caco-2 cells and the co-culture. For the third seeding moment 3, there was no difference in

TEER values between the two models. Decreased TEER values in Caco-2 cell layer may indicate that

the cells were not able to form TJ-complexes, for example a high cell passage or a mutation in the cells

[45]. Another possibility is that HT29MTX cells were translocated to the Caco-2 membranes during

handling in the lab. As the TEER values were low for all transwells in this condition, it is expected that

the HT29MTX contaminated the Caco-2 master-plate. This was further examined with an Alcian blue

staining described at the end of this section. If the Caco-2 master plate contained HT29MTX cells, it can

be assumed that the co-culture transwell also contained relatively more HT29MTX cells. The exact ratio

of Caco-2 and HT29MTX cells in both models was difficult to access. These cell layers were used for

measuring the cell layer integrity during exposure to lysozyme. The effect of the excess of HT29MTX

cells in this experiment will be discussed later in this section.

TEER values were measured during treatment of lysozyme and α-Syn A53T fibrils, to examine if the

amyloid fibrils would influence the cell integrity. Figure 4.12 shows the corrected TEER values of cell

layers exposed to 2.5 µM lysozyme and α-Syn A53T fibrils. The graphs show the change in TEER val-

ues, which is depicted as the percentage change compared to the TEER value before exposure to amyloid

fibrils on day 0. The treated cell layers were cultured for 21 days. For lysozyme, the Caco-2 cells which

were contaminated with HT29MTX cells were used. This means that the Caco-2 cell layer and the co-

culture contained an excess of HT29MTX cells. By using a control group, it was still possible to test the

effect of amyloid fibrils on cell layer integrity for the Caco-2+HT29MTX model. Though, because of

the excess of HT29MTX cells, the model was different from the model used in the permeability studies,

which will be discussed in Section 4.2.4.

(a) (b)

Figure 4.12: Change of TEER values across the Caco-2 and Caco-2+HT29MTX cells. The change in TEER was
the percentage difference compared to the initial TEER value on day 0. The error bars show the standard

deviation of 3 replicates.
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One transwell containing cells was used for the control group, as it was assumed that there would not be a

change in TEER values after 21 days. This appeared not to be true in all cases. The graphs in Figure 4.12

show that the TEER values of the control transwell membrane did not remain constant after 21 days of

culturing. For instance, Figure 4.12b shows that the TEER values of the Caco-2 cells at 48 hours increase

to almost 100% compared to the TEER values of day 0. This represents a difference of approximately

300 Ω × cm2. For the co-culture, the TEER values even decreased to -50% compared to day 0, which

was a decrease of approximately 100 Ω × cm2. The fluctuations were not visible in Figure 4.11. It is

not completely sure why these relatively large changes were visible in the control group. Despite the

fluctuations of the control group, it is still possible to compare the control group to the treated cell layer

to get a broad view of the influence of amyloid fibrils on cell layer integrity.

Overall, the treated cell layers follow the same trend as the control transwell, as the standard devia-

tion of the treated group overlaps with the TEER values of the control group. This indicates that there

was no change in TEER values after exposure to amyloid fibrils. However, due to the altered ratio of

Caco-2 and HT29MTX cells in the lysozyme-experiments, the data might different from for the ratio

used in the permeability experiments.

In literature, it was reported that amyloid fibrils could weaken TJ-complexes by disruption of proteins

such as ZO-1 and occludin [18, 19]. It is expected that this would influence the TEER values of the

cell models. However, Kuan et al. found that after treatment of α-Syn fibrils, there was no change in

TEER values detected [18]. Moreover, Itallie et al. found that depletion of ZO-1 does not necessarily

compromise the electrical barrier [100]. In this study, Itallie et al. hypothesized that the TJ-complex is

arranged as a series of multiple cell-cell connections. These multiple connections still provide a barrier

in case individual TJ might break. The results previously described show that there was no decrease in

TEER values during exposure to amyloid fibrils, which indicates that lysozyme and α-Syn A53T expo-

sure does not influence the overall cell layer integrity. Individual TJ-proteins might be depleted, but this

does not seem to influence the simultaneous loss of all TJ-complexes in the cell layer in the cell models

used. More research is necessary to find the effect of lysozyme and α-Syn A53T fibrils on TJ-proteins,

as it was shown before that amyloid fibrils could facilitate their own movement over an epithelial barrier

by decreasing TJ-proteins levels [16].
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Alcian Blue staining
An Alcian Blue staining was performed to qualitatively see the difference in mucus secretion between

Caco-2 cells and HT29MTX cells. The Alcian staining was performed on the co-culture and on the

mono-culture of Caco-2 cells that showed low TEER values. With the Alcian Blue staining, it was

possible to check whether the Caco-2 layer was indeed contaminated with HT29MTX cells. Mucus is

a gel-like structure composed of water, ions, proteins and macromolecules. The major macromolec-

ular component of mucus is the glycoprotein mucin [34]. Mucus is secreted by goblet cells, such as

HT29MTX cells [31, 50]. In a co-culture cell layer, the mucus is stained blue. In a Caco-2 cell layer,

there is no mucus present, so the cell layer should remain colorless after a staining with Alcian Blue. A

counter-staining of Eosin was performed to show the presence of cells [26, 44]. Eosin is a pink staining,

so with this counter staining the Caco-2 layer should be pink and the Caco-2+HT29MTX cell layer pur-

ple.

Figure 4.13 shows the transwell membranes that were cut out of the holder and stained with Alcian

Blue and Eosin. Without Eosin staining, all of the membranes appeared blue. Unfortunately, no im-

age was made from the membranes without Eosin staining. The top row in Figure 4.13 are membranes

containing Caco-2 cells and the bottom row contained Caco-2+HT29MTX cells. There was no color

difference between the two models. This shows again that this Caco-2 cell model probably was con-

taminated with HT29MTX cells. Two different fixation protocols were tested, the left image in Figure

Figure 4.13: Transwell membranes with Caco-2 cells (top row) and Caco-2+HT29MTX (bottom row) stained
with Alcian Blue and Eosin. The cells were fixed with PFA (left) and methacarn (right).

4.13 shows fixation with Paraformaldehyde (PFA) and the right image with methacarn. Methacarn (60%

methanol, 30% chloroform, 10% acetic acid) is more often used to fix HT29MTX cells [101] and is

believed to preserve mucus better than PFA. However, it was observed that the mucus layer may detach

from the cells [102]. Figure 4.13 shows that detachment did not happen, as all membranes appear purple,

indicating the membranes contain mucus. There was no large difference in the intensity of Alcian Blue

and Eosin staining, so this indicates that there was no difference between the fixation methods.

To summarize, the Caco-2 and Caco-2+HT29MTX cell layers that were used for the permeability studies

showed increased TEER values that corresponded to the values reported in literature. During exposure

of lysozyme and α-Syn A53T fibrils, the TEER values did not change compared to the control, so it is

assumed that the cell layer integrity is not changed significantly by amyloid fibril exposure. However,

the cell layer that was used for the lysozyme exposure experiment was performed on cell layers that

contained an excess of HT29MTX cells, which was also confirmed with an Alcian Blue staining.
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4.2.3 Quantification of the concentration of amyloid fibrils

To determine the apparent permeability, the concentration of amyloid fibrils in the basolateral compart-

ment should be monitored. For the preliminary model using nanobeads, Single Particle Tracking (SPT)

was used. For amyloid fibrils, this method may be more difficult to perform because of the non-spherical

morphology and heterogeneity in size. However, it was attempted to measure the concentration of amy-

loid fibrils in the SPT set-up, because with nanobeads it appeared that with SPT, low concentrations

could be measured. Measuring low concentration is probably needed, as the cell layer appeared to be

a tight layer that did not allow much transport of nanobeads. For amyloid fibrils, this may also be the case.

Figure 4.14a shows a capture of lysozyme fibrils and Figure 4.14b of α-Syn A53T fibrils imaged with

the SPT set-up. Lysozyme fibrils were sonicated for 4 minutes and α-Syn A53T fibrils for 10 minutes, as

these were the suitable sonication times to obtain equal fibril length. The fibrils were diluted in cell cul-

ture medium. There were different sized structures visible in the captures. The large structures indicate

that the fibrils aggregate to larger structures in cell culture medium. For lysozyme, this was also visible

in the AFM images, see the white circles in Figure 4.10b. From the AFM images, aggregation of α-Syn

A53T fibrils did not seem to occur, but apparently in fresh cell culture medium, there was aggregation.

In this solution, it seems as if the structure was more thermodynamically stable when aggregated or in a

folded state instead of fibrillar structures.

Next to the large structures, it was clear that in the background of the videos the signal seems to be

flickering. This could be out-of-focus fibrils or very small structures, such as labelled lysozyme or α-

Syn A53T monomers, oligomers or small fibrils. The flickering was not seen in blank measurements

without fibrils. The flickering occurs with a speed that was faster than out-of-focus signal of the large

structures, so it is assumed that there were smaller structures in the solution. These small structures were

not individually detectable as spots because they were not bright enough and the dynamic range of the

camera was not large enough to capture small and large structures at the same time.

