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ABSTRACT 

 Food protein amyloid-like nanofibrils are gaining interest as new food 

ingredients. Nanofibrils can self-propagate by ‘seeding’ and can ‘cross-seed’ the 

fibrillation of similar proteins from other species. Nanofibrils can potentially survive 

digestion and spread to other parts of the body. Currently, there is limited knowledge on 

the propensity for food protein nanofibrils to cross-seed fibril formation of similar human 

proteins. Thus, it is prudent to examine their impact on human health before employing 

nanofibrils in food. This study used lysozyme as a model to examine the seeding and 

cross-seeding reactions between two unique fibril polymorphs (formed at pH 2, and pH 

6.3) of lysozymes from human and hen. Both polymorphs of HEWL could cross-seed 

aggregation of HLZ, but this reaction was markedly reduced under simulated gastric 

conditions. Surprisingly, the 6.3 fibril polymorph was dominant even at pH 2, indicating, 

distinct polymorphs of the same protein have unique abilities to self-propagate. 
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CHAPTER 1 

1 INTRODUCTION 

 

1.1 Protein folding and aggregation 

Amino acids are the building blocks of the polymeric sequences of proteins. The 

function of a protein depends largely on its folded structure. Upon synthesis, a 

polypeptide chain undergoes spontaneous folding reactions to reach its final three-

dimensional structure, resulting in a functioning and active protein (C.M. Dobson, 2004; 

Shamsi, Athar, Parveen, & Fatima, 2017). The folded protein is stabilized by 

hydrophobic interactions, covalent interactions, and weak forces (Zaidi, Hassan, Islam, & 

Ahmad, 2014). The process of folding and unfolding is driven thermodynamically 

through a complex and intricate process, in which there are alternative three-dimensional 

structures, and folding intermediates that a polypeptide can adopt. Sometimes a proteins 

can misfold, resulting in the improper final three-dimensional protein structure. Since the 

final three-dimensional structure ultimately determines the protein’s functionality, the 

misfolded protein will not have the same initial function, therefore potentially leading to 

an inactive protein. Usually, protein aggregation occurs because of misfolding or 

improper folding of an unfolded or partially folded protein (Alam, Siddiqi, Chturvedi, & 

Khan, 2017; E. K. Kumar, Haque, & Prabhu, 2017; Siddiqi, Alam, Chaturvedi, Shahein, 

& Khan, 2017). 
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Proteins may aggregate in two general ways, either clumping together to form 

amorphous aggregates, or they form β-strands and stack perpendicular to the fibril axis in 

a highly-ordered manner and form amyloid fibrils. Amyloid fibrils are the most 

thermodynamically stable structure that a protein can adopt (Nelson & Eisenberg, 2006). 

(see Figure 1.1).  

 

Figure 1.1 Schematic energy landscape of protein folding and aggregation. Figure is 

adapted from the FEBS Journal (Jahn & Radford, 2005) with permission from John 

Wiley and Sons publisher. 
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1.2 Amyloid fibrils 

The word amyloid is derived from the Latin (amylum) and Greek (amylom) 

words for starch, so-named in 1854 by Virchow when he thought deposits observed in 

brain sections upon staining with iodine resembled cellulose (Tjernberg, Rising, 

Johansson, Jaudzems, & Westermark, 2016). Amyloid fibrils are aggregates formed both 

in vivo and in vitro by a soluble polypeptide chain or a protein monomer, which 

assembles into a shape that allows many copies of the identical polypeptide chain or 

monomer units to stack together, called homotypic polymerization (Dovidchenko & 

Galzitskaya, 2015). These units stack together form insoluble fibrils that are resistant to 

degradation (Dovidchenko & Galzitskaya, 2015). A remarkable aspect of amyloid fibrils 

is that, regardless of their native conformations, different proteins form similar fibrillar 

structures (Chiti & Dobson, 2006; Makin & Serpell, 2005). Amyloid aggregates have a 

cross-β-sheet structural core, in which β-sheets are formed by stacking β-strands on top 

of one another perpendicular to the fibril axis via hydrogen bonds (Nelson et al., 2006; 

Sunde et al., 1997). On a molecular level, the peptides are lined up straight and stacked 

on top of each other in a highly ordered manner, allowing them to line up their 

electrostatic dipoles on their backbone so that they can form hydrogen bonds. 

Amyloid fibrils are usually unbranched, are about 5-10 nm in diameter and can 

grow to be several microns in length. A single isolated beta sheet is not stable in solution, 

so normally two to six sheets laminate together forming protofilaments, which allows the 

side chains from the proteins to interdigitate with each other, thus providing additional 

binding energy to stabilize the sheets. The fibrils are composed of several protofilaments 
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that are twisted with one another (Chiti & Dobson, 2006; E. K. Kumar et al., 2017; 

Toyama & Weissman, 2011). Amyloid fibrils can bind to fluorescent dyes such as Congo 

red (Antimonova et al., 2016) and thioflavin-T (Sebastiao, Quittot, & Bourgault, 2017), 

which allow them to be identified using histological staining techniques, polarized light 

microscopy, and ThT kinetic assays. ThT fluorescence increases upon binding of the dye 

to the amyloid fibrils, and although the interaction between the dye and amyloid is still 

not fully understood, it is believed that the ThT binds parallel to the fibril axis between 

adjacent β-sheets or protofilaments (Biancalana & Koide, 2010; Groenning, 2010; 

Groenning et al., 2007). 

Amyloids formation is usually associated with diseases, but proteins that are not 

correlated with diseases can also form amyloid-like aggregates in vitro conditions under 

partially denaturing conditions (Litvinovich et al., 1998). It appears that amyloid 

formation is a generic and intrinsic property of the chemical structure of polypeptide 

chains, and most or all proteins can form such structures under correct solution conditions 

(Chiti et al., 1999; Sawaya et al., 2007) 

1.3 Mechanism of fibril formation 

The mechanism of fibril assembly is important to understanding several human 

diseases, for nanotechnology applications, and some biological processes (S. Kumar & 

Udgaonkar, 2010). Generally, a folded protein needs to at least partially unfold to form a 

state that is prone to aggregate (Kelly, 1998), and partially-unfolded and fully-unfolded 

states can lead to different aggregate end-state (Morozova-Roche et al., 2000). Describing 

the fibrillation process is challenging due to the multitude of possible pathways that the 
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protein monomers can take to reach their final fibril structure (Chiti & Dobson, 2006; 

Invernizzi, Papaleo, Sabate, & Ventura, 2012). Aggregation may occur in which the 

nucleation is in one step (directly from the monomer protein to fibrils) or two steps (step 

one being the formation of oligomers and step two being the conversion of oligomers to 

fibrils). Many aggregation reactions go through a nucleation-dependent polymerization 

process; however, some can go through linear polymerization which does not involve 

nucleation. Where protein monomers act as fibril nuclei, with no nucleation barrier 

(Kashchiev, 2015). 

Nucleation is a set of necessary but unfavorable steps in the reaction that 

bottleneck the formation of large aggregates, where the nucleation step is a 

conformational change in the monomeric protein (Marcon, Plakoutsi, & Chiti, 2006). 

Three rules that must be met in order to classify the aggregation mechanism as the 

nucleation-dependent polymerization are: 1) a critical protein concentration required to 

start the polymerization reaction, 2) the observation of a lag phase, and 3) the ability of 

seeds to abolish the lag phase. If only two of the three parameters is met, the aggregation 

may follow linear polymerization rather than nucleated polymerization (Schmit, Ghosh, 

& Dill, 2011). Initially, nuclei must be formed by monomers (primary nucleation), and 

after a certain amount of aggregates are formed (Auer, Ricchiuto, & Kashchiev, 2012), 

the secondary pathway takes control of the growth (secondary nucleation). 

In the early steps of aggregation, soluble aggregates are formed, then continue to 

form longer protofibrils and eventually fibrils. Prefibrillar aggregates are toxic because 

they are soluble and can form pores on the membranes (Adamcik & Mezzenga, 2011). 
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Nucleation time can vary from hours to days, however, after the nucleation step, 

aggregation starts, and the reaction takes off very quickly, then saturates. Overall, 

nucleation time depends on the nuclei concentration. The fibril can also induce the 

formation of other fibrils by the following three mechanisms: fragmentation, branching, 

and nucleation on the fibril surface, with all three mechanisms together leading to 

exponential growth (Eichner & Radford, 2011; Tipping et al., 2015). 

The two generally accepted models for amyloid formation are the nucleation-

elongation and the unfolding-fragmentation-fibrillation models (see Figure 1.2). In the 

nucleation-elongation model, the formation of a nucleus from an at least partially-

unfolded monomeric form of the protein is necessary, followed by the accelerated growth 

through the addition of monomeric structures to the nucleus leads to the formation of 

protofilaments and oligomers. Later upon prolonged incubation, the mature fibrils form, 

and the reaction plateaus. In the unfolding-fragmentation-fibrillation model, the protein 

unfolds and hydrolyzes into smaller fragments, followed by formation of protofilaments 

and oligomers, where finally mature fibrils are formed upon incubation (Adamcik & 

Mezzenga, 2011a). Hydrolysis usually occurs as the consequence of elevated temperature 

and low pH during incubation.  
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Figure 1.2 Mechanism of amyloid fibril formation from globular proteins. Figure is 

adapted with permission from (Adamcik & Mezzenga, 2012). Copyright (2012) 

American Chemical Society. 

Interactions between surfaces and proteins combined with mechanical agitation, 

can often induce the amyloid aggregation by promoting the primary nucleation rate. This 

favors mass transport to promote fragmentation (through more nucleation sites) and fibril 

formation (Grigolato, Colombo, Ferrari, Rezabkova, & Arosio, 2017). Abdolvahabi et al. 

reported that different gyrating beads can accelerate and promote the amyloid formation 

and that there is a linear correlation between bead mass and fibril formation rate, that is 

likely due to the generation of more nucleation sites (fibril ends) by fibril fragmentation 
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(Abdolvahabi et al., 2017). It was reported that shear flow enhances the rate of fibril 

formation through unfolding and causes aggregation (Bekard & Dunstan, 2014).  

Another study found that shear flow enhances the rate of fibril formation only 

when applied during nucleation, by breaking the filaments and inducing secondary 

nucleation (van den Akker, Schleeger, Bonn, & Koenderink, 2014). 

1.4 Functional amyloid fibrils 

Aside from disease-related amyloid, many non-pathogenic amyloid fibrils exist in 

nature, called “functional amyloid”, that contain useful biological activities without 

incurring toxicity (Chapman et al., 2002; Shewmaker, McGlinchey, & Wickner, 2011). 

Functional amyloids are found in an extensive range of organisms, such as humans, 

insects, invertebrates (Fowler, Koulov, Balch, & Kelly, 2007), bacteria (Romero, 

Vlamakis, Losick, & Kolter, 2014), and fungi (Erskine et al., 2018). Some of these 

naturally occurring amyloids are utilized by different organisms for their functional 

characteristics, including biofilm formation in E. coli and Salmonella (Barnhart & 

Chapman, 2006; Cherny et al., 2005; Taglialegna, Lasa, & Valle, 2016; Van Gerven, Van 

der Verren, Reiter, & Remaut, 2018), chaplins in Steptomyces coelicolor (Claessen et al., 

2003; Gebbink, Claessen, Bouma, Dijkhuizen, & Wösten, 2005), hydrophobins in 

Pseudomonas for spore coating (Dueholm et al., 2010; Rouse et al., 2017), and biofilm 

formation (Zeng et al., 2015), memory formation in fruit flies (Majumdar et al., 2012), 

insect immune response (Falabella et al., 2012), adhesive formation in marine 

invertebrates (Mostaert et al., 2009), protection of fish embryos and eggshells 

(Iconomidou, Vriend, & Hamodrakas, 2000; Podrabsky, Carpenter, & Hand, 2001), 



 

9 

 

 

HET-s (Balguerie et al., 2003), Sup35p for translational regulation in wild-type yeast 

(Chernoff et al., 2000), URE2p in regulation of nitrogen catabolism in yeast (Lian, Jiang, 

Zhang, Jones, & Perrett, 2006), spidroins in spider silk (Kenney, Knight, Wise, & 

Vollrath, 2002), Pmel17 in humans that is involved in melanin biosynthesis for skin 

pigmentation (Fowler et al., 2007; McGlinchey & Lee, 2018), and as storage hormones 

(insulin, glucagon, and calcitonin) in humans (Berchowitz et al., 2015). 

