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ABSTRACT 

DETERMINING THE ROLE OF HUMAN PLASMA IN AMYLOID FIBER 

SYNTHESIS 

Carlee Renee Confer 

Major Advisor: Shaohua Xu, Ph. D. 

The presence of plaques and tangles in the human brain is a major feature observed 

in several neuropathological diseases including Parkinson’s and Alzheimer’s. Due 

to the high morbidity and mortality rates of such diseases, research on the 

characteristics and functions of these highly ordered structures aims to expand the 

understanding of how the presence of these plaques lead to cognitive decline. Many 

studies have led to the development of models that suggest that the presence of 

amyloid plaques and tangles within the brain induce a cytotoxic cycle that results in 

the suffocation and death of neurons within the brain. A model to study plaques in 

vivo by using the protein lysozyme which can undergo gelation to form amyloid 

fibers has been established in previous studies in our laboratory. Looking at 

proteins normally found within systemic circulation and their effect on plaque 

formation and gelation might also signify a correlation between breakage of the 
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blood-brain barrier seen during physiological stress such as during transient 

ischemic attacks, or mini-stokes.  Other molecules of interest in this study include 

neuromelanin, a protein found in the central nervous system. Isolation of this 

molecule was achieved by dissection of bovine brains. Further studies should also 

be conducted on the effect that neuromelanin and other molecules have on amyloid 

fiber formation by using the lysozyme model described here. 

The aim of this study was to use and optimize lysozyme as a protein model for 

amyloid fiber formation and characterization. The lysozyme model enables a 

universal system that can be accessible to different laboratories. Using previously 

studied conditions for lysozyme, amyloid fibers were able to be synthesized in vitro 

and were therefore able to be studied in the presence of a copious number of 

variables. Specifically, this study looks at the presence of human plasma and its 

effect on amyloid fiber synthesis in vitro through the use of lysozyme protein 

gelation. With this, we aim to expand on the understanding of possible risk factors 

associated with Alzheimer’s disease as well as possible therapeutic opportunities. 

 

Amyloid fibers were synthesized by incubating lysozyme in glycine buffer. 

Samples were stored at a shaking speed for at 55°C until gelation occurs. The 

presence formation of a gel in our lysozyme model indicates the formation of 

amyloid fibers. These amyloid fibers mimic those seen in Alzheimer’s disease and 
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allowed for study of the structure of the fibers via a plethora of biochemical assays. 

One goal was to achieve isolation of the amyloid fibers through common laboratory 

techniques – such as ultracentrifugation – to optimize the lysozyme model. In the 

presence of increasing concentrations of human plasma, amyloid fiber formation 

was observed to be significantly slowed. While whole plasma slows amyloid 

formation, the exact effect of each individual protein on amyloid synthesis is 

unknown. The use of whole human plasma should therefore be followed up with 

further study of specific plasma proteins (i.e. albumin, hemin) and how they 

individually effect amyloid fiber synthesis.  
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INTRODUCTION 

 

The misfolded aggregation of proteins is a common phenomenon present in 

amyloidosis disease states including Alzheimer’s, Huntington’s, Parkinson’s, and 

type-II diabetes (for a recent review see: Xu S 2007). Aggregated light-chain 

protein deposits have been observed in kidney diseases (Uversky, 2007) and α-

Synuclein - a protein majorly associated with Parkinson’s disease - has been noted 

to form amyloid fibrils in vitro (Hoyer, 2002). Similarly, the presence of β-amyloid 

plaques and neurofibrillary tangles are landmark characteristics associated with 

Alzheimer’s disease and their potential to disrupt neuronal function has been 

previously studied (Wang et al., 2017). The exact mechanism of neuronal decline 

seen in Alzheimer’s disease is still being extensively studied, but research notes 

that the mechanism could include the formation of plaques (gels) around axons 

resulting in the inhibition of action potential propagation (Dauberman et al., 2017). 