(a) Lysozyme fibrils (b) α-Syn A53T fibrils

(c) Lysozyme fibrils High Dynamic Range mode (d) Lysozyme fibrils in the basolateral
compartment

Figure 4.14: Captures of videos made with the SPT set-up. (a) Lysozyme fibrils sonicated for 4 minutes. (b)
α-Syn A53T fibrils sonicated for 10 minutes. (c) HDR image of amyloid fibrils. The exposure time was

alternating between 5 ms and 50 ms. (d) A sample of the basolateral compartment of the Caco-2 model. The
exposure time in (a), (b) and (c) was 5 ms.
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In high dynamic range imaging (HDR), two exposure times are used to capture bright and less bright

objects in the same video or image [103]. A short exposure time was used to visualize bright structures

and a long exposure time to visualize dim structures. In HDR experiment, the exposure time was alternat-

ing between 5 ms and 50 ms. A region was imaged where no very large structures were present. Figure

4.14c shows a capture of a video of a solution of lysozyme fibrils. Some fibrils were distinguishable.

However, the flickering was still present and the dimmer and smaller structures were not individually

detectable by the tracking program Trackpy. The exposure time could not be further increased, as the

distance travelled by the small particles would then be too large. This would result in the particles not

being depicted in the captures as spots, but as lines.

Figure 4.14d shows a sample of the basolateral compartment of Caco-2 cells after exposure to lysozyme

fibrils. There was one bright spot, which is thought to be a lysozyme fibril. In this video, the background

was flickering. This indicates that smaller structures were present. This could be small fibrils, monomers

or free dye. The same was observed in the basolateral compartment of α-Syn A53T treated cells. An

attempt was made to measure the mean gray value of these videos. It was possible to see a difference

in gray values after different days of incubation with fibrils, but it was uncertain how the gray values

correspond to the concentration. It was not possible to perform a calibration for this, because of the

heterogeneity of the fibrils.

It was found that the SPT set-up was not suitable to quantify the concentration of amyloid fibrils in

the samples because of the heterogeneity in size. It was decided to continue with bulk fluorescence spec-

troscopy. However, there are a few limitations in bulk spectroscopy.

The first drawback of bulk spectroscopy is that it is more difficult to measure low concentrations, es-

pecially with a low degree of labelling. For dim particles at a low concentration, the emission intensity in

bulk fluorescence spectroscopy is low and becomes noisier. This makes it more difficult to accurately de-

termine the exact concentration. Next to this, for bulk fluorescence spectroscopy, calibration is necessary

with solutions with known concentrations. In SPT, calibration is not needed, but the exact dimensions

of the detection volume should be known to determine the correct concentration. The final drawback of

bulk fluorescence spectroscopy is that all dye molecules in the solution were taken into account. This was

a disadvantage in this research, because it was important to know the aggregation state of the permeated

lysozyme and α-Syn A53T structures. The type of structure, such as fibrils or monomers, determine the

ability to induce aggregation of disease-related proteins. Next to this, if the emission signal is originating

from free dye present in the sample, the fibril concentration may be inflated. In the next paragraphs, it

is explained how free dye, monomers and other structures could be present in the solution and why this

may cause implication in this research.

Alexa Fluor 647 dye (AF647) was used for quantification of amyloid fibrils. Functionalized AF647

binds covalently to the primary amine of lysozyme and the cysteine of α-Syn A53T. These bonds are

known to be very stable [89, 91], so it is assumed that AF647 cannot detach from the amyloid fibrils.

Ideally, the unattached dye was removed using Zeba Spin column during the labelling procedure. How-
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ever, it could be possible that the removal during purification was incomplete and free dye was still

present in the amyloid fibril solution. Free dye may permeate the cell barrier and cause an increase in

emission signal in the basolateral samples, while no fibrils were present.

Lysozyme and α-Syn A53T monomers and other small structures, such as oligomers, were removed dur-

ing the labelling process by centrifugation. Some monomers could still be present in the solution after

centrifugation because of incomplete removal. Next to this, monomers or oligomers could be present due

to fibril disassembly upon exposure to cells. The goal of this research was to determine the permeability

characteristics for amyloid fibrils, not for monomers, because it was expected that solely amyloid fibrils

cause aggregation of disease-related amyloid forming proteins, such as α-Syn wt monomers. However,

for lysozyme this was not entirely the case, as the aggregation mechanism was based on the positive

charge of lysozyme, so lysozyme monomers could also induce aggregation of α-Syn wt. Aggregation

induced by lysozyme monomers only occurs in suitable conditions, such as the concentration of salt.

This will be explained in more detail in Section 4.2.5.

Even though bulk fluorescence spectroscopy likely does not give an accurate result for the reasons de-

scribed above, it was still a useful technique to determine the apparent permeability of amyloid fibrils

and monomers. This was done for both lysozyme and α-Syn A53T across the mono- and co-culture.

Furthermore, different techniques were exploited to distinguish between fibrils, monomers and free dye

in the samples. First, Real-Time Quaking-induced Conversion was used to identify fibrils and monomers.

Finally, Fluorescence Correlation Spectroscopy was exploited to test if free dye was present in the sam-

ple. Next to this, with FCS it was attempted to get an idea about the size of the particles to distinguish

between larger structures, such as fibrils or oligomers and smaller monomers.
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4.2.4 Apparent permeability of amyloid fibrils in the Caco-2 and Caco-2+HT29MTX
models

For the permeability experiments of amyloid fibrils, the established experimental condition for the

nanobeads was used. The Caco-2 and Caco-2+HT29MTX cells were cultured on transwell membranes

for at least 21 days. Hereafter, the cells were treated with 2.5 µM lysozyme and α-Syn A53T fibrils.

This concentration was chosen, as it was within the range of detection of bulk fluorescence spectroscopy.

Next to this, with a relatively high concentration in the apical compartment, it is still possible to mea-

sure the concentration of the diluted sample in the basolateral compartment. The treatment was done in

‘shaking’ conditions, meaning that the wells plate containing the transwell membranes was placed on a

shake plate in an incubator. At certain time points, the concentration in the basolateral compartment was

measured using bulk fluorescence spectroscopy. The basolateral samples were collected after 72 hours

of treatment and used for analysis with AFM, RT-QuiC and FCS. 72 hours was chosen, as it is expected

that the permeability of amyloid fibrils is not very high. By using a long treatment time, the concentra-

tion of fibrils in the basolateral compartment might be somewhat higher, so the presence of fibrils can be

measured in AFM and RT-QuiC. Treatment time of more than 72 hours could not be done, because it is

expected that this is the longest time that the cells were viable without refreshing the cell culture medium.

As discussed in Section 4.2.2, the TEER values of the Caco-2 cell layers used for the permeability

experiments with lysozyme were not measured. Therefore, the bulk experiment was repeated with Caco-

2 cells which had sufficient TEER values. The bulk experiment showed approximately the same results.

The results of the first permeability experiment will be discussed, as more time points were measured, so

a more reliable estimation of the apparent permeability could be made. For the permeability experiments

of α-Syn A53T, the cell layers of seeding moment 1 were used, which also had sufficient TEER values.

First, the basolateral samples were analyzed using AFM, to get an idea about the size and concentration

of amyloid fibrils permeating through the model. It was attempted to visualize fibrils in the basolateral

compartment of the cell models after 72 hours of exposure to 2.5 µM lysozyme and α-Syn A53T fibrils.

With the dilution from the apical to the basolateral compartment, the expected concentration at equi-

librium would be 0.42 µM. This means that at equilibrium, the AFM images contained 20 times fewer

fibrils than the AFM images in Figure 4.10. The AFM images in Figure 4.10 contained approximately

50-60 fibrils, so at a concentration of 0.42 µM, each image still contains a few fibrils. No fibrils were

found in the samples of the basolateral compartment, indicating that the concentration of fibrils was very

low in the basolateral compartments. The basolateral samples were further analyzed using bulk fluores-

cence spectroscopy.

Next, the concentration of amyloid fibrils in the basolateral compartment was quantified by measur-

ing the emission intensity of labelled amyloid fibrils. The emission intensity of known concentrations

of amyloid fibrils was used to make a calibration curve. The calibration curve and some examples of

emission spectra can be found in Appendix Figure C1. Figure 4.15a and 4.15b show the concentration in

the basolateral compartment of lysozyme and α-Syn A53T through an empty transwell membrane and

through Caco-2 and Caco-2+HT29MTX models. First, the transport of an empty membrane is shown

and discussed and thereafter the transport in the cell models.
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Transport of amyloid fibrils across the transwell membrane
It was expected that the transwell membrane does not contribute greatly to the apparent permeability of

the cell layer, as the pore size of the membrane was 3.0 µm and the amyloid fibrils were around 100

µm. By measuring the transport over an empty transwell membrane, it can be verified if all fibrils were

capable of crossing the membrane. The SPT images in Figure 4.14a and 4.14b showed that the amyloid

fibrils could aggregate. It could be possible that these large structures cannot pass the transwell mem-

brane. Next to this, binding of amyloid fibrils to the transwell membrane instead of transporting to the

basolateral compartment was excluded with this experiment.