1.5 Food protein amyloid fibrils 

Food-derived proteins can be induced to form amyloid-like fibrils, also termed 

‘protein nanofibrils’. Nanofibrils made from food proteins (e.g., from milk, eggs, cereals, 

and legumes) are gaining interest as new food ingredients and attractive nanomaterials, 

due to their unique structural and biological properties, highly functional surface 

chemistry, aspect ratio, and rheological behavior in solutions, as stabilizers, and gelling 

agents (S M Loveday, Wang, Rao, Anema, & Singh, 2011). Nanofibrils are insoluble, 

highly-stable aggregates that are heat resistant, and likely to contribute to the structural 

characteristics of the final food product (Moayedzadeh, Madadlou, & Khosrowshahi asl, 

2015; Riek & Eisenberg, 2016). Pearce et al. found that protein aggregates formed during 

food processing may be amyloid-like in nature, resembling either rigid, long, straight 

fibrils, or semiflexible worm-like fibrils (Pearce, Mackintosh, & Gerrard, 2007). Many 

food proteins, such as pea protein isolate (Munialo, Martin, van der Linden, & de Jongh, 

2014), soy glycinin and soy protein isolate (Akkermans et al., 2007), the egg-ovalbumin 

(Cecile Lara, Gourdin-Bertin, Adamcik, Bolisetty, & Mezzenga, 2012; Veerman, de 

Schiffart, Sagis, & van der Linden, 2003) and lysozyme (Arnaudov & De Vries, 2005; 
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Ow & Dunstan, 2013; Sugimoto et al., 2011), milk proteins including whey proteins 

(Simon M. Loveday, Su, Rao, Anema, & Singh, 2012), β-lactoglobulin (Kavanagh, 

Clark, Gosal, & Ross-Murphy, 2000; Serfert et al., 2014) α-lactalbumin (Otte, Ipsen, 

Bauer, Bjerrum, & Waninge, 2005), serum albumin (Veerman, Sagis, & Van der Linden, 

2003; Vetri et al., 2011) lactoferrin (Nilsson & Dobson, 2003), and κ-casein (Thorn et al., 

2005), cotton seed 7S storage protein (Zhou, Zhang, Yang, Wang, & Qian, 2014), and 

rice bran protein (Y.-H. H. Zhang & Huang, 2014), have been formed into amyloid fibrils 

(see Table 1.1).  

Food protein nanofibrils are attractive ingredients and edible nanomaterials due to 

their improved functional characteristics in food systems and nanotechnology 

applications. Food protein nanofibrils can be utilized as an emulsion stabilizer (Gao et al., 

2017), foam stabilizer (Oboroceanu, Wang, Magner, & Auty, 2014), gelling agent 

(Foegeding, 2007; Foegeding & Davis, 2011; Munialo et al., 2014), forming cold-set gels 

(Farjami, Madadlou, & Labbafi, 2016), forming aerogels (Nyström, Fernández‐Ronco, 

Bolisetty, Mazzotti, & Mezzenga, 2016), for encapsulation, as a texturizer in food 

systems, as a cellular scaffold for enzyme immobilization (Pilkington, Roberts, Meade, & 

Gerrard, 2010; Shen et al., 2017; Taglialegna et al., 2016), for forming films, nanowires 

(Elfwing, Bäcklund, Musumeci, Inganäs, & Solin, 2015), design of graphene-based 

biosensors and biomaterials (Gras, 2007), biomimetic artificial bones (X. Li et al., 2013), 

binding to antibodies (Schmuck, Sandgren, & Härd, 2017), underwater adhesives, 

organic photovoltaics, water purification membranes (Bolisetty & Mezzenga, 2016) and 

nanotubes (Fuciños et al., 2017; Graveland-Bikker & de Kruif, 2006) in nanotechnology 
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applications (Knowles & Mezzenga, 2016). The ability of food protein nanofibrils to 

increase viscosity at relatively low concentrations makes them very economic texturizers. 

The emulsifying activity of proteins increases during fibrillation. Food protein fibrils can 

stabilize different type of emulsions including water-in-water (Gonzalez-Jordan, Nicolai, 

& Benyahia, 2016) and oil-in-water (Ng, Lee, Chuah, & Cheng, 2017). Gelation is one 

the most central properties of the proteins, and fibrillated food proteins are considered as 

efficient gelation agents because they can form gels at much lower concentrations 

compared to native proteins (Veerman, Sagis, et al., 2003). 

Forming films, composites and silk fibers is another intrinsic property of food 

nanofibrils since they are stiff, strong and thermodynamically stable (C. Li, Adamcik, & 

Mezzenga, 2012). They make polymer composites (Byrne et al., 2011), and protein-based 

films (Knowles, Oppenheim, Buell, Chirgadze, & Welland, 2010) from hen egg white 

lysozyme (HEWL). Use of edible nanofibrils as encapsulating agents for drug delivery 

and food industries are promising since they are biocompatible, and have emulsification 

and film forming abilities (Schleeger et al., 2013). Scientists have made microcapsules 

from lysozyme, ovalbumin, soy, and whey proteins with different properties and indicates 

that food proteins can make microcapsules with tunable properties (Farjami, Madadlou, 

& Labbafi, 2015). Nanofibrils from whey proteins, bovine insulin, hen lysozyme, and β- 

lactoglobulin were used as biosensors to detect different materials such as the β-

lactamases bacterial enzyme, metal ions, water, and glucose (Viguier et al., 2011). Food 

protein fibrils have a high metal binding activity, and they can be used for water 

purification (Bolisetty & Mezzenga, 2016). 
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Table 1.1 Examples of food protein nanofibrils. Table is taken from Trends in Food 

Science & Technology (Mohammadian & Madadlou, 2018) with permission from 

Elsevier publisher. 
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1.5.1.1 Protease resistance (digestibility) 

Digestibility of food nanofibrils is an important property for food applications. A 

fibril digestibility study by Bateman et al. on β-lactoglobulin fibrils reported complete 

digestion of fibrils within 2 minutes of incubation in a simulated gastric fluid with pepsin, 

followed by reformation of new thinner fibrils. These came from hydrolysates (>2000-

8000 Da) of original fibrils digested by pepsin under gastric conditions during prolonged 

incubation (Bateman, Ye, & Singh, 2010, 2011). This finding suggests that there could be 

an equilibrium between fibrils and hydrolysates. However, another study reported that β-

lactoglobulin fibrils were not fully digested when exposed to gastric and ileum juice 

containing pepsin, trypsin, and chymotrypsin (Oboroceanu, 2011). Therefore, more 

studies are needed to investigate the fate of the amyloid fibrils after consumption. 

 Lassé et al. investigated in vitro digestibility of amyloid fibrils made from whey, 

kidney bean, soy bean, and ovalbumin. They found that fibrils showed some degree of 

resistance to in vitro digestion by proteinase K, pepsin, and pancreatin after three hours, 

which could be related to variations in morphology of different fibrils. The fibrils could 

persist in whole or in part and may have time to interact with the cells of the 

gastrointestinal tract (Lassé et al., 2016). Fibrils are mainly insoluble under physiological 

conditions and show resistance to proteolysis by trypsin and proteinase K (Conway, 

Harper, & Lansbury, 2000; Legname et al., 2004). 

1.5.1.2 Toxicity and safety of food nanofibrils 

Protein nanofibrils may find use in food applications because of their appealing 

functional and biophysical properties, however, there are some concerns about their 



 

14 

 

 

safety and toxicity if particular protein aggregates accumulate upon oral consumption 

(Raynes, Carver, Gras, & Gerrard, 2014; Solomon et al., 2007). Some proteins have been 

known to associate with disease-related amyloid fibrils (Lassé et al., 2016). The evidence 

of oral transmissibility of disease upon consumption of amyloid fibrils such as prions 

(Acheson, 2002), murine amyloid-A (Cui, Kawano, Hoshii, Liu, & Ishihara, 2008), and 

serum amyloid-A (Solomon et al., 2007) amyloids has raised food safety concerns about 

the consumption of amyloidotic or purified amyloid fibrils. Amyloid fibrils can be found 

in edible avian and mammalian food-animal tissue, where recommended cooking 

temperatures are unable to eliminate them before consumption. The evidence of cross-

seeding in prion proteins (Stępkowski & Bieniaś, 2012) and mice studies showed that 

injection or feeding amyloid fibrils (serum amyloid-A) caused systemic amyloidosis in 

transgenic mice (Solomon et al., 2007). These amyloid fibrils were extracted from duck 

or goose-derived pâté de foie gras (fatty liver produced by force-feeding). These studies 

indicate that amyloid disease may be transmissible by oral consumption of amyloid fibrils 

in a susceptible population under certain conditions (Tjernberg et al., 2016). Like prions 

(Cobb & Surewicz, 2009; J. Zhang et al., 2006), amyloid-A fibrils can cross the gut 

barrier and cause disease (Greger, 2008). Cooking, freezing/thawing, using disinfectants, 

and autoclaving for three hours could not eliminate the amyloids. Landmark et al. (2002) 

performed a similar foie gras experiment on healthy mice, and healthy mice did not 

develop amyloidosis within days as the transgenic mice did; however, they did develop 

amyloidosis later in their lifespan with an extended interval between consumption or 

injection and inflammation of 180 days (Lundmark et al., 2002). 
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Bovine prions fed to mice trigger murine spongiform encephalopathy, while 

bovine amyloid-A fed to mice triggers amyloid-A amyloidosis (Cui et al., 2002). 

Amyloid-A (AA) amyloidosis occurs in many animals, including cattle, chickens, goats, 

dogs, horses, sheep, cats, and pigs (Ménsua et al., 2003). AA amyloidosis can be 

transmitted through contaminated fecal matter among captive cheetahs (B. Zhang et al., 

2008). Prions can spread from human to human, as in kuru disease, where people from 

New Guinea who practiced cannibalism, ate brains of the dead as part of their funeral 

ritual (Glasse, 1967; Steadman & Merbs, 1982). Prions also spread from animal to human 

in variant Creutzfeldt-Jakob disease, caused by eating contaminated beef products such as 

brain and spinal cord, and from animal to animal by feeding the contaminated meat and 

bone powders as animal feed (Westermark, Lundmark, & Westermark, 2009). There is 

also some evidence that fibrils made from synthetic peptides designed for 

nanotechnology can induce amyloidosis in susceptible animals (Westermark et al., 2009). 

Mocanu et al. reported that hen egg white lysozyme (HEWL) fibrils formed at pH 

2.7 affected renal cell growth in a dose-dependent manner (Mocanu et al., 2014). Lassé et 

al. investigated the in vitro toxicity of amyloid fibrils made at acidic pH from whey, 

kidney bean, soy bean, and ovalbumin. They evaluated the toxicity of mature fibrils, 

early-stage oligomeric forms, and sonicated fibrils in two different human cell lines 

(Caco-2, and Hec-1a), and found no toxicity at a fibril concentration up to 0.25 mg/mL 

(Lassé et al., 2016). A separate study on whey protein fibrils, also formed at acidic pH, 

also showed no toxicity towards Hec-1a cells (Kaur et al., 2014). With only these few 
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studies, there is not enough information to establish the safe use of nanofibrils in food 

(Krebs et al., 2004). 

1.6 Disease related amyloid fibrils 

There are numerous diseases affecting millions globally (Chiti & Dobson, 2006; 

Harrison, Sharpe, Singh, & Fairlie, 2007) that are associated with amyloid aggregates 

(see Table 1.2). Each disease is associated with a specific precursor protein that misfolds 

to form amyloid fibrils. These protein aggregates can form plaques and tangles when 

misfolded inside or outside of organs and cause eventual cell death and disease (Stefani 

& Dobson, 2003). 

Many studies report that the soluble precursor forms (e.g., pre-fibrillar oligomers 

or protofilaments) are more toxic than the mature fibrils (Glabe, 2008; Glabe & Kayed, 

2006; Haass & Selkoe, 2007; Stroud, Liu, Teng, & Eisenberg, 2012). However, some 

studies report amyloid toxicity is caused by mature fibrils, not fibrillar oligomers 

(Gharibyan et al., 2007; Stefani, 2010; Xue, Homans, & Radford, 2009). It is believed 

that soluble aggregates can disrupt the cell membrane by making a pore causing Ca2+ 

release and oxidative damage (Stefani & Dobson, 2003). Since membrane disruption may 

be linked to the hydrophobicity of the aggregates, different cell lines can act differently in 

the presence of the same amyloid aggregate (Stefani, 2010). Bovine insulin can form 

either toxic fibrils with a parallel β-sheet conformation, or non-toxic filaments that have 

an anti-parallel β-sheet structure (Zako, Sakono, Hashimoto, Ihara, & Maeda, 2009). 
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Table 1.2 Some amyloidosis and their respective precursors and amyloidogenic proteins. 

Table is adapted from (Rambaran & Serpell, 2008). 

Disease Precursor Protein Amyloid Protein 

Alzheimer’s disease Amyloid precursor protein Ab peptides 

Artial amyloidosis Artial natriuretic factor (ANF) Amyloid ANF 

Spongiform encephalopathies Prion protein (PrPc) PrPsc 

Primary systemic amyloidosis 
Immunoglobulin light & heavy 

chains 
AL and AH 

Senile systemic amyloidosis Wild-type transthyretin ATTR 

Hemodialysis-related 

amyloidosis 
B2-microglobulin Ab2M 

Hereditary non-neuropathic 

systemic amyloidosis 
Lysozyme ALys 

Type 2 diabetes mellitus 

(T2DM) 
Pro-IAPP IAPP or amylin 

Injection-localized amyloidosis Insulin AIns 

Secondary systemic amyloidosis (Apo) serum amyloid A Serum amyloid A 

British familial dementia Amyloid Bri Precursor Protein ABri 

1.7 Polymorphism 

Amyloid fibrils share a common core of β-sheet structure regardless of the source 

of the protein (Glabe & Kayed, 2006; Kayed et al., 2003), however, later studies reported 

that despite the tremendous structural similarities between individual amyloid aggregates, 

amyloid fibrils formed from different proteins are not identical (C.M. Dobson, 2004). 