Systemic amyloidosis disease also results in the growth of amyloid fibers in organs 

such as the heart, tongue, and gastrointestinal tract, as well as the nerves. This 

disease includes primary amyloidosis, lysozyme amyloidosis, plasma cell 

myeloma, and arthritis. Such amyloid buildup negatively affects tissues by causing 

them to become rigid and increase in size due to swelling. The formation of fibers 

is a characteristic that has been observed to occur with a multitude of proteins 

however, in vivo, there exist specific conditions limiting the number of proteins 

with this ability (Tan & Pepys, 1994). Such proteins include lysozyme, amyloid-β, 
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and islet amyloid polypeptide (IAPP) (Greenwald & Riek, 2010). Despite the 

differences in sequence and structure in proteins, the fibers formed are composed of 

mostly β-sheets (Blake & Serpell, 1996). The side chains on these structures are 

situated on alternative sides of the polypeptide chain and therefore allowing for the 

stabilization of the β-sheets (Rosenbaum, 1999). These fibers can also associate 

with chemical dyes such as thioflavin-T, allowing for fibril quantification since 

thioflavin-T emits a fluorescence signal around 482 nm during excitation 

(Biancalana & Koide, 2010). It is hypothesized that thioflavin-T works both in-vivo 

and in-vitro (such as staining of amyloid fibers in kidney cells) by binding to the β-

sheet structures present in the vast library of fibrils. The dye molecule itself is of 

linear structure with two planar segments allowing it to bind to the solvent-exposed 

motifs of the fibrils (Figure 1). The rational for thioflavin-T use in fiber 

quantification owes its popularity for the ease at which the dye can be utilized; 

unlike direct dyes such as Congo Red, Thioflavin - T does not require staining and 

washing leading to interference from background staining (Naiki, 1989). 

 

Referred to heavily in our laboratory, the formation of amyloid fibers is proposed 

to occur in two phases (Xu 2009, Figure 2). The first phase includes the formation 

of nucleation units in which protein monomers collect to form colloidal units. Once 

the diameter of these colloids reaches approximately 21 nm in diameter, they begin 

to form the chains that compose mature fibrils. This limit in diameter distance was  
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Figure 1. Structure of Thioflavin-T as used as a stain for detecting the presence of 

amyloid fibers (adapted from Sabate et al 2013) 
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Figure 2. Mechanism illustrated by Xu (2007) for aggregation of colloidal particles 

leading to amyloid fiber formation. 
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studied in human Tau40 and was discussed to be a result of inhibition caused by 

electrostatic repulsion (Xu et al., 2001). The linear colloidal aggregation model is 

proposed to account for different physical attributions to fibril growth, for instance 

this model includes the idea that protein aggregation occurs in favor of the 

minimization of energy in a system. In addition to the two-phase formation order 

mentioned previously, agitation is known to promote colloidal aggregation as seen 

with PDZ2 (Sicorello et al., 2009). Physical agitation such as shaking and stirring 

are examples of factors that can promote amyloid fiber formation. Other factors 

include pH, temperature, and ionic environment all of which are easily controlled in 

many laboratory settings. Although these aspects of aggregation are studied 

extensively under in vitro conditions, the mechanisms of aggregation in vivo are not 

clearly understood and require additional resources and methods for successful 

experimentation. The ability to manipulate protein aggregation in vitro, however, 

does allow for a wider range of biochemical experimentation on the growth, 

formation, structure, and stability of amyloid fibers. In this study we are interested 

in the effect that human plasma has on amyloid fiber synthesis in vitro by using 

lysozyme at a protein model for aggregation; similarly to the seeding phenomenon, 

plasma will be added at different concentrations to lysozyme and incubated at 

conditions favorable for amyloid fiber formation. As our laboratory work with 

lysozyme, we also strive to optimize this protein model for future studies in our 



 

 

6 

 

laboratory. Optimization will include assays such as ultracentrifugation in order to 

isolate amyloid fibers and intermediates.  

 

 

LYSOZYME 

The use of a lysozyme model in vitro allows for experimentation of protein 

aggregation; specific in the case of amyloid fibrils which can be linked to disease 

onset and progression (Kelly, 2002). Support for this theory includes studies that 

have observed that amyloid fibrils and their intermediates can be toxic to cell 

cultures (Yanker et al., 1990; Caughey et al., 2003). The use of in vitro models for 

fiber formation study therefore not only expands research in human diseases, but 

also provides insight into protein folding studies and the evolution of protein 

folding. In vitro aggregation models have illustrated folding patterns displayed by 

native globular proteins under exposure to denaturation. Domains in these proteins 

could aggregate noncovalently inter-molecularly by reusing some of the intra-

molecular interactions present in the native state (Mitraki & King, 1989). For 

example, either an increase in temperature or the absence of a necessary factor such 

as a chaperone could drive the aggregation process.  Early understanding of the 

cross-beta structure – meaning the β-stranded peptides are arranged perpendicularly 

to the axis of the fiber - of the fibrous morphology of amyloid fibers has been 

derived from the analysis of antibody light chains and amyloid A. Amyloid A 
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represents a high-density lipoprotein associated protein in plasma (Cohen & 

Calkins, 1959; Bonar et al., 1969). Support for the use of a lysozyme model in vitro 

stems from the idea that amyloid fiber formation is a general property of protein 

molecules (Chiti & Dobson, 2017). This idea is extended in the presence of 

lysozyme protein and its ability to undergo gelation under specific conditions. 