In Figure 4.15a, the transport of lysozyme and α-Syn A53T across a transwell membrane is depicted

in percentages. It is depicted in this way because the initial concentration of fibrils was slightly different

for the two types of amyloid fibrils. This was not an issue for the calculations of the apparent permeabil-

ity, as the concentration was corrected with the initial concentration in the calculations. In Figure 4.15a

100% transport indicates an equilibrium in the concentration between the apical and basolateral com-

partment. The dilution from 100 µL to 600 µL from the apical to basolateral compartment was taken

into account, as described in Chapter 3. The apparent permeability was calculated from the fit of the

data points of the first 60 minutes. The permeability of lysozyme fibrils to be somewhat lower than the

permeability for α-Syn A53T. A reason for this could be that lysozyme was more prone to aggregation,

as discussed before. Because of aggregation, the transport over the membrane was slower. The transport

of lysozyme and α-Syn A53T approach 100% after 120 minutes. This indicates that most of the fibrils

were able to cross the empty membrane. There may be some fibrils aggregating to large structures, or

fibrils that attached to the membrane, as the transport was not reaching exactly 100%. However, this was

only a small fraction, so it will not influence the apparent permeability much.

(a) (b)

Figure 4.15: (a) Transport of lysozyme and α-Syn A53T fibrils across an empty membrane transwells. R2 for
the linear fit of lysozyme is 0.94 and for α-Syn A53T 0.97. 100% indicates equilibrium between the apical and
basolateral compartment. (b) Concentration of lysozyme and α-Syn A53T in the basolateral compartment of
the cell models. R2 of the linear fits was > 0.93 for all fits. The error bars show the standard deviation of 3

replicates.
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Transport of amyloid fibrils across the cell models
Figure 4.15b shows the concentration of lysozyme and α-Syn A53T in the basolateral compartment over

time during exposure to 2.5 µM amyloid fibrils. With a labelling ratio of 1:49 of labelled and unlabelled

monomers in the fibrils, the lower detection limit of bulk fluorescence spectroscopy was approximately

1 nM. The concentration in the basolateral compartment for both types of amyloid fibrils exceeded 1 nM

after 2 hours of treatment, so the detection range was suitable for these measurements.

The slope of the concentration of fibrils in the basolateral compartment versus time was used for the

calculation of the apparent permeability. A high value for dC/dt indicates a high apparent permeability.

A transport of 100% indicates an equilibrium in the concentration between the apical and basolateral

compartment. For lysozyme, it was decided to finish the experiment after 28 hours, because if the trans-

port would be too high, the concentration in the basolateral compartment reaches a plateau, because there

would be no new supply of amyloid fibrils in the apical compartment. For α-Syn A53T, the concentra-

tion was measured until 48 hours, to obtain a more reliable fit, as the concentration remained low. The

apparent permeability of lysozyme and α-Syn A53T fibrils in the cell models can be found in Table 1.

It must be noted that this does not only include the permeability of amyloid fibrils, but possibly also of

monomers, oligomers and free dye.

Table 1: Apparent permeability for lysozyme and α-Syn A53T in the Caco-2 and Caco-2+HT29MTX cell layer

Caco-2 Caco-2+HT29MTX
Lysozyme 1.61× 10−7 cm/s 6.86× 10−8 cm/s
α-Syn A53T 2.81× 10−8 cm/s 1.26× 10−8 cm/s

These results suggest that lysozyme fibrils can more easily translocate in the cell models than α-Syn

A53T fibrils. To evaluate this observation further, the uptake of lysozyme and α-Syn A53T fibrils by the

cells was examined using confocal microscopy. This will be discussed in Section 4.2.7. Next to this, the

basolateral compartments were further examined using RT-QuiC and FCS.

The results also suggest that amyloid fibrils can translocate less efficiently in the co-culture model with

Caco-2 and HT29MTX cells, compared to the Caco-2 model. In literature, contradictory results are re-

ported about the difference in transport in Caco-2 models and co-culture with Caco-2 and HT29MTX

cells, as described in Chapter 2. The TJ-proteins expressed by Caco-2 cells may lead to a decreased per-

meability in a mono-culture [26, 44, 53]. On the other hand, the mucus layer secreted by the HT29MTX

cells may be an extra barrier for the substances [58]. This depends on several characteristics of the sub-

stance of interest. It is known that α-Syn monomers can penetrate mucins despite their mucoadhesive

properties [20]. However, it is possible that amyloid fibrils form interactions with mucins which decrease

the transport. Next to this, the mucus layer leads to an increased thickness in the Caco-2+HT29MTX

cell layer compared to the Caco-2 cell layer. The thickness of mucus in a cell layer containing was ap-

proximately 3-5 µm [101]. An increased path length of the layer could lead to the observed decrease in

permeability in the Caco-2+HT29MTX cell layer, compared to the Caco-2 layer.
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Another possibility for the decreased permeability in the Caco-2+HT29MTX model compared to the

Caco-2 model could be the difference in absorption of substances by enterocytes and goblet cells. En-

terocytes and M-cells are mainly responsible for transcellular transport [33], while the main function of

goblet cells is to produce mucus [31]. Due to a lower amount of enterocytes in the co-culture model

compared to the Caco-2 model, the permeability might be reduced.

Figure 4.16 shows the relative amount of lysozyme and α-Syn A53T fibrils that were taken up by the

cells. This was calculated by subtracting the amount of fibrils permeated and remaining in the apical

compartment from the initial concentration of amyloid fibrils. ‘Uptake’ includes all amyloid fibrils that

are within the cell layer, but it does not necessarily mean that the fibrils are within the cells. It is possible

that the fibrils bind to the cell membrane or present in the cell layer. There seems to be a higher uptake

of α-Syn A53T fibrils compared to lysozyme fibrils. The uptake in the Caco-2+HT29MTX model was

lower than in the Caco-2 cell layer, which can be due to the extra barrier that mucus is forming, though

further repeats are needed to confirm these results. Internalization was further analyzed in Section 4.2.7,

where the cell layers are analyzed using confocal laser scanning microscopy.

Figure 4.16: The bar graph shows the amount of lysozyme and α-Syn A53T that permeated the cell model,
taken up by the cells and which amount remained in the apical compartment.
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4.2.5 Identification of amyloid fibrils and monomers in the basolateral samples

From the bulk fluorescence spectroscopy measurements, it seemed that lysoyzme and α-Syn A53T fibrils

and monomers cross the cell models. From these measurements, however, it remained unknown whether

the emission signal originates from fibrils, monomers, free dye, or other structures such as oligomers. As

discussed, monomers could be present in the sample because of incomplete removal during purification

or due to fibril disassembly upon exposure to cells. The next step in this research was to differentiate

between fibrils and monomers in the basolateral samples, because, mostly, monomers do not cause ag-

gregation of disease-related amyloid forming proteins, such as α-Syn wt monomers. This indicates that

fibrils are potentially a higher risk for neurodegenerative disease than monomers. However, for lysozyme

this is not the case, as the aggregation mechanism is based on the positive charge of lysozyme, so it is

hypothesized that lysozyme monomers could also induce aggregation of disease-related proteins, such as

α-Syn wt monomers. Differentiation between fibrils and monomers was done by the use of Real-Time

Quaking-induced Conversion (RT-QuiC). RT-QuiC can also give an indication about the ability to induce

aggregation of α-Syn wt monomers by lysozyme and α-Syn A53T fibrils and monomers in vivo.

In the RT-QuiC experiments, lysozyme and α-Syn A53T fibrils or monomers can act as template seeds to

reduce the aggregation lag-time of α-Syn wt-monomers. For lysozyme, a cross-seeding experiment was

performed based on surface-mediated aggregation of α-Syn wt monomers by lysozyme fibrils. α-Syn

wt monomers can bind to the surface of lysozyme fibrils. This mechanism is based on the charge differ-

ence between lysozyme and α-Syn wt monomers. This mechanism was used as homogeneous seeding

of lysozyme was not possible, as the temperature of the plate reader could not be set to the optimal

lysozyme aggregation temperature, which is 70◦C. Next to this, the pH should be 2, which is not the case

for the basolateral samples. For α-Syn A53T, the mechanism involves seed-elongation. Here, α-Syn wt

monomers can only bind to the ends of α-Syn A53T fibrils. In RT-QuiC, the reduction of aggregation

time of α-Syn wt monomers was used as a measure for fibrils and monomer concentration.

Different concentrations of salt (NaCl) in the buffer were tested: a low salt concentration (LS) with

10 mM NaCl and high salt concentration buffer (HS) containing 150 mM NaCl. The concentration of

salt in the buffer has different effects on the lag-time in the RT-QuiC experiments for the different mech-

anisms. For seed-elongation RT-QuiC, a HS buffer is expected to increase the difference in lag-time

between fibrils and monomers. The reason for this is that in a HS buffer, the charge of monomers is

screened, so binding of α-Syn wt monomers to lysozyme is no longer possible. Fibrils have a higher

charge density, so here, the net charge of fibrils is not much affected in a salt solution. The salt concen-

tration in seed-elongation can enhance the RT-QuiC experiment [82].