Even a single amino acid difference in the protein sequence leads to different fibrils, for 
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instance, wild-type alpha-synuclein versus its disease mutant (Celej, Caarls, Demchenko, 

& Jovin, 2009; Nielsen et al., 2013).  

A given protein can be induced to form different amyloid fibrils that have unique 

structural properties—termed polymorphs. It is important to study amyloid fibril 

polymorphism since it may be relevant to understanding disease-causing amyloids such 

as prions and amyloid beta-peptide (A-BETA) (Sneideris, Milto, & Smirnovas, 2015). 

Recent studies have reported environment-induced polymorphism of amyloid fibrils 

made from human lysozyme(HLZ) (Mossuto et al., 2010), hen egg white lysozyme 

(HEWL) (Adamcik & Mezzenga, 2011), insulin (Sneideris, Darguzis, et al., 2015), alpha-

synuclein (Bousset et al., 2013), serum albumin (Usov, Adamcik, & Mezzenga, 2013), 

amyloid beta-peptide (A-BETA) (Jeong, Ansaloni, Mezzenga, Lashuel, & Dietler, 2013; 

X. Li et al., 2013), prion protein (Cobb, Apostol, Chen, Smirnovas, & Surewicz, 2014; 

Šneideris, Kulicka, & Smirnovas, 2018). 

Mossuto et al. characterized two types of human lysozyme amyloid fibrils with 

distinct morphology, molecular structure, stability and size of the cross-β core formed at 

two different pH conditions in vitro. Different polymorphs of the same protein can have 

different toxicity behavior, for instance, human lysozyme amyloid fibrils formed at pH 2 

are non-toxic for the human neuroblastoma cells, while amyloid fibrils formed at neutral 

pH lead to the death of these cells. Interestingly, human lysozyme fibril polymorphs with 

smaller cores demonstrated substantial cytotoxic effects in human cell lines (Mossuto et 

al., 2010). Different polymorphs of the same protein can have different properties, for 

instance, lysozyme fibrils made at pH 7.0, and pH 2.0, demonstrate different 
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photophysical properties, and different ThT binding parameters (Sulatskaya, Rodina, 

Povarova, Kuznetsova, & Turoverov, 2017). 

A study done by Cheon group reported that polymorphism of amyloid beta 

peptides (A-BETA) depends on the size of the oligomers that are being formed during 

oligomerization and fibrillization process (Cheon, Kang, & Chang, 2016). Another study 

done by Auer reported that the fibril polymorphism is related to fibril nucleation and the 

nucleation is depended on protein concentration and solubility, which is somewhat in an 

agreement with Cheong’s work (Auer, 2015). Annamalai et al. investigated the in vivo 

fibrils from humans, and animals and they have found in vivo fibrils to be polymorphic 

(Annamalai et al., 2016). Pellarin et al. reported that amyloid polymorphism is kinetically 

controlled, and nucleation barriers determine the population of the dominant nuclei. 

Therefore, different conditions can favor the formation of different nuclei, leading into 

the formation of different fibril polymorphs (Pellarin, Schuetz, Guarnera, & Caflisch, 

2010). A study done by Thirumalai et al. reported that the arrangement of the water 

molecules around the oligomers and protofilaments during fibrillation could result in 

different fibril polymorphs (Thirumalai, Reddy, & Straub, 2011). 

Since the accumulation of lysozyme amyloid fibrils in human organs can lead to 

the development of systemic amyloidosis, it is prudent to study lysozyme polymorphism 

and cross-seeding among polymorphs (Sattianayagam et al., 2012). This work aimed to 

study the polymorphism and cross-seeding of lysozyme amyloid fibrils formed under two 

different pH conditions. This will be the first to study the polymorph seeding of lysozyme 

fibrils. 
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The polymorphism of amyloid fibrils is crucial as it may underlie the natural 

variability of diseases-related amyloids and could help to better understand the molecular 

basis of amyloid aggregation (Mocanu et al., 2014). Interestingly, despite the strikingly 

similar natures of the fibrillar structures, the formed fibrils differ in morphology, 

stability, and cytotoxicity depending on factors utilized during fibrillization (Alavez, 

Vantipalli, Zucker, Klang, & Lithgow, 2011). The structure of amyloid fibrils can be 

affected by many factors such as protein concentration, pH, temperature, denaturing 

agents, salts (Sulatskaya, Kuznetsova, & Turoverov, 2011). Lara et al. reported that some 

proteins such as lysozyme and β-lactoglobulin could form multi-stranded amyloid 

ribbons over time with widths up to 173 nm due to a modular lateral assembly (Cécile 

Lara, Adamcik, Jordens, & Mezzenga, 2011). Morphologic differences have been 

reported for different types of shear forces. Fibrils fragment in strong shear forces, 

leading to the formation of fibril seeds, which can also promote toxicity (Bekard & 

Dunstan, 2014).  

1.8 Seeding and cross-seeding 

Previously formed fibrils can get fragmented into smaller fibrils via mechanical 

forces (sonication), or protease digestion, so-called seeds. De novo amyloid formation or 

simply unseeded fibrillation can take from days to weeks. It is known that the 

polymerization process and rate of fibril formation of a particular protein are enhanced by 

the addition of the seeds (preformed fibrils that are broken into shorter pieces) of the 

same protein, providing more fibril ends for elongation, leading to homologous seeding 

(homoseeding) or simply self-seeding. If the fibril composed of one protein acts as seeds 
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for the elongation of another protein, the process is called heterologous seeding 

(heteroseeding) or simply cross-seeding (see Figure 1.3). If the fibril composed of one 

protein polymorph act as seeds for the elongation of another polymorph of the same 

protein (seeding between different strains of a protein), the process is called polymorphic 

seeding. If the fibril composed of one protein polymorph act as seeds for the elongation 

of another polymorph from another protein, the process is called polymorphic cross-

seeding (double cross-seeded; species and polymorphs). 

 

Figure 1.3 Seeding phenomenon. Figure is taken from (Morales, Moreno-Gonzalez, & 

Soto, 2013). Copyright (2013) PLOS. 

Some studies suggest that high sequence identity (>40%) is required for amyloid 

aggregates to be able to cross-seed one another (Clarke et al., 2005; Krebs et al., 2004). 

In contrast, some studies do exist that report the evidence of cross-seeding between 

dissimilar protein sequences, for instance cross-seeding evidence of dissimilar amyloid 

sequences such as curli protein and prostate acid phosphatase (Hartman et al., 2013), 

amyloid-β and human islet amyloid polypeptide with 25% sequence identity (M. Zhang 

et al., 2015). These findings indicate that if the two dissimilar amyloid proteins can adopt 

highly similar structures, and can cross-seed each other despite the sequence divergence 

(Wasmer et al., 2010). Prions can cross the species barrier and induce amyloid formation 
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in another species, for instance, in the variant form of Creutzfeldt-Jakob disease (CJD), 

the disease can be transmitted upon oral consumption. Mostly, cross-species barrier 

studies have been done on disease-related proteins, and to our knowledge, only one study 

has been done by Krebs et al. claimed that they had observed some evidence of cross-

seeding between egg-white and human lysozyme, but the data was not shown. 

 Amyloid fibril formation is followed by seeding/nucleation polymerization 

model. This aggregation process is composed of two phases, the nucleation/lag phase, 

and the polymerization/elongation phase. After central nuclei have formed the 

aggregation process increases exponentially from small oligomers into fibrils. The 

addition of preformed seeds leads to a shorter lag phase and a faster aggregation, the lag 

phase is much smaller with homologous seeds than heterologous seeds (see Figure 1.4). 

Figure 1.4 ThT binding kinetics of fibril formation. Figure is taken from (Morales et al., 

2013). Copyright (2013) PLOS. 

To date, polymorphic cross-seeding studies have not been thoroughly 

investigated. Different polymorphs of a particular protein may have different seeding 

capability, toxicity, therefore it is prudent to study cross-seeding among different 
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polymorphs of food nanofibrils with human proteins, to ensure no cross-seeding can 

occur upon consumption. This study is the first to study the cross-seeding between 

HEWL and HLZ polymorphs. 

1.9 Protein sequence alignment 

Sequence and structural similarities are generally considered important to 

understanding the cross-seeding phenomenon between proteins (Sander & Schneider, 

1991). Some studies suggest that high sequence identity (>40%) is required for amyloid 

aggregates to be able to cross-seed one another (Clarke et al., 2005; Krebs et al., 2004). 

In contrast, some studies reported cross-seeding between dissimilar proteins, for instance, 

curli protein and prostatic acid phosphatase (PAP248-286) (Hartman et al., 2013), and 

amyloid-β and human islet amyloid polypeptide with 25% sequence identity (M. Zhang 

et al., 2015). Homology is when the two sequences or structures share more similarity 

than would be expected by chance (Chung & Subbiah, 1996). The primary sequence of 

hen egg-white lysozyme (P00698), and human lysozyme (P61626) are 58% identical, and 

the three-dimensional crystal structure of HEWL and HLZ are aligned using PyMol 

software shown below (see Figure 1.5). 
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Human Lysozyme [Homo sapiens] 

MKALIVLGLV LLSVTVQGKV FERCELARTL 

KRLGMDGYRG ISLANWMCLA KWESGYNTRA 

TNYNAGDRST DYGIFQINSR YWCNDGKTPG 

AVNACHLSCS ALLQDNIADA VACAKRVVRD 

PQGIRAWVAW RNRCQNRDVR QYVQGCGV
 

Hen Egg White Lysozyme [Gallus gallus] 

MRSLLILVLC FLPLAALGKV FGRCELAAAM 

KRHGLDNYRG YSLGNWVCAA KFESNFNTQA 

TNRNTDGSTD YGILQINSRW WCNDGRTPGS 

RNLCNIPCSA LLSSDITASV NCAKKIVSDG 

NGMNAWVAWR NRCKGTDVQA WIRGCRL
 

Figure 1.5 Sequences and crystal structures of hen egg-white and human lysozyme. 

1.10 Lysozyme fibrillation 

Lysozyme is an antimicrobial protein synthesized by macrophages throughout the 

body (Melrose, Ghosh, & Taylor, 1989). The largest population of macrophages is in the 

liver, but lysozyme is also present in high concentration in articular cartilage, milk, 

saliva, tears and a trace amount in body fluids such as serum and cerebrospinal fluid 

(Morozova-Roche et al., 2000). Lysozyme has been studied widely as a model for protein 

folding and aggregation, and mutational variants of human lysozyme are associated with 

hereditary non-neuropathic systemic amyloidosis (Felice et al., 2004; Pepys et al., 1993). 

HEWL readily forms amyloid fibrils in vitro, including upon exposure to partial 

denaturation conditions (low pH, high temperature, and low concentration of 

denaturants), for a prolonged period (Mishra et al., 2007; Sugimoto et al., 2011). 

Hen egg white lysozyme (HEWL) is homologous to human lysozyme (HLZ), 

with 58% sequence identity. HEWL has 129 amino acids (14.3 kDa), and HLZ has 130 
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amino acids (14.7 kDa). Lysozyme is a positively charged protein with eight cysteine 

residues which covalently bond together forming four disulfide bridges. The native state 

of lysozyme is composed of two domains, α-domain and β-domain (Kumita et al., 2006), 

the β-domain has three β-sheets in its structure which might be essential for the amyloid 

fibril formation (see Figure 1.6). The α-domain folds faster than the β-domain during 

lysozyme folding and refolding.  

The charge distribution on the protein affects the propensity to form amyloid 

fibrils. The native state under conditions where hydrogen bonds and other interactions are 

still favorable is the critical factor for fibril formation (Chiti et al., 1999). 

 

Figure 1.6 Crystal structure of lysozyme (1DPX) presenting different domains and 

disulfide bonds. Figure is made using PyMol. 

Mutations of human lysozyme which can cause amyloidosis (Pepys et al., 1993). 

The common disease-related lysozyme variants Ile56Thr (1IOC), and Asp67His (1LYY) 

are also 58% identical and 75% similar in sequence to HEWL (1DPX). I56T and D67H 
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are structurally very similar in their native state to wild-type human lysozyme. It has been 

shown that wild-type human lysozyme forms a stable partially folded “molten globule” 

state at acidic pH (Haezebrouck et al., 1995). 

Intracellular compartments such as lysosomes have a low pH, and an acidic 

environment may promote fibrillation in vivo. Normal pH values inside macrophage 

lysosomes have been found to be around 4.5 to 4.8 (Ohkuma & Poole, 1978). Low pH 

and high temperature promote amyloid fibril formation and indicate that unfolded and 

partially folded states are important in such aggregation processes (Morozova-Roche et 

al., 2000). 

1.11 Thesis objectives 

Nanofibrils made from food proteins (e.g., from milk, eggs, cereals, and legumes) 

are gaining interest as new food ingredients and nanomaterials, because of their unique 

structural and biological properties. Before we use nanofibrils directly in food or food-

contact surfaces, it would be crucial to investigate their consequences and impact on 

human health. Studies on cytotoxicity and cell viability assays were done on some 

nanofibrils made from food proteins, but to our knowledge, few studies, if any, have 

considered cross-seeding between food protein nanofibrils and similar proteins, 

endogenous to humans that are structurally related. That is, cross-seeding between 

protein homologs from different species (e.g., cross-seeding between hen egg-white 

lysozyme, and human lysozyme) in vitro. 