Using lysozyme to study the aggregation of amyloid plaques or gels can shed light 

on bio-gel formation performed by other proteins or peptides including A-beta, 

which are time consuming to purify in comparison to lysozyme. Other proteins can 

be used to study these features as well including albumin. The presence of such 

amyloid fibers can be observed through the structure’s morphology under TEM and 

other microscopy techniques (Nilsson, 2004).  

 

There currently exist several hypotheses in the realm of amyloid-based disease 

states; many of which are currently being studied and debated on. Currently, we 

believe that the understanding of amyloid formation should be reevaluated in order 

to identify a specific pathology associated with diseases such as Alzheimer’s. We 

strive to uncover such a specific pathogen and the pathogenesis that causes the 

massive by simplifying our model to the structure of amyloid fibers and their 

characteristics; this can be done by isolating our fibers in vitro where we can 

manipulate and control the conditions and variables of the samples’ environments 

in the containment of test tubes. The model that includes amyloid fiber gels’ 
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resulting in neuron’s denied access to ions and nutrients is a relatively new idea 

expressed in this area of research that is based on knowledge developed largely by 

physicists and engineers on hydrogel’s effect on fluid flow and mass transfer 

REFS. Atherosclerotic plaque and thrombotic clots are also being studied through 

the lens of engineering by treating these structures as hydrogels as well (Zhang et 

al., 2017; Terzuoli et al., 2007). Both aforementioned studies can mimic in vivo 

structures by forming hydrogels in a controlled in vitro environment. It is through 

this method of study that we hope to explore the transport phenomena - which 

focuses on the exchange of energy and mass between system and is studied in-

depth in other scientific fields including chemistry and physics. 

 

Since the cause of cell death in Alzheimer’s disease patients remains unclear, it is 

important to continue to study amyloidosis. In Alzheimer’s disease, amyloid plaque 

density and deposition in different neuronal regions correlates with different stages 

of the disease (Johnson et al., 2012), thus we remain interested in the supported 

amyloid theory and aim to use more physical chemistry techniques to study 

diseases that have largely been studied in a clinical setting. While amyloid plaques 

recorded in vivo has a complex composition and morphology, and therefore is 

likely to experience a multitude of different interactions with neurites, these 

reactions are also poorly understood. Simplifying this system in vitro allows us to 

delve into the structural puzzles that make up the composition and behavior of 
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amyloid plaques by studying it as a hydrogel without adding an overabundance of 

uncontrollable variables in the study. Again, the use of test tubes for protein 

aggregation study gives the researcher the control of every variable’s presence 

within the sample as opposed to using in vivo experimental methods.   

 

In vitro experimentation with the protein lysozyme has illustrated that under 

specific conditions, protein solutions can mimic Alzheimer’s disease plaque by 

promoting formation of amyloid fibers (Burnett et al, 2014). While the exact 

pathway in which protein aggregation remains unclear, it is hypothesized that 

hydrogel cytotoxicity may play a role in amyloid pathologies (Marshall et al., 

2014). The study of amyloid fibers can be studied in vitro by promoting fiber 

growth under specific conditions depending on the protein used. As stated 

previously, there are a limited number of proteins that can form fibers in vivo. Such 

proteins are linked to established disease states. Lysozyme, for instance, is linked to 

hereditary non-neuropathic systemic amyloidosis (Pepys et al., 1993). Another key 

factor that promotes experimentation with lysozyme protein is its accessibility. 

Lysozyme was tested in concentrations ranging from 10 mg/ml to 100 mg/ml as 

depicted in Figure 3 (Burnett et al., 2014) below. TEM and AMF images of 

amyloid fibers from solution were also collected in the same  
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Figure 3. Visual representation of lysozyme gel formation at various concentrations 

from 10 mg/ml to 100 mg/ml and pH values at either 2.5 or 3.0 (image adapted 

from Burnett et al., 2014) 
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Figure 4. A, B: TEM images of 10 mg/ml lysozyme samples after 10 days (left) and 

26 days (right) after being incubated at 55°C, pH 2.5. C, D: AFM images of the 

same samples depicted in images A and B depicting the presence of fibers (image 

from laboratory thesis, see Burnett et al., 2014) 
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study (Figure 4) and were used to optimized lysozyme gels as a model for fiber 

study. The program for a drug’s development can be an much as 5.6 billion U.S. 