The read-out of RT-QuiC-experiments was Thioflavin-T (ThT) emission. ThT binds to cross-β-sheets

in fibrillar structures, so ThT-intensity shows the degree of aggregation of α-Syn wt-monomers. For all

of the ThT graphs in the RT-QuiC experiments, the lag-time was defined as the time at which the graph

reaches a threshold of the mean + 5× standard deviation of the first hour. An unseeded sample, as well as

the other samples, contained 22 µM α-Syn wt-monomers, so eventually, α-Syn in the unseeded sample

will also show an increase of ThT signal. The reduction of aggregation in the samples was normalized

to the lag-time of the unseeded samples and all samples were tested in quadruplicate.
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First, typical ThT curves and some anomalies will be discussed. The calibration curves will be shown

to determine the exact relation between reduction in lag-time and fibril concentration. Furthermore, the

lag-time of the basolateral compartments of the cell models will be compared to the calibration. Figure

4.17 shows some ThT-graphs of the RT-QuiC experiments. Figure 4.17a shows the aggregation of α-Syn

wt monomers by lysozyme fibrils in a LS buffer. The graphs are representative for the quadruplicates and

show how most of the RT-QuiC data looks like. There are some exceptions, which will be discussed next.

Figure 4.17b shows the ThT graphs for α-Syn A53T fibrils in a HS buffer. In the first 15 minutes, a

very low intensity in some wells was observed in this experiment (around 20 A.U. instead of 300 A.U.).

There was probably a problem with the placement of the wells plate in the measuring device, so the

experiment was restarted. Because of this, the data points of the first 15 minutes of the experiment could

not be used. The ThT intensity of the three highest concentrations was already increasing at t=0. The

actual lag-time could not be determined, so the lag-time was set to 0.

(a) (b) (c)

Figure 4.17: ThT intensity graphs in RT-QuiC experiments. (a) Lysozyme fibrils in a buffer with low salt
concentration. (b) α-Syn A53T fibrils in a buffer with high salt concentration. (c) Samples of the basolateral

compartment of Caco-2 and Caco-2+HT29MTX after exposure to α-Syn A53T.

Figure 4.17c shows ThT graphs of the samples of the basolateral compartment of the cell models after

exposure to α-Syn A53T fibrils after 72h. In the first hour, there was a jump in the intensity, which

occurred more often. This was probably a defect of the device, as it happened in all wells in the wells

plate. When this happened in the first hour, the threshold could not be calculated from the first 6 data

points. Therefore, the threshold was determined from 6 other data points, where there was no ‘jump’.

The lag-time of the basolateral sample of the Caco-2+HT29MTX model was longer than the lag-time of

the unseeded sample. This was also observed in the replicates of the sample. An explanation for this will

be given in the paragraph about RT-QuiC with α-Syn A53T.

Next, the calibration and samples of lysozyme and α-Syn A53T in RT-QuiC will be discussed. Fig-

ures 4.18 and 4.19 show the lag-times of all RT-QuiC experiments normalized to unseeded samples.

Normalization was performed to reduce the batch-to-batch variance that is known to happen in RT-QuiC

experiments [79, 104]. The lag-time in LS buffer in the unseeded sample varied from 26 hours to 89

hours, so this variation confirms the observations in literature.
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Lysozyme

In surface-mediated RT-QuiC with lysozyme, it is hypothesized that lysozyme fibrils bind to the neg-

atively charged C-terminal of α-Syn. The aggregation prone NAC-region is now exposed and available

to bind with the C-terminal of other α-Syn monomers. The structure is left in a more aggregation-

prone conformation on the lysozyme fibril surface, so monomers will assemble on the surface and

form α-Syn fibrils [11]. As lysozyme monomers also have a net positive charge, it is hypothesized

that lysozyme monomers may also cause aggregation of α-Syn wt monomers, which is the reason that

a control group with monomers was added. HS buffer was used to reduce the aggregation caused by

lysozyme monomers. By doing this, the charge of monomers was screened, so the binding of α-Syn wt

monomers to lysozyme was no longer possible. Fibrils have a higher charge density, so here, the net

charge of fibrils is not as much affected in a salt solution as the monomers.

Figure 4.18a shows the normalized lag-time of lysozyme fibrils and monomers in a LS buffer and Figure

4.18b in a HS buffer. In a LS buffer, the lag-time was decreased with increasing lysozyme concentration.

However, there was no difference between the fibrils and monomers. This indicates that monomers can

cause aggregation of α-Syn wt monomers, which corresponds to the hypothesis previously described.

This observation is important, as it shows that lysozyme monomers can also be a potential risk for

neurodegenerative diseases by causing aggregation of disease-related amyloid fibrils. However, at phys-

iological conditions, the salt concentration is approximately 150 mM, so it may be more relevant to look

at the lag-time in a HS buffer in Figure 4.18a, where only a high concentration of lysozyme monomers

causes aggregation of α-Syn wt monomers. This needs to be further examined, as it was not tested in

physiological conditions.

(a) 10 mM NaCl (b) 150 mM NaCl (c)

Figure 4.18: Normalized lag-time in RT-QuiC experiments for lysozyme and α-Syn wt monomers, where
lysozyme acts as a seed. (a) was performed in a buffer with low salt concentration and (b) in a buffer with high
salt concentration. R2 for the linear fit in (a) is 0.92. (c) Normalized lag-time of the samples of the basolateral
compartment lysozyme fibril treatment. All samples contained 22 µM α-Syn wt monomers. The error bars show

the standard deviation of 4 replicates.
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In a HS buffer, the concentration range of lysozyme was changed to 0.05 - 5 µM instead of 0.001 - 10

µM. The lower concentration of lysozyme fibrils and monomers was removed, as the method apparently

was less precise for this concentration. 10 µM was removed, as the initial concentration of lysozyme

fibrils was 2.5 µM. The concentration in the basolateral compartment will not exceed this. Figure 4.18b

shows that in a HS buffer, the lag-time was also decreasing with increasing lysozyme concentration.

Here, the lag-time with lysozyme fibrils was decreased more than with lysozyme monomers. This indi-

cates that it is possible to differentiate between amyloid fibrils and monomers in a HS buffer, even though

there was a small overlap in lag-time between the lowest concentrations. This means that it may be dif-

ficult to differentiate between fibrils and monomers for samples with a normalized lag-time higher than

0.5, as the sample could contain monomers or a very low concentration of fibrils. For the fibrils, a linear

fit was made between the normalized lag-time and the log of the concentration. R2 of the linear fit is 0.92.

The normalized lag-time of aggregation of α-Syn wt monomers added to the basolateral compartment

of Caco-2 and Caco-2+HT29MTX were measured and depicted in Figure 4.18c. These samples were

measured in HS buffer, so it can be compared to Figure 4.18b. The normalized lag-time for the Caco-2

sample was 0.51 ± 0.05 and for the co-culture 0.69 ± 0.16. Figure 4.18b shows that normalized lag-

times of 0.51 and 0.69 are within the low concentration-fibrils range, but also in the monomeric range, as

there was an overlap between the fibrils and the monomers. If the sample would only contain fibrils, the

concentration of fibrils can be extracted from the linear fit. If this would be the case, the concentration of

fibrils would be in the low nanomolar range. From the bulk fluorescence spectroscopy, it was known that

the concentration in the basolateral compartment was approximately a few hundreds micromolar after

72 hours of treatment. As discussed, the bulk fluorescence spectroscopy measurements could give an

incorrect concentration of amyloid fibrils and monomers, as the concentration could be inflated by the

presence of free dye. However, it is assumed that the difference between hundreds micromolar and a

few nanomolar cannot be explained by solely the presence of free dye. This indicates that this sample

does not solely contain fibrils. However, from this data it is not possible to conclude that the sample

does not contain fibrils at all, so it is assumed that the samples might contain a mixture of fibrils and

monomers. The sample may also contain oligomers, but this was probably a small fraction, as oligomers

are thermodynamically meta-stable. The exact ratio of the different conformations cannot be extracted

from the RT-QuiC data.

α-Syn A53T
The mechanism for the RT-QuiC experiment for α-Syn A53T was seed-elongation by addition of α-Syn

wt monomers. This means that α-Syn wt monomers can only bind to the extremities of α-Syn A53T fib-

rils and not to α-Syn A53T monomers. However, the salt concentration was tested, as it can enhance the

RT-QuiC reaction [82], meaning NaCl could speed up the process. First, the RT-QuiC experiment was

performed in a HS buffer. It was already discussed that for the highest concentrations of α-Syn A53T

fibrils in a HS buffer, the lag-time was set to 0. This is depicted in Figure 4.19b. Because the lag-time

was too short, the next experiment was performed in a LS buffer. Next to this, the concentration range

was changed to lower concentrations.
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Figure 4.19a shows that in a LS buffer, there was a linear relationship between the normalized lag-time

and log of the A53T fibril and monomer concentrations. R2 of the linear fit is 0.94. Besides, there was

a clear difference between lag-time of amyloid fibrils and monomers. There was, however, an overlap

in lag-time between the two lowest concentrations of fibrils and the highest concentration of monomers.

When comparing the two different mechanisms used, it is clear that with seed-elongation, lower con-

centrations of fibrils can be measured than with surface-mediated RT-QuiC. This may be due to that in

surface-mediated RT-QuiC not all α-Syn wt monomers that bind to lysozyme fibrils form a nucleus for

α-Syn wt fibrils. More lysozyme fibrils may are necessary to induce the aggregation of α-Syn wt fibrils.