Cross-seeding is more likely the more similar in sequence and structure two 

proteins are, and the milk and egg proteins most commonly used to form nanofibrils are 
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structurally similar (60-90% similarity) to several human proteins. Amyloid fibrils can 

survive digestion and spread to other parts of the body, as evidenced by prions (Colby & 

Prusiner, 2011) and amyloid A (AA) protein from foie gras (Solomon et al., 2007). These 

findings indicate that protein nanofibrils may induce the amyloid formation of other 

structurally similar human proteins upon oral consumption, in a susceptible population 

under certain conditions. 

The objective of this research was to examine the cross-seeding ability of food 

protein nanofibrils and determine if they can induce their homologous human proteins to 

misfold and aggregate. The key hypothesis of this study is that food protein nanofibrils 

can induce fibril formation in related human proteins, using human lysozyme (HLZ) and 

hen egg-white lysozyme (HEWL) as a model system.  

To test the central hypothesis, three specific objectives were examined:  

(1) Examine the impact of different environmental conditions (e.g., pH, 

temperature, agitation, chemical denaturant presence) on fibril formation 

kinetics. 

a. Identify conditions for seeding reactions 

b. Optimize seed formation 

(2) Test the cross-seeding ability of HEWL and HLZ 

(3) Characterize the polymorphism of the human lysozyme and hen egg-white 

lysozyme and determine if they can cross-seed the fibrillation of one another 

under the tested conditions in vitro.  

(4) Examine the effects of gastric conditions on fibril structure and seeding.   
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CHAPTER 2 

2 MATERIALS AND METHODS 

 

2.1 Materials 

2.1.1 Proteins and chemicals 

 All proteins were analytical grade. Hen egg white lysozyme (HEWL-L6876) 

lyophilized powder, human lysozyme (HLZ-L1667) lyophilized recombinant protein 

expressed in rice, lyophilized pepsin from porcine gastric mucosa (3,200-4,500 units/mg 

SLBS5133), Thioflavin T (ThT) (T3516), purchased from Sigma-Aldrich (St. Louis, MO 

63103 USA), Guanidine hydrochloride (GdnHCl), purchased from Fisher and used 

without further purification. Uranyl acetate, and 0.5% Formvar solution (15820) 

purchased from Electron Microscopy. Protein solutions were made by dissolving the 

appropriate amount of protein in the buffer of choice; then protein concentrations were 

measured and verified using ThermoScientific NanoDrop One Microvolume UV-Vis 

Spectrophotometer at 280 nm, using extinction coefficient of 37,970 M-1cm-1 and 36,940 

M-1cm-1 for HEWL and HLZ, respectively. All buffers and solutions were prepared with 

ultra-pure water (>18 mΩ) obtained from the Purelab Ultra water purification system 

(ELGA, UK). 
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2.1.2 Buffers and solutions 

 50 mM Glycine-HCl pH 2.0 ± 0.1, and 20 mM potassium phosphate (K-Phos) pH 

6.3 ± 0.1 buffer with 3M Guanidine hydrochloride filtered through 0.45 μm fisher 

brand/PES filter. Since Guanidine hydrochloride is hygroscopic, preparing stock 

solutions by mass can lead to errors. Therefore, the GdnHCl stock solutions are prepared 

using refractive index (RI) measurements using the following equation M= 57.147(ΔN) + 

38.68(ΔN)2 ‒ 91.60(ΔN)3. ΔN is the refractive index of the Guanidine hydrochloride 

solution and of the buffer solution. (Grimsley et al., 2004- Cold Spring Harb Protoc; 

2006; doi:10.1101/pdb.prot4241). 

2.2 Methods 

2.2.1 Lysozyme fibril formation - De Novo Nucleation (non-seeded)  

 The hen egg-white lysozyme (HEWL) was stored at -20℃, while the human 

lysozyme (HLZ), stored at -70℃, were thawed in an ice bucket (~0℃). HEWL and HLZ 

were prepared through the incubation of 1 mM protein with constant shaking (300 rpm) 

(i) in 50 mM Glycine-HCl buffer of pH 2.0, at 65 (HEWL 2.0, HLZ 2.0) and (ii) in 20 

mM potassium phosphate (K-Phos) buffer of pH 6.3 containing 3 M GdnHCl, at 50℃ 

(HEWL 6.3, HLZ 6.3). Formation of fibrils was confirmed by ThT fluorescence and 

morphology characteristics of the fibrils were evaluated with TEM and AFM. Protein 

concentrations were verified by NanoDrop One at 280 nm, using extinction coefficient of 

37,970 M-1cm-1 and 36,940 M-1cm-1 for HEWL and HLZ, respectively. All four samples 

were centrifuged at a speed of 9000 rpm for 20 minutes in then filtered through 0.22 μm 

filters. Centrifugation was done to remove any preformed aggregates potentially formed 
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during the thawing and dissolving process as reported by DiCostanzo, A. C., et al. (J. 

Biol. Chem. 2012). The pH 2.0 samples (HEWL 2.0 & HLZ 2.0) were incubated for 

about a week, and the pH 6.3 samples (HEWL 6.3 & HLZ 6.3) were incubated for 2 or 3 

days. Once samples were finished incubating, fibrils were ready to be sonicated for seed 

formation. 

 

Figure 2.1 Fibril formation mechanism. Figure is adapted from (Adamcik & Mezzenga, 

2012) and made by Adobe Illustrator software. 

2.2.2 Preparation of fibril seeds 

It is known that amyloid fibrils are resistant to protease digestion, or they get 

partially digested (Legname et al., 2004). In order to mimic food processing and body 
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conditions, sonication and protease treatment were used to form seeds for seeding 

reactions. Pre-formed fibrils were sonicated at room temperature using a Vibra-Cell VC-

50 ultrasonic processor (Sonics & Materials Inc., Danbury CT, USA) with 50 W power, 

20 kHz frequency fitted with a flat standard 2mm (5/64”) titanium microtip probe. 

Experiments were performed at 20 kHz (VC50). The instrument power was set to 40% 

ultrasonic amplitude. Samples were sonicated for three pulses of 10 seconds, each 

followed by 5 seconds rest before the next pulse, to prevent overheating in a beaker with 

iced water (45 seconds total sonication time) (Sivalingam, Prasanna, Sharma, Prasad, & 

Patel, 2016). 

2.2.3 Seeding and cross-seeding 

 All the seeding and cross-seeding experiments were conducted in a black Greiner-

Bio CELLSTAR 96 Well Microplate, Tissue Culture Treated, with transparent clear 

bottom. The microplates were sealed with a black plastic film, incubated at 45℃ with 20 

seconds of shaking every 10 minutes for ~20 days.  

5% (m/v) seed were added to fresh protein solution for each seeded and cross-seeded 

experiments. The final volume in each 96-well microplate was 200 μL. 

2.2.4 Thioflavin-T (ThT) assay 

Formation of amyloid aggregates was detected by the increase in Thioflavin T 

(ThT) fluorescence intensity. Thioflavin-T was added to the samples to a final 

concentration of 20 μM. The measurements of ThT binding kinetics were performed in a 

96-well plate using a SpectraMax Gemini EM Microplate Reader with dual 

monochromator spectrofluorometer. The excitation wavelength was fixed at 440 nm and 
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the emission recorded at 486 nm. The excitation and emission slits were adjusted to 

(EX<EM) of 9 nm. The temperature was set to 45℃, and the well plate was agitated for 

20 seconds every 10 minutes. ThT gives off a much higher fluorescence intensity upon 

binding and intercalating with protein β-sheet structures, particularly amyloid-like fibril 

structures, and this method is widely used to study amyloid fibril formation (Biancalana 

& Koide, 2010). Multiple samples and conditions can be compared using a well plate-

reading fluorescence spectrofluorometer. After visual inspection of the curves, the curves 

were fitted with OriginLab 2018 software by using the following equation 𝑦 = 𝑦0 +

𝐴/(1 + exp(−𝑘(𝑡 − 𝑡0.5))). The lag phase, the rate constant, and the plateau determined 

the difference between the non-seeded, seeded and cross-seeded kinetics (Arosio, 

Knowles, & Linse, 2015). The lag phase was derived by using the following equation tlag 

= t0.5 - 1/2k. 

2.2.5 Microscopy (TEM, AFM) 

 Morphology and characteristics of the fibrils were evaluated using transmission 

electron microscopy (TEM) and atomic-force microscopy (AFM). A sequential two-

droplet negative-staining method was used for TEM sample preparation. Samples were 

diluted in the MilliQ water (200 μg/mL protein concentration) to be studied under TEM 

(Grass, 2011). 5μL of a sample was placed on the 200-mesh copper Formvar/carbon-

coated grids (TED PELLA, Inc.). After 5 minutes when the sample has partly dried, the 

grids were washed three times by 5μL ultra-pure water. Excess water was removed by 

touching the corner of the grid with filter paper. 5μL of 2% (w/v) Uranyl acetate solution, 

which is filtered through a 0.22 μm filter, was placed on the grid, after 30 seconds the 
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excess of Uranyl acetate was removed by retouching the edge of the grid by filter paper. 

After drying the grids at room temperature, grids were stored in a grid box, ready for 

TEM analysis with a JEOL JEM1011 transmission electron microscope (JEOL, Inc., 

Peabody, Massachusetts) at 80 kV with a high contrast 2k x 2k AMT mid-mount digital 

camera. This was done at the Georgia Electron Microscopy facility at the University of 

Georgia. Even though electron microscopy is unable to provide quantitative assessments 

of the fibrils, it is still an important technique to confirm that the aggregates formed are 

well-defined fibrils rather than amorphous aggregates. 

 AFM samples prepared at the concentration of 200 μg/mL were placed on a 

freshly cleaved mica surface, then washed three times with ultra-pure water. The samples 

were then dried at room temperature and stored inside a small Petri dish to be analyzed 

under AFM by our collaborators. An Agilent 5500 Controller combined with an Agilent 

multipurpose AFM scanner in tapping mode in the air was used to obtain the AFM 

images in Dr. Xu’s lab. 

2.2.6 SDS-PAGE  

 The Mini-PROTEAN Tetra Cell, Biorad PowerPac 1000 Electrophoresis Power 

Supply, 16.5% precast polyacrylamide gel (Mini-PROTEAN® Tris-Tricine Gel - 

4563060), Tricine Sample Buffer (1610739), 10X Tris/Tricine/SDS Running Buffer 

(1610744), 2-Mercaptoethanol (1610710), Precision Plus Protein Standards, and Dual 

Color (1610374), were all purchased from Bio-Rad. The Spectra Multicolor Low Range 

Protein Ladder (26628) was purchased from ThermoFisher Scientific. 
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 Fibril samples were isolated using 50 kDa spin filter, then diluted with an 

equivalent volume of tricine sample buffer containing 2% β-mercaptoethanol, and finally 

heated at 95℃ for 5 minutes. These samples were run through 16.5% Tris-Tricine Precast 

Gels at 100 V for 100 minutes, or till the dye reached the bottom of the gel. Since 

peptides are prone to diffuse and get lost during staining, gels were fixed by placing them 

in a fixative solution (40% methanol, and 10% acetic acid) for 30 minutes. Gels were 

stained for an hour in a staining solution (0.025% w/v Coomassie Blue G-250, 10% 

acetic acid). Gels were destained using a destain solution (10% acetic acid) three times 

for 15 minutes or until the desired background was achieved. 

2.2.7 Mass Spectroscopy (MALDI-TOF) 

 Fibril samples were isolated via 50 kDa spin filter sent to PAMS (Proteomics and 

Mass Spectrometry) Core Facility at the University of Georgia. A Bruker Autoflex time-

of-flight (TOF) mass spectrometer (Billerica, Massachusetts) was used to perform 

matrix-assisted laser desorption/ionization (MALDI). Samples were mixed with DHB 

matrix for analysis. This method was used to look at the peptide composition of the 

nanofibrils made under different solution condition. 

2.2.8 In vitro pepsin digestion 

 The pepsin activity of the pepsin product (Sigma No.: P7000) employed here is 

rated at 250 U/mg powder. At the chosen concentration (0.05 mg/mL) this corresponds to 

12.5 U/mL. 
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Measured levels of pepsin were found to be between 7-70 U/mL in undiluted stomach 

juice (without food) from healthy people (Ulleberg et al., 2011). ThT fluorescence during 

hydrolysis was monitored and compared to buffer controls (see Figure 5.7). 

Lyophilized pepsin from porcine gastric mucosa with a nominal activity of 3200-4500 

U/mg (SLBS5133) purchased from Sigma. A fresh stock solution of 6.25 mg/mL (25000 

U/mL) porcine pepsin was made and 0.4 mL was added to 5 mL Simulated Gastric Fluid 

(SGF), pH 2.0 (adjusted with HCl), to achieve 2000 units of activity per milliliters 

(U/mL) in the final digestion mixture. The fresh stock solution was prepared before 

experiments and kept in ice water. The fibril samples were incubated with pepsin for 3 

hours at 37℃, and aliquots were taken every 30 minutes between time 0 and 180 

minutes. Pepsin digestion progression of fibrils was monitored by SDS-PAGE and 

decrease of ThT fluorescence intensity in the plate reader, and resulting samples were 

observed via TEM.  