dollars and can take over 13 years to complete including preclinical studies 

(Cummings, 2018). The time needed to produce a drug does not have to reflect the 

time needed to study amyloid fiber characteristics and structures. In vitro studies 

can act as time efficient models that can be used to collected data that might 

otherwise require a long timeline for in vivo studies. Further justification for the use 

of an in vitro model lies in the pharmaceuticals that have failed to have impact for 

finding a cure or remedy for Alzheimer’s disease. Some of the drugs that have 

recently been rejected after study include monoclonal antibodies (Bapineuzumab, 

Solanezumab, Crenezumab, and Gantenerumab) where anti-amyloid monoclonal 

antibodies promote amyloid clearing; Gamma Secretase Inhibitors (Avagacestat 

and Semagacestat); Neurochemical Enhancers (Idalopiridine and Encenicline) that 

work as symptomatic treatments; and Dimebon which works as an H1 histamine 

receptor blocker (Mehta et al., 2017). The idea that a copious number of drugs 

tested against Alzheimer’s disease have not been successful might indicate that 

other models of study – in vitro in this study’s case – should be considered. The 

ability to control each variable and manipulate the environment to specifically in 

vitro allows us to eliminate any uncontrollable factor or environment that may be 

present in vivo. We aim to approach this puzzle at a simple, biochemical level to 

learn more about the amyloid fibers themselves before tackling entire systems.  
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COMPARING THEORIES OF AMYLOID FIBER FORMATION 

As mentioned previously, there exists different theories for amyloid fiber formation 

and with them, different models for molecular aggregation. The prion theory, 

protein-infectious-agent-only theory, owes its fame to the identification of prion 

proteins as being the infective agent for bovine spongiform encephalopathy (BSE). 

It was then noted that these specific proteins acted as infectious molecules, much 

like viruses or bacteria, and have the ability to propagate from one infected person 

to another (De Armond 2003). This theory denotes that aggregation of the 

infectious prion protein PrPSc , which is composed approximately 45% β-sheet 

structure can convert to the soluble PrPC, which has 40% helical structure and little 

β-sheet inclusion to its insoluble PrPSc form (Pan et al., 1992). A diagram of 

aggregation as described by the prion theory is depicted in figure 5. Differences 

between the soluble (PrPC) and insoluble (PrPSc) forms of these proteins is that the 

soluble protein is sensitive to potassium digestion while the insoluble form is 

resistant and therefore is prone to aggregation and formation of fibers. This theory 

help shed light on the important detail that amyloid fibers are composed highly of 

β-sheets structurally. In various experiments that studied treatments to deactivate 

nucleic  
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Figure 5. A schematic illustration of prion replication (Masel, Johanna 2013, Univ. 

of Arizona). 
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acids resulted in failure to deactivate the infectious agent further supporting that the 

proteinaceous material itself represents the infectious material (Prusiner, 1998).  

 

The colloidal theory for molecular aggregation on the other hand is based on 

principles established over the past century and states the aggregation of molecules 

leads to the formation of colloids (Wilson 1916). The formation of these colloids 

represents a surface-energy minimization process as the high amount of surface 

tension promotes aggregation of the solute molecules to minimize their area with 

the surroundings. These colloids are repulsive in nature due to the presence of a 

surface chemical potential around the particles. AFM images of early stage fiber 

formation in yeast sup 35 has illustrated that spherical colloidal particles are 

detected during formation of fibers (figure 6). The size of such noted spheres has 

been observed to be the size of initially formed linear aggregates in fibers (Xu 

2001). The linear colloidal aggregation that results in the structural evolution of 

aggregates into mature fibrils (see figure 2) is therefore proposed as fiber formation 

is a surface-energy minimization process.  