Figure 4.19c shows the lag-time of the samples of the basolateral compartment of Caco-2 and Caco-

2+HT29MTX. This experiment was performed in a LS buffer, so the values can be compared to Figure

4.19a. The basolateral sample of Caco-2 has a lag-time equal to that of the unseeded sample, indicating

that there are no α-Syn A53T fibrils present in the sample. The lag-time of the Caco-2+HT29MTX was

decreased compared to the unseeded sample. It is likely that the basolateral sample of the co-culture also

did not contain amyloid fibrils. A possible explanation for the decrease in lag-time in the basolateral

sample of Caco-2+HT29MTX is explained in the next paragraph.

The permeability studies were performed in culture medium containing 20% Fetal Bovine Serum (FBS).

FBS contains several proteins, which can influence the aggregation process in the RT-QuiC experiments.

The calibration of amyloid fibrils and monomers was therefore done in cell culture medium. However, the

basolateral samples could contain other proteins, secreted by the cells, that can enhance or slow down the

aggregation. In surface-mediated RT-QuiC, a change in lag-time in the presence of these proteins could

be caused by local charge differences by binding of proteins secreted by the cells to lysozyme fibrils. Lo-

cal charge differences could alter the process and increase or decrease the lag-time. Another possibility is

that the proteins secreted by the cells of themselves induce aggregation of α-Syn wt monomers. For the

seed-elongation mechanism, it could be that proteins secreted by cells bind to the ends of α-Syn A53T

(a) 10 mM NaCl (b) 150 mM NaCl (c)

Figure 4.19: Normalized lag-time in RT-QuiC experiments for α-Syn A53T and α-Syn wt monomers, where
α-Syn A53T acts as a seed. (a) was performed in a buffer with low salt concentration and (b) in a buffer with

high salt concentration. R2 for the linear fit in (a) is 0.94. (c) Normalized lag-time of the samples of the
basolateral compartment α-Syn A53T fibril treatment. All samples contained 22 µM α-Syn wt monomers. The

error bars show the standard deviation of 4 replicates.
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fibrils. By doing this, α-Syn wt monomers cannot bind to these ends, so the aggregation is inhibited.

The changes in lag-time by proteins secreted by cells may give an incorrect estimation of the amyloid

fibril and monomer concentration in the basolateral compartment. Further research should be done to

understand the change in lag-time by proteins secreted by the cells. This can be tested by performing the

experiments in cell culture medium taken from cells after a few days of incubation.

To summarize, from the bulk fluorescence spectroscopy experiment it was observed that all basolateral

samples contained amyloid fibrils, monomers or free dye. With RT-QuiC, it was attempted to differen-

tiate between fibrils and monomers was made. The basolateral samples of the Caco-2 model and the

Caco-2+HT29MTX for both types of amyloid fibrils did not contain a high concentration of amyloid

fibrils, as the lag-time of α-Syn wt monomers was not much reduced. The exact ratio of the different

conformations cannot be extracted from the RT-QuiC data. Lysozyme monomers appeared to cause ag-

gregation of α-Syn wt monomers, so this could also be a potential risk for aggregation of disease relation

amyloids. Further testing should be done in the presence of proteins secreted by the cells. After this,

aggregation experiments should be performed in even more physiological conditions, such as cell lysate

or blood serum.
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4.2.6 Identification of free dye and lysozyme and α-Syn A53T species in the baso-
lateral samples

From the bulk fluorescence spectroscopy measurements and the RT-QuiC data, it seemed that lysoyzme

and α-Syn A53T fibrils and monomers cross the cell models. However, the apparent permeability, in-

cludes all labelled structures in the basolateral compartment, so it could include a mixture of fibrils,

monomers, oligomers or free dye. As mentioned, free dye could be present in the samples due to in-

complete removal during purification, which could increase the emission intensity, while there were no

fibrils or monomers present. For this reason, the next step in this research was to exploit Fluorescence

Correlation Spectroscopy (FCS) to test if free dye was present in the sample. Next to this, with FCS it

was attempted to get an idea about the size of the particles to distinguish between larger structures, such

as fibrils or oligomers and smaller monomers.

FCS offers insights into the diffusion behaviour of fluorescently labelled molecules or particles. Flu-

orescently labelled molecules diffuse through a detection volume due to Brownian motion. Fluctuations

in emission intensity reflect the number of molecules within the detection volume. The changes in the

intensity were quantified by auto-correlating the signal. By fitting the auto-correlated signal, the average

number of particles and the average diffusion time were extracted. Eventually, the concentration and

diffusion coefficient can be determined [105]. The hydrodynamic diameter, Dh, of the particles can be

determined with the Einstein-Stokes equation:

Dh =
KBT

3πηD
[72] (4.2)

In which D is the diffusion coefficient, KB the Bolzmann’s constant, T the temperature and η the dy-

namic viscosity [72].

In FCS, the y-axis of the auto-correlation curves, G(0), equals the inverse of the number of particles

in the focal volume. The samples were diluted to obtain a G(0) value between 0.1 and 1. Measuring a

particle with a known diffusion coefficient was done to calibrate the focal volume and κ. In FCS, κ is

the ratio of the axial length of the focal volume to the lateral length of the focal volume [106]. In this

research, AF647 in MiliQ water was used for the calibration measurements. The diffusion coefficient of

AF647 is 330 µm2/s [107]. The measured focal volume was around 1.7 fl and κ was around 6, which are

both in the expected range, compared to literature [39]. This was found using a triplet-state fit. This type

of fit was used as electrons of the fluorophore can be excited to the triplet state and emit photons at a

somewhat same time-scale as the diffusion time. By fitting the autocorrelation graph to a triplet state fit,

this effect can be taken into account. The fits which will be discussed next are all triplet fits. Fits were

considered good when χ2 was approximately 1 and the residual plot was randomly dispersed.

The samples of the basolateral compartment were diluted cell culture medium containing FBS, which

has a higher viscosity than MiliQ water. Therefore, free dye was also measured in cell culture medium.

The diffusion coefficient of AF647 in cell culture medium was found to be 342 ± 36 µm2/s. To find this

diffusion coefficient of AF647 in culture medium, a second order fit was necessary. A second population

of approximately 70 µm2/s was found. This population could be proteins originating from serum in the
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(a) (b) (c)

(d) (e)

Figure 4.20: FCS data of the sample of the basolateral compartment of Caco-2 cells after exposure to α-Syn
A53T. (a) Intensity trace. (b) Triplet 2nd order fit and (c) residual plot of (b). (d) Triplet 3rd order fit and (e)

residual plot of (d).

culture medium, stained by the free dye in the solution. This population was 28.0% of the total number of

particles in the solution. As the diffusion coefficient of free dye in MiliQ is within the standard deviation

of free dye in culture medium, it was assumed that there was no difference between the diffusion coeffi-

cient of free dye in MiliQ and free dye in culture medium, so it was assumed that the viscosity was equal.

The diffusion coefficient of lysozyme monomers in MiliQ was found to be 122 ± 15 µm2/s. This was

found with a first order fit. The diffusion coefficient corresponds to the radius of lysozyme monomers,

which is approximately 1.6 nm. No population with a diffusion coefficient of appropriately 330 µm2/s

was found, which indicates that there was no free dye in this solution, or at least in a very low concen-

tration. With fitting of the autocorrelation graph of lysozyme monomers in culture medium, there was

no population found with a diffusion coefficient of approximately 120 µm2/s with a first order fit. An

attempt was made to plot the fit with a fixed diffusion-time, τ . This was fixed at 0.27 ms, which corre-

sponds to a diffusion coefficient of 120 µm2/s. When doing this with a first order fit, no good fit could

be made. A second order fit was tried and a good fit could be made. There was a second population

with a diffusion coefficient of approximately 40 µm2/s. This was 28% of the total numbers of particles

in the solution. This second population could be lysozyme di- or oligomers. Another possibility was

that there were other proteins present in the solution, but these were originally unstained. That there was

a second population visible in this sample may indicate that there was free dye in the monomer solu-

tion which stains the proteins originating from the serum in the culture medium. However, this option

was also not very likely as no population of free dye was found in the FCS measurement of lysozyme
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monomers in MiliQ. The final option could be that proteins from the culture medium bind to lysozyme

monomers, causing a decrease in diffusion coefficient, as the monomers become larger. This may lead

to the conclusion that FCS was not suitable to use for measurements in cell culture medium. It was not

found in literature that FCS measurements were performed in cell culture medium. Still, the samples of

the basolateral compartments were measured with FCS to try to get an idea about the size of the particles

to distinguish between larger structures, such as fibrils or oligomers and smaller monomers.

An example of a sample of the basolateral compartment of Caco-2 cells with exposure to α-Syn A53T

cells will be discussed. The concentration of fluorescence molecules was suitable for FCS, because G(0)

was between 0.1 and 1. An intensity trace of the sample is shown in Figure 4.20a. The distinct peaks that

can be seen could be small structures of α-Syn A53T, such as fibrils or oligomers, diffusing in and out of

the detection volume. Figure 4.20b shows a triplet second order fit with χ2 of 0.53. Figure 4.20d shows

the triplet third order fit with χ2 of 0.36. Figure 4.20c and 4.20e also show that the residual plots were

not randomly dispersed. This indicates that it was not possible to obtain a good fit for these intensity

traces.