2.2.9 Data analysis 

 Data analysis was performed using ImageJ (TEM analysis), and OriginLab 

software (data plotting and fitting). 
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CHAPTER 3 

3 RESULTS 

 

3.1 Comparing different conditions to induce HEWL fibril formation 

It is reported in the literature that almost all proteins can form fibrils under the 

correct solution conditions (Chiti et al., 1999), such as protein concentration, presence of 

chemical denaturants and organic solvents, temperature and heating duration, pH value, 

agitation, stirring, salt concentration and type (Nicolai, Britten, & Schmitt, 2011; Pearce 

et al., 2007). Different solution conditions, such as buffers with various pH values, 

different protein concentration and temperature, gyration beads presence (steel and glass), 

agitation (shaking, stirring), and different seed concentrations were tested in either batch 

or well plate to get some preliminary data to find the best possible condition to form 

lysozyme fibrils for further seeding experiments. 
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Figure 3.1 Effect of pH on inducing HEWL fibril formation. 

In order to understand pH effect on fibrillation of HEWL, samples at 2 mg/mL 

concentration were incubated with agitation (20 s of shaking every 10 min) in different 

buffers with different pH values. The solution conditions were SGF at pH 1.2 ( 0.034 M 

NaCl), 50 mM Glycine-HCl buffer of pH 2.0, 20 mM potassium phosphate of pH 6.3, 

and 50mM sodium phosphate buffer of pH 7.0 at 45°C. Samples were mixed with 20 µM 

Thioflavin-T and ThT fluorescence emission intensity was collected every 10 minutes for 

nine days at 486 nm upon excitation at 440 nm using a Molecular Devices SpectraMax 

Gemini EM plate reader. Fluorescence was normalized to 0-1. The results suggested that 

HEWL aggregates faster at pH 1.2 compared to pH 2.0, while the aggregation was 

delayed significantly at pH 6.3 and 7.0. 
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Figure 3.2 Effect of protein concentration on inducing HEWL fibril formation. 

In order to study effect of protein concentration on fibril formation of HEWL, 

samples at different protein concentrations (14, 10, 7, 4, and 2 mg/mL) were incubated at 

pH 2.0, 45℃. Samples were mixed with 20 µM Thioflavin-T and ThT fluorescence 

emission intensity were collected every 10 minutes for eight days at 486 nm upon 

excitation at 440 nm using Molecular Devices SpectraMax Gemini EM plate reader. 

Fluorescence was normalized to 0-1. The results suggested that a higher protein 

concentration accelerates the aggregation rate and reduces the lag phase, and HEWL 

fibrillation was concentration dependent.  
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Figure 3.3 Effect of gyration beads on inducing HEWL fibril formation. 

In order to understand the effect of gyration beads in the solution, glass and steel 

beads were added in each well of 2 mg/mL HEWL samples at pH 2.0, 45℃. Samples 

were mixed with 20 µM Thioflavin-T and ThT fluorescence emission intensity were 

collected every 10 minutes for eight days at 486 nm upon excitation at 440 nm using 

Molecular Devices SpectraMax Gemini EM plate reader. Fluorescence was normalized to 
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0-1. The results suggested that HEWL aggregates faster in the presence of glass beads 

compared to stainless steel beads.  

 

Figure 3.4 Effect of GdnHCl on HEWL amyloid formation.  

In order to study effect of chemical denaturants in the solution. GdnHCl was 

added to the solution. Aggregation kinetics of HEWL in 20 mM potassium phosphate 

buffer of pH 6.3 with agitation (10s of shaking every 10 min) was followed by ThT 

fluorescence on a plate reader. Fluorescence was normalized to the value of the plateau 

phase in each reaction. The results suggested that the presence of GdnHCl accelerates the 
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HEWL fibrillation rate and reduces the lag phase, due to partially denaturing and 

unfolding the protein. 

 

Figure 3.5 Effect of incubation temperature and shaking on the morphology of HEWL 

fibrils from the batch mode. HEWL incubated at pH 2.0, 45℃ with no agitation for seven 

days (A). HEWL incubated at pH 2.0, 65℃ with 300 rpm shaking for seven days (B). An 

Agilent 5500 Controller combined with an Agilent multipurpose AFM scanner was used 

to obtain the AFM images. The results suggested that different solutions and incubation 
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conditions can result in the formation of different polymorphs with different 

characteristics. 

  

  

Figure 3.6 Effect of fibril concentration on ThT fluorescence intensity. 

To compare fibril concentration and ThT fluorescence intensity, fibrils after formation 

were diluted based on their monomer concentration between 0.1 mg/ml and 1.5 mg/ml 

and confirmed using absorbance at 280 nm. The results (see Figure 3.6) suggested that 

there was a linear correlation between fibril concentration and ThT intensity, and there 

was a large species affect between HEWL and HLZ. 

0.0 0.5 1.0 1.5 2.0

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

In
te

n
si

ty
(a

.u
.)

Conc.(mg/ml)

 HEWL pH 2.0

y = a + b * x

HEWL pH 2.0

Pearson's r 0.99807

Adj. R-Squ 0.99647

Intercept 1509.67591 ± --

Slope 20129.9844 ± 563.2

0.0 0.5 1.0 1.5 2.0

0

10000

20000

30000

40000

50000

In
te

n
si

ty
(a

.u
.)

Conc.(mg/ml)

 HEWL pH 6.3

y = a + b * x

HEWL pH 6.3

Pearson's r 0.99874

Adj. R-Squar 0.99686

Intercept 92.25303 ± --

Slope 23667.94801 ± 595.6247

0.0 0.5 1.0 1.5 2.0

0

2000

4000

6000

8000

10000

12000

14000

In
te

n
si

ty
(a

.u
.)

Conc.(mg/ml)

 HLZ pH 2.0

y = a + b * x

HLZ pH 2.0

Pearson's r 0.97591

Adj. R-Squ 0.96863

Intercept -1789.85546 ± --

Slope 6481.59359 ± 427.

0.0 0.5 1.0 1.5 2.0

0

2000

4000

6000

8000

10000

12000

14000

16000

In
te

n
si

ty
(a

.u
.)

Conc.(mg/ml)

 HLZ pH 6.3

y = a + b * x

Pearson's r 0.99458

Adj. R-Squar 0.98832

Intercept -589.66898 ± --

Slope 7305.7539 ± 335.5668



 

43 

 

 

3.2 Formation of fibrils to be used as seeds and seed formation 

HEWL and HLZ fibril formation was carried out as explained in (Section 2.2.1) at 

two different pH values: HEWL 2.0 and HLZ 2.0 in a buffer at pH 2.0, which represent 

the unfolding-fragmentation-fibrillation model (strongly destabilizing condition), and 

HEWL 6.3 and HLZ 6.3 at pH 6.3 buffer containing GdnHCl, which represents 

nucleation-elongation model (moderate, more physiological condition). In unfolding-

fragmentation-fibrillation model the formation of fibrils was associated with at least 

partially unfolding, and acid hydrolysis at pH 2.0 and the fibrillization was carried out at 

a temperature close to midpoint of thermal denaturation at 65°C (Burova, Grinberg, 

Grinberg, Rariy, & Klibanov, 2000) in order to limit complete denaturation of the 

protein. In nucleation-elongation model the fibril formation is associated with the 

formation of partially unfolded species in the presence of 3 M GdnHCl which is a 

chemical denaturant, and the fibrillization was carried out at a temperature lower than the 

midpoint of thermal denaturation at 50°C to limit complete unfolding of the protein 

(Vernaglia, Huang, & Clark, 2004). ThT fluorescence was measured during incubation, 

and for characterization purposes, the fibrils were negatively stained with uranyl acetate 

and analyzed either by transmission electron microscopy (TEM), or fibrils placed on a 

fresh cleaved mica surface and analyzed by atomic force microscopy (AFM) (Section 

2.2.5). ImageJ software was used for further analysis (http://rsb.info.nih.gov/ij/). Increase 

in the ThT fluorescence intensity, and electron microscopy confirmed the amyloid 

formation of the HEWL 2.0 (see Figure 3.7), HLZ 2.0 (see Figure 3.9), HEWL 6.3 (see 

Figure 3.8), and HLZ 6.3 (see Figure 3.10). 

http://rsb.info.nih.gov/ij/
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Figure 3.7 Kinetics and TEM images of HEWL 2.0 amyloid formation under conditions 

used to make seeds. Seeds were made from preformed fibrils. HEWL samples at 1µM 

concentration in 50 mM Glycine-HCl buffer of pH 2.0, were incubated at 65℃ with 300 

rpm shaking for seven days. Fluorescence was normalized to the value of the plateau 

phase in each reaction. Data points correspond to the average ± standard deviation of 

three replicates. HEWL 2.0 fibrils before sonication (left). HEWL 2.0 fibrils after 

sonication of three pulses of 10 seconds followed by 5 seconds rest (right). 

 

Figure 3.8 Kinetics and TEM images of HEWL 6.3 amyloid formation under conditions 

used to make seeds. Seeds were made from preformed fibrils. HEWL samples at 1 µM 

concentration in 20 mM potassium phosphate (K-Phos) pH 6.3 buffer with 3M Guanidine 

hydrochloride, were incubated at 50℃ with 300 rpm shaking for three days. Fluorescence 

was normalized to the value of the plateau phase in each reaction. Data points correspond 
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to the average ± standard deviation of three replicates. HEWL 6.3 fibrils before 

sonication (left). HEWL 6.3 fibrils after sonication of three pulses of 10 seconds followed 

by 5 seconds rest (right). 

 

Figure 3.9 Kinetics and TEM images of HLZ 2.0 amyloid formation under conditions 

used to make seeds. Seeds were made from preformed fibrils. HLZ samples at 1 µM 

concentration in 50 mM Glycine-HCl pH 2.0 buffer, were incubated at 65℃ with 300 

rpm shaking for seven days. Fluorescence was normalized to the value of the plateau 

phase in each reaction. Data points correspond to the average ± standard deviation of 

three replicates. HLZ 2.0 fibrils before sonication (left). HLZ 2.0 fibrils after sonication 

for three pulses of 10 seconds followed by 5 seconds rest (right). 

 

Figure 3.10 Kinetics and TEM images of HLZ 6.3 amyloid formation under conditions 

used to make seeds. Seeds were made from preformed fibrils. HLZ samples at 1 µM 

concentration in 20 mM potassium phosphate (K-Phos) pH 6.3 buffer with 3M Guanidine 
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hydrochloride, were incubated at 50℃ with 300 rpm shaking for three days. Fluorescence 

was normalized to the value of the plateau phase in each reaction. Data points correspond 

to the average ± standard deviation of three replicates. HLZ 6.3 fibrils before sonication 

(left). HLZ 6.3 fibrils after sonication of three pulses of 10 seconds followed by 5 

seconds rest (right). 

3.3 Amyloid assembly kinetics of unseeded, self-seeded, cross-seeded, polymorph 

seeded, and cross-polymorph-seeded 

The kinetics of fibril formation of unseeded, self-seeded, cross-seeded, polymorph 

seeded, and cross-polymorph-seeded (double seeded-species and polymorphs) were 

studied by utilizing ThT assay to monitor the process of amyloid polymerization in 

greater detail. The sigmoidal shape of the fibrillization curves collected for both fibril 

models from HEWL and HLZ have a classic lag phase which is eliminated by self-

seeding, led to the nucleation-dependent polymerization in which the formation of nuclei 

is crucial for the process to begin. However, the representative traces presented in (see 

Figure 3.11) shows the differences in the duration of the lag phase, the slope of the 

growth phase and the plateau. HEWL 2.0 and HLZ 2.0 demonstrated a more extended lag 

phase, a less steep increase in fluorescence intensity in the growth phase, while HEWL 

6.3 and HLZ 6.3 demonstrated a shorter lag phase and a steep rise in fluorescence 

intensity in the growth phase. These findings imply that under different pH conditions, 

various amyloid intermediates could form and that could result in variations in the 

morphologies of the amyloid fibrils. 



 

47 

 

 

All seeding experiments were examined by addition of 5% (m/v) pre-formed and 

sonicated HEWL 2.0, HEWL 6.3, HLZ 2.0, and HLZ 6.3 into the monomeric HEWL, or 

HLZ, solubilized in the aggregation buffers of pH 2.0, or pH 6.3 containing 3M GdnHCl 

at 45℃, with agitation (20s shaking every 10 min). In every experiment, the seed-free 

sample was used as a reference for comparison. Fitting was done on the kinetic curves of 

fibril formation to obtain the lag phase, half time, and growth rate using the following 

equation, y= y0+A/(1+exp(-k*(t-t0.5))), where y0 was the initial value, A was the 

amplitude of growth, k was the growth rate, and t0.5 was the half time. Lag time was 

derived using the following equation, tlag = t0.5 - (1/2) k. In some samples, lag time was 

measured by extrapolating the growth rate with pre-transition base-line (see Figure 3.12). 

ThT fluorescence intensity was normalized to the value of the plateau phase in each 

reaction. 
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Figure 3.11 Fitted curves of representative traces of fibril formation. HEWL fibril seeds 

(5% w/w) cross-seeded HLZ, and conversely, HLZ fibril seeds (5% w/w) cross-seeded 

HEWL. In general fibrillation was faster in pH 6.3 condition in comparison to pH 2.0 

condition.  