 

As with the prion theory, there exist a few challenges that disagree with this model 

of aggregation. For one, an idea that has been proposed in literature is the direct 

monomeric addition to fibers which challenges the colloidal model and could 

support the prion theory (Collins et al., 2004). The colloidal theory of molecular  
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Figure 6. Atomic force microscopy of early stage amyloid fiber formation in yeast 

sup 35. Small spheres (1), nucleation units (2), and short fibers (3) are labeled. (Xu 

et al 2001) 
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aggregation in contrast to the prion theory and the resulting molecular aggregation 

is not as deeply studied. Due to this, there exists less studies the support the 

colloidal model; while this is the matter, it should not be concluded to ignore the 

colloidal model but instead to further study this model and the amyloid model due 

to the evidence that has been published that supports the colloidal model. Along 

with published data are assumptions that exist in the colloidal model, yet these 

assumptions are based on limited theoretical and experimental work and should be 

researched more in depth. One main assumption is that an electric dipole is 

responsible for the linear assembly. Particle aggregation can be driven by various 

forces however, it can be reasoned that the pattern of aggregation could be favored 

towards linear aggregation instead of fractal 

formation due to the presence of an electric or magnetic dipole moment. The 

differences between the prion theory and colloidal theory not only open new doors 

for medical research but also for protein folding and structure research. Table 1 is a 

summarization of some of the differences seen between the two models described 

that are of interest to our laboratory. 

 

SEEDING 

As the ability of lysozyme proteins to aggregate and form fibrils both in vivo and in 

vitro has been established (Sivalingam et al., 2016; Pepys et al., 1993), and  
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Table 1. Comparison of the Prion Model and Colloidal Model of Aggregation 

1 (Soto 2011), 2 (Xu 2001), 3 (Iyer 2004), 4 (Xu 2007), 5 (Xu 2009) 

Mechanism of Action Prion Model Colloidal Model 

When does the major 

conformational change to 

β-sheets occur? 

Prior to aggregation1 

 

During aggregation 2 

What is the cause and 

effect between 

aggregation and 

conformational change? 

Aggregation is a result of 

protein’s structural 

change to β-sheet.1 

 

Protein’s structural 

change to β-sheets is a 

result of aggregation.2 

 

Is conformational change 

essential for aggregation? 

Yes1 

 

No 2 

 

What causes 

conformational change? 

Pre-existing PrPSc 1 

 

Induced by aggregation 4 

 

What drives aggregation? Conformational change 3 Surface energy 4 

Are spherical 

intermediates expected in 

fiber formation? 

No 3 Yes 4 

Why does the protein 

become resistant to K 

digestion? 

Conformational change 

to PrPSc 1 

Reduced protease 

accessibility due to 

aggregation 5 

How are the fibers 

formed? 

Unknown, possibly by 

direct assembly of 

monomers 

Formation of large 

colloidal spheres which 

then linearly assemble 4 

Is agitation 

mechanistically expected 

to promote fiber 

formation? 

Unknown Yes 2 

What is the mechanism 

of infectivity? 

PrPSc catalyzed 

conversion of PrPC. 3 

Seeding nucleation 2 

Is specific protein 

sequence required for 

fiber formation? 

Yes 1 No 4 

Is there any conflict with 

existing laws or 

principles? 

Yes. Protein sequence 

and structure & surface 

energy minimization 

principles 4 

Unknown 

Has extensive work been 

done in developing the 

model by the amyloid 

community? 

Yes No 
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lysozyme can be used as a model for the study of amyloid fiber formation and 

characterization, the kinetics of aggregation and growth can therefore be monitored. 

Referencing the seeding phenomenon, the presence of pre-formed fibril “seeds” 

allows for promotion of accelerated amyloid fibril formation (Morozova-Roche et 

al., 2000). The seeds can include a plethora of protein types and thus are not 

thought to be protein specific. The use of the lysozyme gel model can allow for in 

depth study of amyloid fiber seeding for in vitro experimentation. Again, the 

seeding effect of preformed seeds can vary depending on physical characteristics of 

incubation including time, speed, temperature, and protein concentration 

(Sivalingam et al., 2016). The mechanism of protein aggregation includes a lag 

phase that denotes the time before entropically unfavorable association events 

occur. The speed to aggregation is then dynamically increase as amyloid fibrils are 

formed. This lag phase can be overcome by the addition of a pre-formed “nucleus” 

(or “seed”) (Nilsson, 2004). Looking at aggregation from a physical chemistry 

point of view, seeding is what narrows the threshold between infectious and 

degenerative forms of amyloid diseases. Understanding the roles that seeding plays 

in amyloid genesis expands the opportunity to research possible therapeutic 

implications for amyloidosis-based disease states. It can also lead way to 

understanding possible mechanisms promoting the formation of specific diseases 

including Alzheimer’s disease.   
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The idea of the seeding phenomenon is an intriguing one that gives rise to 

speculation about the presence of amyloid fibers in the brain and their origin. In 

healthy individuals, the blood brain barrier (BBB) works as a border between 

systemic circulation and fluids found in the central nervous system. One area of the 

brain that lacks the presence of the BBB is the choroid plexus, a congested area of 