Figure 4.21a shows the intensity trace of the same measurement, but here only the time point from

10 to 30 seconds from Figure 4.20a were used. These time points were chosen to exclude the distinct

peaks from Figure 4.20a. For this example, it was possible to make a good second order fit, see Figure

4.21b. χ2 of 1.088 and the residual plot looks randomly dispersed, see Figure 4.21c. The populations

that were found had a diffusion coefficient of 246 ± 35 µm2/s and 32 ± 12 µm2/s, which corresponds to

particle radius of respectively 0.9 nm and 6.7 nm. The smaller-sized population does not correspond to

monomers or free dye. This population could be monomers, which were (partly) degraded by the cells

or enzymes secreted by the cells. The larger population could be fibrils or oligomers in the sample. Fur-

thermore, it could be that proteins from the culture medium and proteins secreted by the cells attached

to the stained α-Syn A53T monomers. Binding would be unspecific, but the same types of proteins were

present throughout the sample, so eventually, there would be one specific range of particle sizes.

(a) (b) (c)

Figure 4.21: FCS data from a part of the data from sample of the basolateral compartment of Caco-2 cells after
exposure to α-Syn A53T. (a) Intensity trace. (b) Triplet 2nd order fit and (c) residual plot of (b).
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To summarize, FCS was performed to examine different sized lysozyme and α-Syn structures, such as

monomers or oligomers, and free dye in the basolateral samples. This was done, as it was not clear from

the bulk fluorescence spectroscopy measurements if the emission signal originated from lysozyme and

α-Syn A53T fibrils, monomers or free dye. From the FCS data, it was assumed a very low concentration

of free dye was present in the samples, as there was no population with the diffusion coefficient of free

dye found in the sample of α-Syn A53T monomers diluted in MiliQ. It remained unclear whether the

large structures were fibrils, oligomers or proteins from the cell culture medium or secreted by the cells

attached to labelled monomers.

4.2.7 Internalization of amyloid fibrils by Caco-2 and HT29MTX cells

The Caco-2 and Caco-2+HT29 cell models treated with 2.5 µM lysozyme and α-Syn A53T fibrils for 72

hours were imaged with confocal microscopy to examine the location of the amyloid fibrils within the

cell layer. This may give an explanation for the difference in the ability of permeation of lysozyme and

α-Syn A53T, as the apparent permeability for lysozyme appeared to be higher than α-Syn A53T. First,

the stainings are explained. Next, the position of amyloid fibrils was determined in the Z-plane of the cell

layers. Finally, different internalization mechanisms of amyloid fibrils found in literature are discussed

and compared to the observations of this research.

AF488-phalloidin was used to stain F-actin. Actin can be present in the cell as monomers called G-actin

(globular) or as part of a polymeric microfilament, called F-actin (filamentous) [108]. F-actin plays a

crucial role in many functions in the cell, such as cell motility, division and signalling. Actin is the most

abundant intracellular protein in a cell. It is concentrated into bundles within the cell. The richest area

of F-actin filaments lies in the cortex, a small zone just beneath the plasma membrane. F-actin filaments

are a part of a network continuing into the cell interior. By staining F-actin, the structure of a cell can be

visualized. Phalloidin conjugated to a dye is often used for staining F-actin. Labelled phalloidin a good

stain for visualizing the cytoskeleton of the cell and structural changes in the cytoskeleton in response to

exposure to amyloid fibrils [109].

To visualize the cell nucleus, DAPI, dilactate (4’,6-diamidino-2-phenylindole) staining was used. DAPI

binds to adenine–thymine-rich regions in DNA. Staining the nucleus, can give a qualitative indication

about the state of DNA and apoptosis of the cell [110].

Figure 4.22 shows confocal images of the Caco-2 and Caco-2+HT29MTX cell models with lysozyme

and α-Syn A53T. The images represent the entire cell layers well. Green in the images is F-actin, blue

is the cell nucleus and red either lysozyme or α-Syn A53T fibrils. 10 slices, or 10 um, were used for the

orthogonal views. The images in Figure 4.22 show the X-Y plane of the fifth Z-slice. Figure 4.22c and

4.22e contain more amyloid fibrils than the images of Figure 4.22g and 4.22i. The white arrows in the

orthogonal views in Figure 4.22g and 4.22i show that α-Syn A53T remained on top of the cells and not

inside the cells. The α-Syn A53T fibrils that can be detected in the images probably interact with the

cell membrane, otherwise the fibrils would have been washed away before fixation. This indicates that

the cells have better uptake capabilities for lysozyme fibrils compared to α-Syn A53T fibrils.
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(a) Caco-2 control (b) Caco-2+HT29MTX
control

(c) Caco-2 lysozyme (d)
(e) Caco-2+HT29MTX

lysozyme (f)

(g) Caco-2 A53T (h)
(i) Caco-2+HT29MTX

A53T (j)

Figure 4.22: Images with orthogonal views and intensity profiles of cell models treated with lysozyme and α-Syn
A53T. (a) Caco-2 control, (b) Caco-2+HT29MTX control. Cell layers treated with lysozyme in (c) and (g) and

α-Syn A53T in (e) and (i) with corresponding intensity profile in (d), (f), (h) and (i) for AF488-phalloidin
(green) and amyloid fibrils (red). Blue arrows point towards the top of the cell layer.

Intensity profiles were made to show where the fibrils were positioned in the Z-axis of the cell layer.

The graphs in Figure 4.22 show the mean intensity per slice of the amyloid fibrils and F-actin. Slice

10 was on top of the cells, and slice 0 was 10 µm into the cell layer. For all of the conditions, F-actin

and amyloid fibril intensity increases towards the top of the cell layer. For F-actin, this was because the

AF488-phalloidin staining was pipetted on top of the cells. AF488-phalloidin needs to penetrate the cell

layer, so there was more AF488-phalloidin available at the top of the cells than towards the bottom. Next

to this, the cortex, which contains a large amount of F-actin, lies just beneath the plasma membrane, so

the top shows a high intensity of AF488-phalloidin signal [109].

The amyloid fibril intensity increases towards to top because most of the larger amyloid fibril struc-

tures remain on top of the cells. There is a difference in the intensity profiles between lysozyme and

α-Syn A53T. The intensity of AF488-phalloidin reaches a maximum at the top membrane of the cells.

It can be seen in Figure 4.22h and 4.22j that the top of the cells was around slice 9. The intensity of
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α-Syn A53T was still increasing beyond the outer layer of the cells, meaning the amyloid fibrils were

positioned on top of the cells. In Figure 4.22h and 4.22f the peak of the intensity of lysozyme was still

within the cells.

These results indicate that α-Syn A53T fibrils remain on the top of the cells, whereas lysozyme fib-

rils seem to be internalized by the cells. A possible difference in the uptake by the cells could be an

explanation for the difference in apparent permeability observed in the bulk fluorescence spectroscopy

and RT-QuiC experiments. In those experiments, it seemed as if lysozyme could translocate more easily

than α-Syn A53T, which could be an explanation for the higher apparent permeability for lysozyme,

compared to α-Syn A53T. In literature, multiple mechanisms are reported by which amyloid fibrils can

be internalized. In the next paragraphs, a few examples of the internalization of amyloid fibrils by cells

are discussed and compared to the observations in this research.

Intestinal epithelial cells have a negatively charged cell surface, similar to other types of cells [111].

The negatively charged surface, as well as proteins on the surface, provide sites of interactions for posi-

tively charged compounds. One example of a protein present of the plasma membrane of cells that can

form interactions based on the charge of amyloid fibrils is heparan sulfate proteoglycan (HSPG). HSPG

can act as a receptor for cell-surface endocytosis [112, 113]. Endocytosis can occur via different mech-

anisms, such as clathrin-mediated endocytosis [112]. In literature, it is thought to be that the uptake of

α-Syn in neuronal cells might be dependent on cell surface HSPG [114].

The interaction between amyloid fibrils and HSPG likely occurs by interactions between the negatively

charged HSPG and positively charged amino acids of amyloid fibrils. For α-Syn, the central region is

slightly positively charged. These studies have shown that it is possible for different amyloid fibrils to

be internalized by neuronal cells by HSPG-receptor endocytosis. HSPG is also abundant on intestinal

cells [111], which indicates that this could be a possible receptor for endocytosis of amyloid fibrils by

intestinal cells. Next to this, both lysozyme and α-Syn A53T fibrils contain positively charged regions.

From this, it is expected that it could be possible for lysozyme and α-Syn A53T fibrils to be internalized

in Caco-2 and HT29MTX cells. However, the exact charge of lysozyme and α-Syn A53T fibrils in cell

culture medium with the presence of ions is not known.

Another possible internalization pathway observed for amyloid fibrils is macropinocytosis [115, 116].

Macropinocytosis involves rearrangement of the F-actin cortex by the formation of membrane ruffles.