 

Figure 3.12 Determination of lag time (tlag) by extrapolating the growth rate (k) with pre-

transition base-line (y0). The lag phase was determined by extrapolating the base line 

with growth rate in each kinetic curve in order to confirm accurate calculation. 
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Table 3.1 Fit parameters of seed free, seeded, cross-seeded, polymorph seeded, cross-

polymorph seeded samples. The number of total replicates (N) was ranging from 11 and 

25 depending on the different solution conditions. In general, unseeded reactions had 

larger lag time in comparison with seeded or cross-seeded reactions. pH 6.3 condition 

had shorter lag time and larger growth rate in comparison with pH 2.0 condition which 

was slower and had longer lag time. 

Sample N total Lag time 

(day) 

Half 

time 

(day) 

Rate 

HEWL 2.0 15 3.38 ± 0.38 12.16 ± 

0.96 

0.32 ± 

0.03 

HEWL 2.0 + HEWL 2.0 21 0.39 ± 0.54 2.90 ± 

1.18 

0.90 ± 

0.45 

HEWL 2.0 + HLZ 2.0 12 2.63 ± 0.71 6.87 ± 

0.69 

0.58 ± 

0.14 

HEWL 2.0 + HEWL 6.3 19 1.70 ± 0.41 2.85 ± 

0.73 

4.21 

±4.08 

HEWL 2.0 + HLZ 6.3 18 1.32 ± 0.41 2.26 ± 

0.43 

3.41 ± 

1.29 

HLZ 2.0 11 11.81 ± 1.71 19.53 ± 

0.58 

0.27 ± 

0.03 

HLZ 2.0 + HEWL 2.0 12 2.90 ± 2.66 5.58 ± 

4.58 

1.08 ± 

0.69 

HLZ 2.0 + HLZ 2.0 14 9.57 ± 1.14 14.60 ± 

1.45 

0.37 ± 

0.03 

HLZ 2.0 + HEWL 6.3 17 2.64 ± 0.49 4.53 ± 

0.86 

1.45 ± 

0.91 

HLZ 2.0 + HLZ 6.3 17 2.30 ± 0.86 3.99± 

1.81 

2.37 ± 

1.93 
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HEWL 6.3 25 1.16 ± 0.85 1.29± 

0.84 

20.22 ± 

4.85 

HEWL 6.3 + HEWL 2.0 18 0.28 ± 0.11 0.46 ± 

0.09 

16.79 ± 

4.45 

HEWL 6.3 + HLZ 2.0 18 0.61 ± 0.28 0.79 ± 

0.29 

16.19 ± 

6.17 

HEWL 6.3 + HEWL 6.3 18 0.11 ± 0.05 0.35 ± 

0.08 

9.84 ± 

3.44 

HEWL 6.3 + HLZ 6.3 17 0.44 ± 0.25 0.68 ± 

0.14 

15.65 ± 

9.27 

HLZ 6.3 16 1.60 ± 0.81 1.96 ± 

0.89 

8.43 ± 

3.12 

HLZ 6.3 + HEWL 2.0 16 2.13 ± 0.94 2.60 ± 

0.99 

5.53 ± 

1.79 

HLZ 6.3 + HLZ 2.0 17 1.97 ± 0.89 2.30 ± 

0.91 

7.81 ± 

2.07 

HLZ 6.3 + HEWL 6.3 16 1.26 ± 0.38 1.67 ± 

0.51 

7.37 ± 

4.29 

HLZ 6.3 + HLZ 6.3 15 0.73 ± 0.92 1.35 ± 

0.78 

4.72 ± 

2.06 
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Figure 3.13 Boxplot of lag time. Lag time was ranging from hours to days depending on 

the solution conditions. HLZ 2.0 had the longest lag time. In general, seeded and cross-

seeded reactions had shorter lag time in comparison with unseeded reactions.  
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Figure 3.14 Boxplot of halftime (days). Half time results were similar to lag time, ranging 

from days to weeks depending on the solution condition of unseeded and seeded 

reactions. In general pH 6.3 conditions had shorter half time in comparison with pH 2.0 

conditions. 
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Figure 3.15 Boxplot of growth rate. pH 2.0 conditions growth rate was slower in 

comparison with pH 6.3 conditions. pH 6.3 showed much faster fibrillation in both 

unseeded and seeded reactions. Conversely pH 2.0 conditions were very slow even when 

seeded. 



 

54 

 

 

 

Figure 3.16 Effect of seeding on the kinetics of fibril formation.  

The error bars represent the average deviation of multiple independent measurements (N 

between 11 and 25). Monomeric HEWL at a concentration of 2 mg/mL solubilized at 50 

mM Gly-HCl buffer of pH 2.0, seed free, seeded with pre-formed HEWL 2.0, cross-

seeded with HLZ 2.0, polymorph seeded with HEWL 6.3, and cross-polymorph seeded 

with HLZ 6.3 (A). Monomeric HEWL at a concentration of 2 mg/mL solubilized at 20 

mM potassium phosphate buffer of pH 6.3 containing 3 M GdnHCl, seed free, seeded 

with pre-formed HEWL 6.3, cross-seeded with HLZ 6.3, polymorph seeded with HEWL 

2.0, and cross-polymorph seeded with HLZ 2.0 (B). Monomeric HLZ at a concentration 
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of 2 mg/mL solubilized at 50 mM Gly-HCl buffer of pH 2.0, seed free, seeded with pre-

formed HLZ 2.0, cross-seeded with HEWL 2.0, polymorph seeded with HLZ 6.3, and 

cross-polymorph seeded with HEWL (C). Monomeric HLZ at a concentration of 2 

mg/mL solubilized at 20 mM potassium phosphate buffer of pH 6.3 containing 3 M 

GdnHCl, seed free, seeded with pre-formed HLZ 6.3, cross-seeded with HEWL 6.3, 

polymorph seeded with HLZ 2.0, and cross-polymorph seeded with HEWL 2.0. 6.3 (D). 

All reactions were incubated at 45℃ agitated by 20 seconds shaking every 10 minutes 

and monitored by ThT fluorescence. The results suggested that HEWL and HLZ pH 6.3 

seeds accelerate the aggregation rate of HEWL and HLZ compared to pH 2.0 seeds. In 

aggregation buffer of pH 6.3 containing 3 M GdnHCl, all reactions were faster, and 

seeding had less effect on lag phase compared to pH 2.0 condition. 

The plateau level of thioflavin-T fluorescence before normalization was higher in 

the pH 6.3 condition, compared to the pH 2.0 condition of human lysozyme and hen egg-

white lysozyme. This indicated that a larger number of fibrils was formed in the pH 6.3 

condition relative to the pH 2.0 condition. pH 6.3 condition showed a smaller lag phase, 

and a higher plateau level of ThT fluorescence, relative to pH 2.0, indicating that pH 6.3 

condition was a better condition to form fibrils. pH 6.3 polymorph was the most efficient 

seed, even at pH 2.0 conditions, and HLZ pH 6.3 seed was the most potent seed. 

3.4 Polymorphs 

The TEM results suggested that morphological variability of lysozyme fibrils 

from hen egg-white (HEWL) monomer, and human (HLZ) monomer are evident. The 

electron microscopy and atomic force microscopy results showed that fibrils differ in 
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their length, width, and twist. Fibrils displayed, in both cases, a fibrillar and unbranched 

morphology. pH 2.0 polymorphs are long, curved, while pH 6.3 polymorph are short, 

rigid, and straight. The structural characteristics of amyloid fibrils produced under two 

different experimental conditions (acidic and neutral) were assessed by spectroscopic 

methods, electron microscopy, and image analysis. Results showed that the fluorescence 

intensity of ThT did not increase in the presence of monomeric lysozyme. This was 

consistent with the fact that ThT does not interact or bind with globular proteins in the 

native state (Nilsson et al., 2004). The results suggested that the pH 2.0 polymorph 

consists of intact and hydrolyzed protein, while the pH 6.3 polymorph contains only 

intact lysozyme (see Figure 3.18). Native lysozyme was used as a reference.  

HEWL and HLZ have a molecular weight of 14.3 kDa and 14.7 kDa, 

respectively. No bands of larger protein aggregates were observed, suggesting that fibril 

formation does not require covalent bonds (e.g., disulfide bonds), but contains hydrogen 

bonds, which were broken down by heating in the presence of SDS (Arnaudov & De 

Vries, 2005). MALDI-TOF results confirmed the SDS results, indicating that fibrils made 

at pH 2.0 and pH 6.3 differ in composition. The pH 2.0 polymorph consists of intact and 

hydrolyzed protein, while the pH 6.3 polymorph contains only intact lysozyme (see 

Figure 3.19). Native lysozyme was used as a reference. 

Using hen egg-white lysozyme and human lysozyme, cross-seeding and cross-

polymorph-seeding under various solution conditions were observed. Results suggested 

that the pH 6.3 polymorph was dominant for both species, even at pH 2, as it maintained 



 

57 

 

 

and self-propagated its unique fibril structure when used to seed lysozyme solutions at 

pH 2.0.  

  

  

Figure 3.17 HEWL and HLZ polymorphs. Polymorphs exist, two amyloid-like fibril 

polymorphs of lysozyme were created at pH 2.0 and pH 6.3 from both HEWL and HLZ, 

and they look different under TEM. pH 2.0 Polymorph; HEWL (A), and HLZ (C). pH 6.3 

Polymorph; HEWL (B), HLZ (D).  

A B 

C D 
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Figure 3.18 SDS-PAGE. HEWL and HLZ at pH 2.0,65℃, and pH 6.3, 50℃. Fibril 

samples were isolated using 50 kDa spin filter, then diluted with an equivalent volume of 

tricine sample buffer containing 2% β-mercaptoethanol, and finally heated at 95℃ for 5 

minutes. These samples were run through 16.5% Tris-Tricine Precast Gels at 100 V for 

100 minutes, or till the dye reached the bottom of the gel. pH 2.0 fibril polymorph was 

composed of intact and hydrolyzed protein, while pH 6.3 fibril polymorph was composed 

of only intact protein. Molecular weight of HEWL and HLZ were 14.3 kDa, and 14.7 

kDa respectively. Larger protein bands than 14.7 kDa in the SDS gels were not visible.  
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Figure 3.19 MALDI-TOF. Fibril samples were isolated via 50 kDa spin filter then sent to 

PAMS (Proteomics and Mass Spectrometry) Core Facility at the University of Georgia. 

pH 2.0 fibril polymorph was composed of intact and hydrolyzed protein, while pH 6.3 

fibril polymorph was composed of only intact protein. Molecular weight of HEWL and 

HLZ were 14.3 kDa, and 14.7 kDa respectively. Native lysozyme was used as a 

reference. 
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Figure 3.20 Seeded and cross-seeded samples of HLZ at pH 2.0 under TEM. (A) 

Monomeric HLZ seeded with HLZ 2.0 seed at pH 2.0 buffer (HLZ 2.0 + HLZ 2.0 seed). 

(B) monomeric HLZ cross-seeded with HEWL 2.0 seed at pH 2.0 buffer (HLZ 2.0 + 

HEWL 2.0 seed). (C) monomeric HLZ polymorph seeded with HLZ 6.3 seed at pH 2.0 

buffer (HLZ 2.0 + HLZ 6.3 seed). (D) monomeric HLZ cross-polymorph seeded with 

A B 

C D 

E F 
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HEWL 6.3 seed at pH 2.0 buffer (HLZ 2.0 + HEWL 6.3 seed). (E) monomeric HLZ 

polymorph seeded with HLZ 2.0 seed at pH 6.3 buffer containing 3 M GdnHCl (HLZ 6.3 

+ HLz 2.0 seed). (F) monomeric HLZ cross-polymorph seeded with HEWL 2.0 seed at 

pH 6.3 buffer containing 3 M GdnHCl (HLZ 6.3 + HEWL 2.0 seed).  

 

Figure 3.21 MALDI-TOF results of not seeded, seeded, and cross-seeded HEWL and 

HLZ. Fibril samples were isolated via 50 kDa spin filter then sent to PAMS (Proteomics 

and Mass Spectrometry) Core Facility at the University of Georgia. Molecular weight of 

HEWL and HLZ were 14.3 kDa, and 14.7 kDa respectively.  
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Figure 3.22 SDS-PAGE results of seeded and cross-seeded HEWL and HLZ. Fibril 

samples were isolated using 50 kDa spin filter, then diluted with an equivalent volume of 

tricine sample buffer containing 2% β-mercaptoethanol, and finally heated at 95℃ for 5 

minutes. These samples were run through 16.5% Tris-Tricine Precast Gels at 100 V for 

100 minutes. Molecular weight of HEWL and HLZ, 14.3, 14.7 kDa respectively. 
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3.5 Effect of pH 2.0 on fibrils formed at pH 6.3 

In order to understand how pH 6.3 polymorphs are dominant even at pH 2.0 

conditions, pH 6.3 fibrils were incubated at pH 2.0, 65℃ condition for a day, then 

analyzed under TEM and MALDI-TOF.  