cells that produce the cerebral spinal fluid found in the brain’s ventricles. The 

original discovery of the blood brain barrier, by Paul Ehrlich included study of the 

circulation of blood throughout the human body in the presence of a dye that 

stained peripheral organs and tissues but failed to penetrate the central nervous 

system (see review by Winau, et al., 2004). The BBB is a matrix of cells that can 

selectively allow the passage of specific molecules via passive diffusion from one 

side of the barrier to the other.Common molecular movements include those of 

small particles such as water, glucose, and amino acids. Large molecules such as 

proteins can also normally pass through the BBB into the central nervous system 

with the aid of strictly regulated transcytosis (Breteler, 2006). This tight regulation 

in healthy individuals often poses issues when attempting to administer 

pharmaceuticals, however, there is an association of leakage across the blood-brain 

barrier (BBB) in Alzheimer’s disease patients (Pardridge, 2005).  

 

Leakage across the BBB can be monitored by the presence of proteins normally 

found in normal systemic circulation within the central nervous system. 
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Prothrombin for example is a protein found within human plasma which can be 

converted to thrombin via factor X which initiates the cascade that results in blood-

clotting. Prothrombin’s presence in the central nervous system can be tracked and 

monitored through the various Braak stages of Alzheimer’s disease. The Braak 

stages refer to the progression of Alzheimer’s disease in a person; stages I and II 

indicate neuronal deterioration via neurofibrillary tangles to be majorly in the 

transentorhinal region of the brain. Stages III and IV describes progressive 

inclusion of the limbic system and V and VI include a vast amount of neuronal 

tissue being affected by these tangles (Zipser, 2007; Braak et al., 2006). Another 

correlation between leakage across the BBB and Alzheimer’s disease can be related 

to the presence of the APOE4 allele on chromosome 19. It has been widely 

established that the presence of APOE4 is a genetic risk factor for Alzheimer’s 

disease, however, its exact mechanism is unclear (Kim et al., 2009). In relation to 

the BBB, the same homozygosity of APOE4 correlated with Alzheimer’s disease is 

also linked to higher chances of leakage across the BBB (Merali et al., 2017). A 

natural risk factor for damaged permeability of the BBB is aging. Physical changes 

to the dimensions of the BBB can result in altered permeability, possibly allowing 

for molecules that are normally banned from crossing the BBB to enter into the 

central nervous system. Transient ischemic attacks and strokes can cause vascular 

dementia – a type of cognitive impairment that is akin to Alzheimer’s disease. 



 

 

22 

 

Degeneration of the BBB has been recorded to occur following an acute ischemic 

stroke.  

 

We are interested in the presence of proteins normally found in systemic circulation 

and their role if presented as seeds to amyloid fiber formation. The use of lysozyme 

allows us to efficiently study amyloid fibers and human plasma is accessible 

through different commercial companies (i.e. Innovative Research, Novi, 

Michigan). The protein contents of plasma listed in Figure 5 were obtained from 

Scripps laboratory and in-depth study of individual proteins and their effect on 

lysozyme gelation needs to be explored to gain a more concrete understanding of 

the units of plasma rather than plasma as a whole. One study (Sonavane et al., 

2017), has illustrated that hemin is able to disaggregate lysozyme amyloid fibrils in 

specific conditions. Here, we are interested in looking at the effect that whole 

plasma has on amyloid fiber synthesis when studied in lysozyme gelation. Other 

studies have exposed how other chemicals, such as those not found within the 

plasma like curcumin and ascorbic acid can also interfere with amyloid fibril 

formation by binding to monomeric or partially unfolded proteins which disables or 

prolongs the formation of aggregates. Ascorbic acid for example has been used in 

vitro in conjunction to partially unfolded lysozyme proteins to prevent fibril 

formation (Patel et al., 2018).  
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As the largest component of human plasma is albumin at a range between 3,500 

and 4,500 mg/dL (Figure 7), background on the potential effects of the molecule on 

amyloid fiber formation is of interest. It has been proposed that while albumins 

primary function is to act as a transport protein, it may also function as a chaperone 

molecule which can aid in the prevention of protein aggregation especially for 

those under stressful factors such as heat, oxidative stress, and temperature (Finn et 

al., 2012). Of course, as albumin interacts greatly with calcium ions in the blood, 

the properties of albumin and its potential role as a chaperone molecule may 

heavily depend on the interaction with the ion. It is hypothesized therefore that the 

inclusion of human plasma in our lysozyme gel study might increase prevention of 

successful amyloid fiber synthesis and solution gelation. Further interest for this 

study would include individual protein inclusion to lysozyme gel rather than whole 

plasma in the hopes to monitor any plasma based protein that may cause the 

opposite result – its presence might “seed” for fibril formation and promote 

amyloid growth and therefore link leakage in the BBB to Alzheimer’s disease. 