The ruffles can fold back to the membrane to form a large vesicle that traps the substance [117], see

Figure 2.2 in Chapter 2. These vesicles have a size of approximately 0.2 - 5 µm, so this mechanism

allows internalization of relatively large structures [116]. All substances in the fluid inside the vesicle

are internalized, which makes the process non-specific [42]. Macropinocytosis is generally triggered by

growth factors, but can also be triggered by apoptotic bodies or necrotic cells [116]. Another trigger for

macropinocytosis is receptor-mediated, for instance by the use of HSPG [112, 115]. It has been found

that internalization of α-Synuclein is possible via macropinocytosis, and occurs in the time range of a

few hours [115, 116].
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To summarize, there are different mechanisms for the internalization of amyloid fibrils possible. Charac-

teristics like size and charge are crucial properties for the uptake. Internalization occurs for a wide range

of amyloid fibril sizes. Next to this, in the mechanisms discussed, a positively charged region seems to

be important for the uptake. Uptake of amyloid fibrils can also be non-specific. From this, it seems as if

it would be possible for lysozyme and α-Syn A53T to be internalized by the cells. However, the results

of the confocal microscopy images seem to contradict this. In the confocal images of this research, it

was observed that α-Syn A53T remained on the top of the cell layer and lysozyme was internalized. An

explanation for this could be that even though both types of amyloid fibrils have positively charged sites,

the net charge was different. This could in turn change the binding properties of the amyloid fibrils to

membrane proteins, such as HSPG. Further research is needed to support these findings, for example to

the exact charge of the amyloid fibrils in cell culture medium.

While the difference in charge may explain the difference in the internalization of α-Syn A53T and

lysozyme, the confocal images do not provide enough information to prove this theory. First, the confo-

cal images of the cell layers were made after 72 hours of exposure to amyloid fibrils. It has been reported

that the time span for marcropinocytosis is within a few hours [115]. Because of this, it might be possible

that the cell internalize and remove α-Syn A53T, but that this is not visible on these confocal images.

Next to this, cells that internalized α-Syn A53T fibrils may have died and removed during the washing

steps. Because of this, the internalization of α-Syn A53T cannot be seen in the cells after 72 hours.

Only the larger α-Syn A53T fibrils remain on the top of the cells. These possibilities should be further

analyzed, for example with time-dependence imaging and cytotoxicity testing.
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4.2.8 Reorganization of cytoskeleton upon uptake of lysozyme fibrils

In Chapter 2, different mechanisms by which substances can be taken up by the cells were briefly dis-

cussed. The mechanisms by which lysozyme fibrils were taken up are not extensively tested. However,

it is possible to get an idea of the mechanism by looking at the F-actin network in confocal images. As

mentioned, the internalization of α-Syn A53T fibrils was not observed in the confocal images, so in this

section only internalization of lysozyme fibrils is discussed.

Figure 4.23 shows the F-actin structure containing lysozyme fibrils. In Figures 4.23a and 4.23b there is a

reorganization of the F-actin cortex visible. There is a clear increase in the intensity of AF488-phalloidin

stained F-actin that was present around the fibrils, forming a cage-like structure. Two positions where this

occurred are indicated with a white arrow in Figure 4.23b. Figure 4.23c shows the intensity of AF488-

phalloidin and amyloid fibrils over the dashed white line in Figure 4.23a, with green being F-actin and

red lysozyme fibrils. F-actin forms around the fibrils, which can also be seen in this graph. F-actin

itself is not responsible for encapsulating the fibrils, but during the uptake there was a remodelling of the

F-actin cortex. The cortex lays directly beneath the cell membrane and can be remodelled to form a cage-

like structure around the fibrils [43]. This remodelling of the F-actin cortex upon the internalization of

substances has been described before, for instance in macropinocitosis [42, 117] and clathrin-mediated

endocytosis [43]. The exact mechanism of uptake was not known from the experiments in this research.

(a) (b)
(c)

(d) (e)
(f)

Figure 4.23: Images of Caco-2+HT29MTX cells containing lysozyme fibrils. The intensity of AF488-phalloidin
and lysozyme fibrils on the dashed line in (a) and (d) is plotted in (c) and (f). The arrow in (b) shows that
F-actin was reorganizing around the fibrils. The circles in (c) show the sequestration of F-actin by lysozyme

fibrils.
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Furthermore, in Figure 4.23d and 4.23e fibrils that were internalized by the cells are shown. The po-

sitions of these fibrils are indicated by white circles in Figure 4.23e. Figure 4.23f shows that at the

position of the fibril on the dashed line there is an increase of AF488-phalloidin signal. This indicates

that fibrils sequester F-actin inside the cell. A possibility is that lysozyme fibrils bind non-specifically to

F-actin. It has been previously observed in literature that monomeric hen egg-white lysozyme monomers

and F-actin can self-assemble because of their opposite charges [65]. This may also occur with lysozyme

fibrils.

Figure 4.24 shows again the effect of F-actin reorganisation in Caco-2 cells. Here, the orthogonal views

are also shown to show the cage-like structure in all direction. In Figure 4.24a it is clear that F-actin

remodels in a cage-like structure around the fibril. In Figure 4.24c the cage is indicated with the black

arrows. The intensity profile shows that the AF488-phalloidin intensity within the cage at 60-100 pix-

els was somewhat higher than the background at 0-30 pixels and 130-160 pixels, so the sequestration,

described in the previous paragraph and Figure 4.23f is also present in this region.

(a) (b) (c)

Figure 4.24: Images of Caco-2 cells containing lysozyme fibrils. (a) and (b) confocal images with orthogonal
views. The intensity of AF488-phalloidin and lysozyme fibrils on the dashed line in (a) is plotted in (c).
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The AF488-phalloidin intensity of the cage-like structure itself was higher than within the cage, which

can also be observed in Figure 4.23c. To verify if the decrease in the intensity of AF488-phalloidin at

the position of the fibrils inside the cage was not due to energy transfer, FRET experiments (Förster

Resonance Energy Transfer) were performed. If there would be FRET, AF488 intensity is quenched by

the presence of AF647. AF488 and AF647 could be FRET pairs, with AF488 as the donor and AF647

as the acceptor. FRET occurs when the fluorophores are in nanometer proximity, which is 5.6 nm for

AF488 and AF647 [118]. Appendix Figure D1 shows the excitation and emission spectra of AF488 and

AF647, where it can be seen that there is spectral overlap between emission of AF488 and excitation of

AF647. This means that theoretically, it is possible for FRET to occur.

(a) (b) (c)

Figure 4.25: Images of Caco-2+HT29MTX cells treated with lysozyme. In (a) and (b), green signal is emmision
signal from the 483 nm laser. In (a) red is emission signal from the 636 nm excitation laser and in (b) and (c)

from the 483 nm laser (FRET signal).

The images that were previously discussed were made with PIE-excitation, which made it possible to

analyze the images for FRET. In Figure 4.25a the green signal is AF488 and red signal is AF647. The

red signal in Figure 4.25b and 4.25c show FRET signal, which could occur at excitation wavelength of

483 nm and detection in the red channel. The red intensity in these figures is very low, indicating the

decrease of intensity at the position of the fibrils was not due to FRET.

To conclude, it seems as if α-Syn A53T fibrils were not endocytosed by the cells, while lysozyme fibrils

were taken up by the cells. This is contradictory to literature, where several mechanisms are described

for amyloid fibril uptake. This also includes uptake of α-Synuclein fibrils by (heparan sulfate-mediated)

macropinocytosis [115, 116]. However, the confocal images were taken after 72 hours of treatment. A

time-dependent study could be useful to gain further insight. Upon the internalization of lysozyme fib-

rils, there was remodelling of the F-actin cortex. The mechanism of uptake could be macropinocytosis,

as this allows non-specific uptake of different sizes amyloid fibrils [115, 116, 42]. However, from the

existing data it is difficult to conclude the mechanism of internalisation.
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5 Conclusion

The goal of this project was to examine whether food-related amyloid fibrils could translocate across in

vitro cell models of the epithelial intestinal barrier to evaluate the risk of amyloid fibril exposure. Two

amyloid forming proteins found in food are hen egg-white lysozyme and α-Synuclein, which can be

found in for example porcine meat. Hen egg-white lysozyme fibrils and α-Synuclein fibrils can induce

fibrillation of α-Synuclein, present in for example neurons. This makes exposure to fibrils of these food-

related proteins a potential risk for neurodegenerative diseases if these fibrils find their way to the brain.

Therefore, knowledge about the ability of these amyloid fibrils to permeate and cross the epithelial bar-

rier in the intestines is of great significance.

Permeability and internalization characteristics of lysozyme and α-Synuclein amyloid fibrils were eval-

uated for in vitro cell models of the intestinal barrier using Caco-2 cells and HT29MTX cells. Caco-2

cells were differentiated into enterocytes during culturing on transwell membranes. Enterocytes are the

most abundant cell type in the intestinal epithelial barrier. The second most abundant cell type are goblet

cells, which can be modelled with HT29MTX cells. HT29MTX cells secrete mucus, so by addition of

HT29MTX cells, the effect of mucus on permeability characteristics can be determined.

In order to test the quantification method, the permeability of polystyrene (PS) nanobeads through the

in vitro model was determined as a preliminary model. The results of the preliminary model with PS

nanobeads indicated that 20 nm beads cannot permeate across the Caco-2 cell model via the paracellular

route, but were probably translocated via the transcellular route. Furthermore, the nanobeads accumu-

lated inside the cytoplasm by the Caco-2 cells. With the Single Particle Tracking (SPT) set-up, the

concentration and diameter of nanobeads was accurately determined. However, it was found that the

quantification of amyloid fibrils in the SPT-set up was not possible because of the heterogeneity of the

fibrils. Because of this, it was decided to continue with bulk fluorescence spectroscopy and Real-Time

Quaking-induced Conversion (RT-QuiC) for quantification of the concentration of lysozyme and α-Syn

A53T fibrils, which was used to model animal α-Synuclein.