 

Figure 3.23 Effect of acidic pH on 6.3 fibrils. HEWL 6.3 and HLZ 6.3 fibrils were 

incubated in 50 mM Gly-HCl buffer of pH 2.0 at 65℃ while shaking at 300 rpm for one 

day. At 65℃, and pH 2.0 buffer, both HEWL 6.3 and HLZ 6.3 fibrils were partially 

hydrolyzed, but they maintained their fibrillar structure and morphology. 
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Figure 3.24 Effect of pH change on HEWL6.3 (left column) and HLZ6.3 (right column) 

fibrils. At 65℃, and pH 2.0 buffer, both HEWL 6.3 and HLZ 6.3 fibrils maintained their 

fibrillar structure and morphology. 
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3.6 Effect of protease treatment on fibril structure and formation kinetics 

HEWL 6.3 fibrils were incubated overnight in simulated gastric fluid (SGF) 

buffer of pH 1.2, 37C, with a pepsin:HEWL 6.3 fibril ratio of 1:20 w/w. Fluorescence 

emission spectra were recorded from 470 nm to 600 nm upon excitation at 440nm before 

and after pepsin digestion. The results suggested that at 37℃, HEWL 6.3 fibrils were 

resistant or only slightly sensitive to pepsin even at a 1:4 w/w pepsin:fibril ratio. The ThT 

fluorescence intensity did not decrease upon pepsin treatment (Fig. 3.25). 

To assess the impact of pepsin treatment on fibril seeding ability, HLZ monomers 

were incubated with various HEWL fibrils (HEWL 6.3, and HEWL 6.3 and HEWL 2.0 

sonicated fibrils) treated with pepsin in simulated gastric fluid (SGF), as shown in Figure 

3.26. Within a period of four days, only one out of 36 samples formed fibrils under 

simulated gastric conditions, corresponding to one of 12 HLZ samples that was seeded 

with HEWL 6.3 fibrils pre-treated with 0.5 mg/mL pepsin. 
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Figure 3.25 Effect of pepsin treatment on fibrils. (A). HEWL 6.3 fibrils incubated with 

and without pepsin at 37℃ in SGF buffer of pH 1.2, at three different pepsin:HEWL 

ratios: 1:100, 1:20, and 1:4 w/w (B). Negatively stained TEM images of HEWL 6.3 

fibrils after pepsin digestion support the results. Simulated Gastric Fluid (SGF-pH 1.2 

buffer) with and without pepsin at 37℃ with three different pepsin:HEWL ratio, 1:100, 

1:20, 1:4 w/w. ThT absorbance spectrum and ThT fluorescence intensity were measured, 

and no major difference was observed before and after pepsin treatment (see Figure 3.25-

top). Negatively stained TEM images of HEWL 6.3 fibrils after pepsin digestion are in 

agreement with ThT results (see Figure 3.25-bottom). The results suggested that at 37℃, 

HEWL 6.3 fibrils were resistant or slightly sensitive to pepsin even at 1:4 w/w 
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pepsin:fibril ratio. HLZ monomers were incubated and cross-seeded with HEWL 6.3 

pepsin treated fibrils/seeds, HEWL 6.3 and HEWL 2.0 sonicated seeds at 37℃ in 

simulated gastric fluid (SGF-pH 1.2) with two pepsin concentration (0.5mg/mL, and 0.1 

mg/mL), at pepsin:HLZ ratio of 1:20 w/w, and 1:4 w/w (see Figure 3.26). Results 

reported no effect on ThT, and no effect on fibril morphology. 

 

Figure 3.26 Cross-seeding under simulated gastric conditions. Native human lysozyme 

was incubated with HEWL fibrils in simulated gastric fluid (SGF), pH 1.2, 37℃, 

containing pepsin, over nearly four days. Different HEWL fibrils were used, where n = 

number of replicates shown: HEWL 6.3 pre-treated with pepsin (pepsin:fibril ratio of 
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1:20) (n = 12), and HEWL 6.3 (n = 12) and HEWL 2.0 (n = 12) sonicated fibrils. Only 

one sample (HLZ with HEWL 6.3 fibrils pre-treated with pepsin) yielded a substantial 

increase in ThT fluorescence. 
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CHAPTER 4 

4 DISCUSSION 

4.1 Summary 

Nanofibrils made from food proteins are gaining interest as new food ingredients 

and nanomaterials. Before the use of nanofibrils directly in food or on food-contact 

surfaces, it would be crucial to investigate their consequences and impact on human 

health. Protein nanofibrils resemble amyloid fibrils, some of which are correlated with 

pathologies (e.g., systemic amyloidosis, and neurodegenerative diseases) while others 

play a beneficial, functional role. Like amyloid, protein nanofibrils can self-propagate by 

‘seeding’ and induce normally folded proteins to assemble into nanofibrils. Since 

amyloid fibrils are resistant to protease digestion, there is a chance that protein 

nanofibrils used in food, or cosmetics could cross-seed the amyloid formation of other 

proteins in the human body upon oral consumption, leading to systemic amyloidosis and 

toxicity. A given protein can form different amyloid fibrils that have unique structural 

properties, termed polymorphs. Different polymorphs of the same protein can have 

different properties (e.g., seeding potential and efficiency) and toxicity behavior. Studies 

on cytotoxicity and cell viability assays were done on some nanofibrils made from food 

proteins, but to our understanding, few studies, if any, have examined cross-seeding 

between food protein nanofibrils and similar proteins endogenous to humans that are 

structurally related. 
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The objective of this research was to examine the cross-seeding ability of food 

protein nanofibrils at a mechanistic level and determine if they can cause their 

homologous human proteins to assemble into amyloid-like fibrils. For this study, hen 

egg-white lysozyme (HEWL) and human lysozyme (HLZ) were chosen as a model 

system for cross-seeding, for several reasons: lysozyme is one of the best characterized 

amyloid-forming proteins (Swaminathan, Ravi, Kumar, Kumar, & Chandra, 2011), 

HEWL is a common food-derived nanofibril source, HEWL and HLZ are highly similar 

in structure, and HLZ is readily available commercially. To our knowledge, this was the 

first study to explore cross-polymorph-seeding between HEWL and HLZ.  

4.2 Formation of amyloid fibrils by HEWL and HLZ 

It is generally accepted that a folded native protein needs to at least partially 

unfold and destabilize in order to form an assembly that is prone to aggregation and fibril 

formation (Christopher M Dobson, 2003; Kelly, 1998). Heating to a temperature close to 

the midpoint of the unfolding transition is not enough for destabilizing and fibril 

formation. Unfolding pathways are different under different solution conditions (e.g., 

different pH values, the presence of chemical denaturants, and salts). The slow transition 

of lysozyme molecules to a partially unfolded state is crucial for fibril formation. 

(Arnaudov & De Vries, 2005). Fibril formation is much slower at pH 2.0 than at pH 6.3. 

Although protein hydrolysis does take place at pH 2.0, it is not crucial in the aggregation 

process (Mališauskas et al., 2003). In this case at pH 6.3 with 3 M GdnHCl, HEWL is 

partially unfolded with four disulfide bonds still remaining intact. GdnHCl is a chaotropic 

agent, and it can disrupt hydrogen bonding between water molecules, and this affects the 



 

71 

 

 

stability of other macromolecules in solution as well. Therefore, GdnHCl increases the 

entropy in the solution by disrupting the hydrophobic interactions and hydrogen bonding 

network. GdnHCl can cause denaturation by disrupting the water shell around 

hydrophobic surfaces (by weakening the hydrophobic effect) and exposing hydrophobic 

regions in the solution (Mason, Brady, Neilson, & Dempsey, 2007). Partial denaturation 

of HEWL is achieved by the addition of 3 M GdnHCl at pH 6.3 buffer, which is required 

to form amyloid-like fibrils from HEWL (Vernaglia et al., 2004). 

The mechanism of fibril formation may depend strongly on the unfolding 

pathway of the protein under particular conditions (Arnaudov & De Vries, 2005), and 

increasing the temperature above the melting point of the protein is not sufficient for 

fibril formation. The difference in the behavior of HEWL at different pH values could be 

due to electrostatic interactions. HEWL is highly charged from pH 2.0-4.0, having 

between 17-11 positive charges in this pH range (Kuehner et al., 1999), and 

approximately eight positive charges at pH 6.3. 

Amyloidogenicity is a natural property of human lysozyme and does not require the 

presence of specific mutations in its primary structure (Morozova-Roche et al., 2000).The 

ability to form amyloid-like fibrils is a generic property of almost all proteins. In this 

study, HEWL fibrils were formed under different pH values ranging from 1.2 to 7.0 (see 

Figure 3.1), with the kinetics being much faster at acidic pH. HEWL aggregated faster at 

pH 1.2 compared to pH 2.0, while the aggregation was delayed dramatically at pH 6.3, 

and 7.0. This could be due to the more rapid acid hydrolysis that occurs at low pH. 

Lysozyme fibril formation is concentration dependent, the higher the concentration, the 
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faster the aggregation rate with a shorter lag phase (see Figure 3.2). Addition of gyration 

beads into the solution during incubation accelerates the fibril formation. HEWL 

aggregates faster in the presence of glass beads compared to stainless steel beads (see 

Figure 3.3). Addition of chemical denaturants such as GdnHCl accelerates HEWL 

fibrillation and reduces the lag phase dramatically at higher pH, presumably by 

destabilizing the protein in a way that is prone to aggregate and form fibrils faster (see 

Figure 3.4).  

Lysozyme amyloid fibrils were formed under acidic and near neutral pH 

conditions in order to obtain two distinct fibril polymorphs. In the acidic condition at pH 

2.0 and the moderate condition at pH 6.3 with 3 M GdnHCl, all the samples developed a 

gel-like consistency after several days of incubation. Fibril formation was confirmed by 

an increase in the ThT fluorescence intensity and revealed many fibrils when examined 

by electron microscopy. The HEWL 2.0 fibril polymorph was formed at 65℃, in 50 mM 

Glycine-HCl pH 2.0 buffer while constantly shaking (300 rpm), with a lag phase of 2.5-3 

days. HEWL 2.0 fibrils were long, thin, flexible, unbranched under TEM (see Figure 

3.7). The morphology and lag time is consistent with other studies on HEWL fibril 

formation (Mocanu et al., 2014; Sivalingam et al., 2016; Sulatskaya et al., 2017). The 

HEWL 6.3 fibril polymorphs were formed at 50℃, in 20 mM potassium phosphate pH 

6.3 buffer with 3 M GdnHCl while constantly shaking at 300 rpm. HEWL 6.3 fibrils 

formed very fast, with a lag time of several (~6 hours) hours. HEWL 6.3 fibrils were 

short, rigid and straight (see Figure 3.8). The morphology and lag phase was similar to 

the study by Vernaglia et al., however, they reported using stirring which resulted in a 
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shorter lag phase of half an hour (Vernaglia et al., 2004). Vernaglia et al. found that using 

a microplate reader at 45℃, pH 6.3 with 3 M GdnHCl, with agitation every 10 minutes 

for 20 seconds, HEWL fibrillation occurred only upon the addition of the seeds. In this 

project all the kinetic studies of fibrillation and seeding experiments were done in a 

microplate reader at 45℃ with agitation every 10 minutes for 20 seconds as well, 

however, according to our results, even unseeded HEWL formed fibrils under these 

conditions.  

High fluorescence intensity results were confirmed by TEM images. HLZ 2.0 

fibril polymorph was formed at 65℃ and pH 2.0 buffer while constantly shaking (300 

rpm), with a lag phase of three days. HLZ 2.0 fibrils were long, thin, flexible, unbranched 

under TEM (see Figure 3.9). The morphology and lag phase was in agreement with other 

similar studies done on human lysozyme fibrillation (Felice et al., 2004; Swaminathan et 

al., 2011). HLZ 6.3 fibrils formed very fast, with a lag time of a couple hours. HLZ 6.3 

fibrils were short, rigid, mostly stacked laterally beside each other (see Figure 3.10). The 

morphology and lag phase was similar to previous similar studies done on human 

lysozyme amyloid fibrillation (Mossuto et al., 2010). Seeds were formed by sonication, 

similar to previous work (Sivalingam et al., 2016). Pre-formed fibrils were sonicated for 

three pulses of 10 seconds followed by five seconds intervals. TEM images confirmed 

that sonication resulted in breaking the long mature fibrils into shorter fragments. 

4.3 Cross-seeding & polymorphism 

HEWL and HLZ fibrillation curves at pH 2.0 and pH 6.3 have a classic lag phase 

which is eliminated or shortened by addition of the different seeds (HEWL 2.0, HLZ 2.0, 
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HEWL 6.3, HLZ 6.3). Such behavior is typical of nucleation-dependent polymerization, 

in which the formation of nuclei is crucial for the process to begin, either by partial 

unfolding or fragmentation. The representative traces presented in Figure 3.11 show the 

differences in the duration of the lag phase, the slope of the growth phase and the plateau 

of the different conditions (total 20 different conditions). HEWL 2.0 and HLZ 2.0 

demonstrated a more extended lag phase, a less steep increase in fluorescence intensity in 

the growth phase, while HEWL 6.3 and HLZ 6.3 demonstrated a shorter lag phase and a 

steep rise in fluorescence intensity in the growth phase. These findings imply that under 

different pH conditions, various amyloid intermediates can form and can result in 

variations in the structural morphologies of the amyloid fibrils (see Table 3.1). 