 

NEUROMELANIN 

An area also of interest for this study includes the study of neuromelanin and its 

effect on molecular aggregation in the lysozyme model. This molecule differs from 

plasma proteins due to its inherent presence in the central nervous system.  
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Figure 7. Protein levels in human plasma (Scripps Laboratories) 
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Figure 8. Illustration of the substantia nigra adapted from work by Jlienard (top) 

and locus coeruleus (bottom) 
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Neuromelanin, which shares structural similarities to melanin, is located in the 

substantia nigra and locus coeruleus of the human midbrain and brainstem 

respectively (Figure 8). Both structures, therefore, are characteristically dark in  

pigmentation due to the high concentration of neuromelanin. Parkinson’s disease is 

a degenerative disease that affects the motor system of the central nervous system. 

And while the functional mechanism of neuromelanin remains unknown, it is 

thought that neuromelanin in healthy individuals may relieve oxidative stress 

caused by cell death. Successful collection of neuromelanin from mammal brain 

samples has been achieved. The intensity of the pigment is dependent on the state 

of the brain health-wise as it has been recorded that patients with Parkinson’s 

disease have on average 50% the amount of neuromelanin in their midbrain when 

compared to the brains of individuals of the same age group that did not have the 

disease. Visualization of neuromelanin pigmentation is also dependent on the age 

and species of the subject – intensity of the pigment is decreased at younger ages 

which could make isolation difficult and pigmentation is seen to be greatest in 

humans and then primates but weaker in other species such as sheep (Marsden, 

1961). In an ideal setting, a human brain would be used to isolated neuromelanin.  
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MATERIALS AND METHODS 

LYSOZYME SAMPLE PREPARATION FOR FIBER FORMATION 

To form amyloid fibers, lysozyme (Sigma-Aldrich, St. Louis, MO) was utilized 

after allowing to be warmed to room temperature and was then dissolved in a 

glycine buffer solution (10 mM glycine, 150 mM NaCl, pH 2.5) to a final 

concentration of 40 mg/ml. After the lysozyme dissolved by gentle mixing, the pH 

was adjusted to 2.5 using 0.1 M hydrochloric acid. Samples were stored inside a 

small carboard box in 3 ml amounts in individual capped glass vials. Samples were 

then left at a shaking speed of 100 rpm at 55°C until gelation occurred. Gelation is 

noted to be successful when inversion of the tube containing the lysozyme solution 

does not allow for sample movement. The time it takes for the gel to form is 

dependent on shaking speed and temperature; using this noted speed and 

temperature averages a formation time of at least 12 days. One of the difficulties in 

examining proteins (lysozyme) for amyloid fiber formation is that reproducibility 

can be difficult to achieve if proper precautions are not taken to ensure that the 

protein does not undergo chemical degradation or include any impurities which 

could alter the kinetics of aggregation. To ensure that the lysozyme used is optimal, 

it is stored as a powder in a -20°C freezer in containers free from moisture or 

humidity.  
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MONITORING FIBER FORMATION 

To quantitatively monitor fiber presence in lysozyme gels and other samples 

including amyloid fibers, a thioflavin – T (ThT) assay was utilized and read in a 

microplate reader (BioTek PowerWave HT Microplate Spectrophotometer). 

Corning 96- Well solid black plates were used due to their fluorescence reading 

compatibility. Samples were either incubated in the presence of ThT dye or were 

mixed with the dye in the plate well and allowed to incubate at room temperature 

for 5 minutes to ensure the dye’s binding to fibers. For laboratory use, a stock ThT 

solution was made at a concentration of 3.0 mM, 150 mM NaCl, in 10 mM PBS at 

pH 7.0. Working solution was diluted to 100 µM and was filtered through a 0.25 

µM Whatman syringe filter. All ThT dyes were stored in dark bottles to protect 

from light interference. When preparing the samples in the well plate, the final 

concentration of ThT was 60 µM while the final concentration for protein was 0.2 

mg/ml. For this experiment, a final volume of 225 µl was achieved. After 

incubating at room temperature, samples were gently shaken for 30 second before 

being read in the microplate reader at an excitation wavelength of 440 nm and an 

emission wavelength of 485 nm.  
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MONITORING NON-FIBEROUS PROTEIN 