The results of the bulk fluorescence spectroscopy indicate that the apparent permeability for amyloid

fibrils of both proteins was higher in the Caco-2 model compared to the co-culture. This may indicate

that mucus played a role in reducing the ability of lysozyme fibrils to permeate the intestinal barrier.

In literature it was found that it is possible for α-Synuclein monomers to diffuse in mucus [20, 21].

However, the permeation properties might be different for fibrils and for other proteins. Furthermore,

the increased thickness of the cell layer of the co-culture because of mucus could lead to a decreased

permeability. Next to this, it is known that enterocytes are responsible for transcellular transport. Due to

a lower amount of enterocytes in the co-culture model compared to the Caco-2 model, the permeability

might be reduced.

The bulk fluorescence spectroscopy results also indicate that the apparent permeability for lysozyme

was higher than for α-Syn A53T in both cell models. However, using bulk fluorescence spectroscopy,

it could not be determined if the emission signal originated from fibrils, monomers, free dye or other
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structures such as oligomers. A low concentration of monomers and free dye could be present in the

samples because of incomplete removal during purification. Next to this, monomers or oligomers could

originate from fibril disassembly during exposure to cells. With RT-QuiC, it was attempted to distinguish

between fibrils and monomers in the sample by comparing the lag-time of aggregation of α-Synuclein wt

monomers. The basolateral compartment contained mostly monomers, as there was no clear decrease of

lag-time of the aggregation of α-Synuclein wt monomers. However, with the RT-QuiC data, it could not

be excluded that the samples also contain a small amount of fibrils. Next to this, these experiments were

performed in the absence of proteins and enzymes that may be excreted by the cells and which could

alter the lag-time, so further research is needed.

Fluorescence correlation spectroscopy (FCS) was exploited to verify if the samples contained free dye,

which could lead to misrepresentation of the bulk fluorescence spectroscopy measurement. It was found

that there was no free dye present in the monomer solution diluted in MiliQ. This may indicate that there

was no free dye in the samples, so the emission intensity was probably not inflated by the presence of

free dye. It was also found in the FCS experiments that there was a population with a small size in the

basolateral compartment, which could be monomers that were (partly) degenerated by the cells. A popu-

lation with a relatively large size was found, which could indicate that proteins from the culture medium

or secreted by the cells interact with lysozyme and α-Syn A53T monomers, forming larger aggregates.

From literature, it was clear that there are several internalization mechanisms for amyloid fibrils by

cells [115, 116]. It was hypothesized that lysozyme and α-Syn A53T fibrils could both be internalized

by Caco-2 and HT29MTX cells. Internalization of lysozyme and α-Syn A53T fibrils was evaluated us-

ing confocal scanning laser microscopy. From these experiments, it seemed as if lysozyme fibrils were

internalized by the cells, while α-Syn A53T remained mostly on top of the cells. This could explain the

observed difference in apparent permeability. However, the confocal images were taken after 72 hours of

treatment. More time points are needed to be sure if α-Syn A53T was not internalized by the cells. Upon

the internalization of lysozyme fibrils, there was remodelling of the F-actin cortex. The mechanism of

uptake could be macropinocytosis, as this allows non-specific uptake of different sizes amyloid fibrils.

The exact mechanism cannot be known from the available data.

Altogether, the results of this research indicate that hen egg-white lysozyme fibrils, can cross the in

vitro intestinal epithelial cell models used in this study more easily than α-Syn A53T fibrils, which was

used as a model for animal α-Syn. However, from the data available, it was not possible to get a clear

indication about the aggregation state of the translocated food proteins. The samples that permeated the

in vitro cell models could contain fibrils, oligomers or monomers. Lysozyme was internalized by the

cells, while α-Syn A53T seems to be attached to the top side of the cell layer. This might be a possible

explanation for the difference in permeability observed. However, more research is needed to support

these findings.
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6 Recommendations

The results of this research indicated that lysozyme could more easily cross the in vitro barriers used in

this study, compared to α-Syn A53T. The exact aggregation state (monomers, oligomers or fibrils) of

the permeated lysozyme, however, was not clear from the results. More research is needed to support

these findings and to further investigate the effect of food-related amyloid fibrils on neurodegenerative

diseases. In this chapter, recommendations will be presented for further research.

The research was performed with in vitro cell models of the epithelial intestinal layer. The model in

the preliminary model with PS nanobeads only contained Caco-2 cells. Differentiated Caco-2 cells show

many characteristics of enterocytes. However, it is reported that Caco-2 layers fail to provide a reliable

estimation of in vivo permeability because of the overexpression of TJ-proteins [51, 54] and the absence

of other cell types [44]. For the permeability experiments for amyloid fibrils, a co-culture model with

Caco-2 cells and HT29MTX was used, which was a more close representation of the in vivo situation

[53]. This model is ideal for in vitro measurements. However, this model lacks different neighbouring

cells, such as M-cells. M-cells are responsible for the uptake and transport of substances [33], so by

excluding M-cells, it could be possible that some routes for transportation were also excluded. Next to

this, blood flow and other environmental conditions were lacking in the model [51]. Therefore, these

experiments should be repeated in vivo.

An increase of the measured TEER-values indicated that TJ-complexes were formed during 21 days

of culturing of the Caco-2 and HT29MTX cells on transwell membrane. This was the only verification

of differentiation of Caco-2 cells into enterocytes. There are several ways to verify this, which can be

performed in further research. A staining of wheat germ agglutinin (WGA) conjugated to a fluorescence

dye can be done to stain N-acetylneuraminic sialic acid, which is only present on the cell surface of

differentiated Caco-2 cells [119]. The presence of microvilli can be examined in electron microscopy

[32, 119]. Finally, the expression of TJ-proteins can be investigated with PCR or Western blotting.

The bulk fluorescence measurements showed that there was an increase of the fluorescence signal in

the basolateral compartment over time. This signal could originate from fibrils, monomers or free dye.

Distinguishing between these three was done with RT-QuiC. The control groups to make a calibration

curve in the RT-QuiC experiments were not performed in conditioned cell culture medium, but were

performed in fresh culture medium. This means that the experiments were performed in the absence of

proteins and enzymes secreted by the cells. The presence of such proteins could influence the aggrega-

tion, as discussed in the Results and Discussion section. The RT-QuiC calibration experiments should be

performed in cell culture medium retrieved from cells in culture.

Finally, α-Syn A53T used in this research contained the sequence of human α-Syn, except for the thre-

onine at residue 53. This variant was used, as it was observed in animals consumed by humans. There

are more differences in sequence between human α-Syn and animal α-Syn, which may change physico-

chemical properties of α-Syn. For example, Larsen et al. [68] showed that porcine α-Syn has a decreased

propensity for fibrillation compared to human α-Syn. It is not known if the ability to induce aggrega-
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tion of human α-Syn wt monomers is different for porcine or other animal α-Syn. Next to this, another

change in amino acid was sequence was done at residue 140 for labelling purposes. The effect of this

change and the effect of the A647 label on aggregation or permeability characteristics is not known. For

further research, α-Syn directly taken from meat or milk should be used, as the differences in amino acid

sequence may influence the permeability or fibrillation characteristics of α-Syn. RT-QuiC experiments

could be performed with unlabelled lysozyme and animal α-Syn.

Next to improving the experimental design of this research, extensive research is necessary to evalu-

ate the risks associated with amyloid fibril exposure. The cross-aggregation ability of lysozyme and

animal α-Syn with α-Syn wt and other disease-related proteins should be tested in actual physiological

conditions. Finally, the ability of amyloid fibrils to translocate to the brain via the vagus nerve or blood

to cross the blood-brain barrier should be evaluated. Researches of the NBP-group in the DOMINOS

project are already working on this. Together with the research described in this thesis, this research will

give insights into the risks associated with food-related amyloid fibrils.
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Appendices

Appendix A: Sequence of α-Synuclein

Figure A1: Amino acid sequence of human α-Syn and α-Syn of several animals consumed by humans. The red
box indicates residue 53, where human α-Syn contains alanine and α-Syn of several animals threonine.

Sequences retrieved from NCBI.
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Appendix B: Confluence of Caco-2 cell layer on different seeding days

(a) (b)

(c) (d)

Figure B1: Wide field images of transwell membrane with Caco-2 cells cultured for (a) 1 day, (b) 7 days, (c) 14
days and (d) 21 days.
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Appendix C: Emission spectra lysozyme and α-Syn A53T fibrils

(a) (b) (c)

(d) (e) (f)

Figure C1: (a) and (d) Emission intensity graphs of calibration where (a) is for lysozyme and (d) is for α-Syn
A53T. (b) and (e) Emission intensity at 669 nm from Figure (a) and (d) where (b) is for Lysozyme and (e) for
α-Syn A53T. (c) and (f) Examples of increase in emission intensity in the basolateral compartment in the cell
models, with (c) for lysozyme and (f) for α-Syn A53T. R2 of calibration of emission intensity of lysozyme was

0.98 and for α-Syn A53T 0.99.
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Appendix D: Excitation and emission spectra AF488 and AF647

Figure D1: Excitation (dashed line) and emission (solid) spectra AF488 (green) and AF647 (red)
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