Effects of seeding on the formation of lysozyme fibrils were examined in a 

microplate reader. All the seeding experiments were examined by addition of 5% (m/v) 

of pre-formed and sonicated HEWL 2.0, HEWL 6.3, HLZ 2.0, and HLZ 6.3 into the 

monomeric HEWL, or HLZ, solubilized in the aggregation buffers of pH 2.0, or pH 6.3 

containing 3M GdnHCl at 45℃, with agitation (20s shaking every 10 min). Sonication 

causes mechanical damage and breaks fibrils into shorter fibrillar fragments, and these 

fragments act as nuclei (seeds) for subsequent protein fibrillation. According to the 

results at 45℃, HEWL could cross-seed the fibril formation of HLZ under all four 

conditions (HLZ 2.0 + HEWL 2.0 seed, HLZ 2.0 + HEWL 6.3 seed, HLZ 6.3 + HEWL 

2.0 seed, HLZ 6.3 + HEWL 6.3 seed). 

Some studies suggest that high sequence identity (>40%) is required for amyloid 

aggregates to be able to cross-seed one another (Clarke et al., 2005; Krebs et al., 2004). 
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In contrast, some studies reported cross-seeding between dissimilar protein sequences, for 

instance, cross-seeding of curli protein and prostate acid phosphatase (Hartman et al., 

2013), and amyloid-β and human islet amyloid polypeptide with 25% sequence identity 

(M. Zhang et al., 2015). These findings indicate that if the two dissimilar amyloid 

proteins can adopt a highly similar fibrillar structure, they can cross-seed each other 

despite the sequence divergence (Wasmer et al., 2010). Therefore, fibril core can also 

play an essential role in cross-seeding between different proteins that are not similar in 

sequence. 

In every kinetic experiment reported here, the seed-free sample was used as a 

reference.  ThT kinetic traces were analyzed in order to characterize the lag phase, half 

time, and growth rate of fibril formation. The growth rate is much higher for the pH 6.3 

conditions than pH 2.0 (see Figure 3.15). This indicates that pH 6.3 is a fast fibril forming 

condition, while pH 2.0 condition is a much slower condition, especially for HLZ. The 

lag phase for different conditions was ranging between a couple of hours and several 

days, depending on the solution condition and presence of seeds. The longest lag time 

belonged to unseeded HLZ. This indicates that pH 2.0, 45℃, with agitation every 10 

minutes for 20 seconds, is not a good fibril formation condition for HLZ. According to 

work done by Crespo et al., it is difficult to get reproducible kinetic data for amyloid 

fibril formation, due to the formation of different intermediates and off-pathway species 

(e.g., protein precipitates, and insoluble oligomers) during amyloid fibrillation of 

lysozyme (Crespo et al., 2016). Besides some experimental errors such as human error, or 
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systemic errors that could occur, the off-pathway phenomena can also justify the low 

reproducibility of the kinetic results. 

HEWL and HLZ fibrils formed under pH 2.0 and pH 6.3 conditions show an 

evident polymorphism. The structural characteristics and morphology of the formed 

fibrils were evaluated using spectroscopic methods, electron microscopy, and image 

analysis, and fibril composition was analyzed using SDS-PAGE and MALDI-TOF. The 

plateau level of ThT fluorescence before normalization was higher for the pH 6.3 

condition, compared to the pH 2.0 condition, for both HEWL and HLZ. This indicates 

either a greater extent of fibril formation occurs at pH 6.3 than at pH 2.0, or that ThT 

interacts with the pH 6.3 fibril polymorph differently than with the pH 2.0 polymorph. 

The pH 6.3 condition shows a smaller lag phase, and a higher plateau level of ThT 

fluorescence, relative to pH 2.0, indicating that pH 6.3 condition is a better condition to 

form fibrils. Results suggest that the pH 6.3 polymorph is dominant for both species, 

even at pH 2.0, as it maintains and self-propagates its unique fibril structure when used to 

seed lysozyme solutions at pH 2.0. The electron microscopy and atomic force microscopy 

results showed that pH 2.0 and pH 6.3 fibril polymorphs differ in their length, width, 

rigidity, and twist. Fibril polymorphs display, in both cases, an unbranched morphology. 

pH 2.0 fibril polymorphs are long, thin, semiflexible, and curved, while pH 6.3 fibril 

polymorphs are short, thicker, rigid, and twisted (see Figure 3.17). Our results are in 

agreement with previous studies of lysozyme fibril polymorphs (Mocanu et al., 2014; 

Mossuto et al., 2010; Sivalingam et al., 2016; Sulatskaya et al., 2017). 
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A major difference between the two polymorphs is that the pH 2.0 polymorph 

consists of intact and hydrolyzed protein, while the pH 6.3 polymorph contains only 

intact lysozyme (see Figure 3.18, and 3.19). The absence of larger protein bands than 

14.7 kDa in the SDS gels (see Figure 3.18) suggests that fibril formation does not include 

disulfide bonds, but contains hydrogen bonds, which are broken down by heating in the 

presence of SDS. (Arnaudov & De Vries, 2005).  

The seeded and cross-seeded samples of HLZ were analyzed under TEM. The 

HLZ 2.0 seeded with HEWL 2.0 and HLZ 2.0, both formed long, unbranched, flexible 

fibrils, however, HLZ 2.0 seeded with HEWL 6.3 and HLZ 6.3, formed shorter, more 

twisted, more rigid fibrils, resembling pH 6.3 polymorph. In contrast, when HLZ 6.3 was 

seeded with HEWL 2.0 or HLZ 2.0 seeds, the new formed fibrils were short, straight, and 

rigid and this indicates that 6.3 polymorphs were dominant even at pH 2.0, and the newly 

formed fibrils preserved the pH 6.3 polymorph seed structure and morphology.  

In order to better understand why pH 6.3 polymorphs are dominant even at pH 2.0 

conditions, pH 6.3 fibrils were incubated at pH 2.0, 65℃ condition over a day, then 

analyzed under TEM and MALDI-TOF. The TEM and MALDI-TOF results suggest that 

pH 6.3 polymorphs of HEWL and HLZ are resistant to low pH and higher temperature. 

Although acid hydrolysis occurs at pH 2.0 and 65℃, the 6.3 fibrils remain intact, 

meaning that the fibril core is resistant while the other residues that are not involved in 

the fibril core can get hydrolyzed. The results suggest that, even though the monomeric 

form is hydrolyzed, fibrils maintain their morphology (see Figure 3.23, and 3.24). Thus, 

the pH 6.3 polymorph retains its morphology even at pH 2.0, meaning that pH 6.3 fibril 
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seeds can act as nuclei, and elongate by addition of lysozyme monomers to the nucleation 

sites at the fibril ends. Although protein hydrolysis can take place at pH 2.0, 65℃, it is 

not crucial in the aggregation process (Mališauskas et al., 2003). 

4.4 Nanofibrils digestibility and food safety 

Cross-seeding is more likely the more similar in sequence and structure two 

proteins are, and the milk and egg proteins most commonly used to form nanofibrils are 

structurally similar (60-90% similarity) to several human proteins. Amyloid fibrils can 

survive digestion and spread to other parts of the body, as evidenced by prions (Colby & 

Prusiner, 2011) and amyloid A (AA) protein from foie gras (Solomon et al., 2007). These 

findings indicate that protein nanofibrils may induce the amyloid formation of other 

structurally similar human proteins upon oral consumption, in a susceptible population 

under certain conditions. 

In order to mimic stomach and physiological conditions, the effect of protease 

treatment on fibril structures and formation kinetics were investigated. Pepsin is a 

digestive enzyme which is found in the natural gastric juice in the stomach. Pepsin is only 

able to break peptide bonds, which has a broad specificity, where the cleavage sites are 

not directed by the amino acid sequence but by the conformational and dynamical 

characteristics of the polypeptide chain (Fruton, 1970). Polverino de Laureto et al. 

reported that native HEWL and bovine α-lactalbumin appear to be fully resistant to 

proteolysis with pepsin at pH 2.0 in an enzyme-to-substrate ratio of 1:500 (by weight) at 

~20°C, while horse, pigeon, and dog lysozyme are partially digested under these 

conditions (Polverino de Laureto, Frare, Gottardo, van Dael, & Fontana, 2002). Frare et 
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al. reported that because HEWL is very stable and resistant to proteases in its native state 

(e.g., to proteinase K, thermolysin at neutral pH and pepsin at pH 2.0), they conducted 

proteolysis of HEWL with pepsin at pH 0.9 containing 2 M GdnHCl with an E:S ratio of 

1:300 by weight. This unusual proteolysis resulted in two protein fragments (Frare, de 

Laureto, Zurdo, Dobson, & Fontana, 2004). Another study by Frare et al. reported that 

pepsin digestion of HLZ fibrils and native HLZ occurred under harsh conditions at pH 

2.0 and 57℃ for several hours with an E:S ratio of 1:30 by weight. Native HLZ, almost 

completely degraded, while fragment 32-108 from fibrils was resistant to pepsin 

digestion (Frare et al., 2006).  

Since pepsin is responsible for initiating protein digestion in the body, fibrils were 

incubated in Simulated Gastric Fluid (SGF) at 37℃. Results suggest that only one out of 

36 cross-seeded samples formed fibrils under simulated gastric conditions (HEWL 6.3 

pepsin treated fibrils with 0.5 mg/mL pepsin). This indicates a very low probability of 

cross-seeding between HEWL and HLZ under physiological conditions in vitro. Since in 

vitro experiments fail to replicate the cellular, and in vivo conditions, it is not reasonable 

to conclude the safety or toxicity of the nanofibrils based on these results alone.  

4.5 Future research 

The results of this project suggest that there is a low probability of cross-seeding 

between HEWL and HLZ under physiological conditions in vitro. Since in vitro 

experiments fail to replicate the cellular, and in vivo conditions, it is not reasonable to 

conclude the safety or toxicity of the nanofibrils from in vitro studies. In vitro is an 

exaggerated pure condition conducted in a test tube, while in the body other elements and 
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factors are involved which are not replicable in vitro. In this project lysozyme was used 

as a model system since there is a chance that protein nanofibrils can survive digestion 

and the GI tract, it is prudent to investigate other nanofibrils that could be used as a food 

ingredient or enter the body as a nanotechnology device. Therefore, further investigation 

is required to investigate the fate of nanofibrils after consumption in vivo, in order to 

ensure safe food supply.  

Different fibril polymorphs from the same protein could have different 

morphology, toxicity, cross-seeding propensity, and characteristics, therefore studying 

polymorphism is crucial. Since the food nanofibrils can be made under various conditions 

and that can result in the formation of different fibril polymorphs (variants), it is prudent 

to study the cross-seeding and cross-polymorph-seeding among other food protein 

nanofibrils with their similar human proteins. As some studies reported cross-seeding 

between dissimilar proteins, it is also crucial to study cross-seeding between plant 

proteins and human proteins as well.  
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CHAPTER 5 

5 CONCLUSIONS 

 

This study examined cross-seeding between two homologous variants under two 

different conditions, using hen egg white lysozyme (HEWL) and human lysozyme (HLZ) 

as a model system. Nanofibrils of HEWL and HLZ formed at both pH 2.0, 65℃ and pH 

6.3 with 3 M GdnHCl, 50℃, agitated (300 rpm shaking). Under these solution 

conditions, two distinct polymorphs were formed from both species (HEWL and HLZ). 

The fibril polymorphs that formed under acidic pH (pH 2.0 polymorphs) were shown to 

be composed of intact and hydrolyzed protein while fibril polymorphs that were formed 

under mild conditions (pH 6.3 polymorphs) were composed only of intact lysozyme, as 

determined using MALDI-TOF and SDS-PAGE. These polymorphs showed different 

morphologies under AFM and TEM. pH 2.0 polymorphs are long, and flexible, while pH 

6.3 polymorphs are short and rigid.  

Seeding and cross-seeding under swapped incubation conditions were examined 

in vitro at 45℃, and under physiological conditions (SGF) in the presence of pepsin at 

37℃. Seeded reactions were conducted in the presence of 5% w/w sonicated or pepsin 

digested seeds. Seeding and cross-seeding occurred between HEWL and HLZ at the 45℃ 

condition, and at the physiological condition, only one out of 36 samples aggregated and 

showed >10-fold increase in ThT fluorescence intensity. Cross-seeded samples were 
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examined under TEM, and the results suggest that the pH 6.3 polymorphs are dominant at 

both pH conditions. The addition of 6.3 polymorph seeds into pH 2.0 condition resulted 

in rapid elongation and the new fibrils preserved the properties of the 6.3 polymorphs. 

However, the same observation was not true for pH 2.0 polymorphs. Limited proteolytic 

digestion by pepsin was indicated for both polymorphs examined by ThT fluorescence 

intensity kinetics, and TEM.  

Major conclusions from this study: 

1) HEWL can cross-seed HLZ 

o  Fibrillation kinetics are strongly determined by solution conditions – 

physiological conditions (especially temperature) may mitigate cross-

seeding 

o  Supports that further work is needed to establish the safety of food-

derived nanofibrils 

2) Seeding/cross-seeding ability can depend on the polymorph 

o Supports that different polymorphs from the same protein should be 

treated as having distinct functionality (including safety/risk) 

3) HEWL and HLZ fibrils were resistant to pepsin digestion at a pepsin:fibril ratio of 

1:20 at 37℃. 
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