In conjunction with ThT readings, OD 280 readings were conducted with the 

microplate reader by using UV compatible microplates (Costar UV-Transparent 96 

Well Microplates). Wells are filled to a final volume of 100 µl which allows 

reading results to be compared to a standard curve. Samples are read at a 

wavelength of 280 nm. To prepare samples for protein quantification, samples were 

diluted 40-fold in glycine buffer solution. The diluted samples were then spun at 

12,000 rpm for 10 minutes which allowed the amyloid fibers to fall out of solution 

and form an insoluble pellet at the bottom of the sample tube. The 100 µl of 

supernatant was then loaded into the microplate. Protein concentration could be 

determined via a standard curve based on lysozyme. The Beer-Lambert law 

allowed for concentration to be calculated through A=ɛcL.  

 

ULTRACENTRIFUGATION 

To attempt to isolate amyloid fiber bundles for future study in the laboratory, 

ultracentrifugation was utilized. 50 ml of sucrose was dissolved in PBS buffer pH 

7.4 at the following concentrations: 1.2 M, 1.4 M, 1.6 M, and 1.8 M. 0.1 g of 40 

mg/ml lysozyme gel was resuspended in 1 ml of water for a final concentration of 4 

mg/ml and in 1.8 ml of 0.8 M sucrose and 1.0 M sucrose. In water suspended 

samples, 20 µof 3 mM Thioflavin T to a final concentration of 60 µM. Sucrose 

suspended samples included 36 µl of 3 mM Thioflavin T dye for a final 
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concentration of 60 µM. All samples were gently mixed at room temperature for at 

least 72 hours, or until gel sample was visibly resuspended. Samples were 

transferred to Beckman Coutler ultracentrifuge tubes reflecting the set up depicted 

in Figure 9. Samples were spun using a Ti90 rotor at 51,000 rpm (approximately 

220,000 g’s) for 20 hours at 13°C. Using a BD SafetyGlide Injection Needle (25G 

1 (0.5 mm x 25 mm), holes were formed in both the top and bottom of the tubes, 

carefully as to no disturb the layers of sample. Samples were collected in 

microcentrifuge tubes in 0.5 ml fractions. These fractions were numbered and then 

transferred to fluorescence compatible Corning 96-Well solid black plates and read 

at an excitation wavelength of 440 nm and an emission wavelength of 485 nm. The 

final volume in each well was 100 µl. 
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Figure 9. Set up of Beckman Coutler Ultracentrifuge tube. Each layer included 1.5 

mL. Layers including gel were each incubated at room temperature for 12 days in 

an Eppendorf tube before being added to the Backman tube for ultracentrifugation 
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SEEDING PREPARATION 

To test the effect of plasma proteins on amyloid fiber formation, lysozyme stock 

solution was made at 40 mg/ml in glycine buffer (10 mM glycine, 150 mM NaCl, 

pH 2.5). Plasma protein concentration is around 7g/dl or 70 mg/ml. 10 µl plasma 

would therefore have 0.01 x 70 = 0.7 mg protein. Plasma collected from Innovative 

Research was thawed to room temperature and spun at 12,000 rpm for 10 minutes 

to isolate pre-existing amyloid fibers within a pellet. The supernatant was then 

transferred to fresh tubes for further use. Any work utilizing open plasma content 

was conducted under a BioSafety Cabinet (provided by Dr. Andrew Palmer, FIT). 

Plasma that was either negative or positive for Alzheimer’s disease was used. Table 

2 illustrates the contents of each tube used for observation along with calculations 

for protein concentration in each of these components. These tubes were then 

incubated at 100 rpm at 55°C and monitored periodically over a 35-day span. To 

prepare samples for protein quantification, 0.1 ml of sample was removed from 

each vial and added to 0.9 ml of glycine buffer (10 mM glycine, 150 mM Nacl, pH 

2.5). These tubes were spun at 12,000 rpm for 10 minutes. The supernatant was 

transferred to a UV compatible Costar UV-Transparent 96 Well Microplate in 100 

µl amounts and read at OD 280. Samples were also prepared for Tht readings by 

transferring 0.05 ml of sample to 0.95 ml of PSB buffer, pH 7. 90 µl of sample was 

then mixed with 135 µl of 100 µM working  
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Table 2: Contents and Characteristics of Human Plasma Study Samples 

 

 

 

 

 

 

 

 

 

 

 

 

Content Units Tube 1 Tube 2 Tube 3 Tube 4 Tube 5 

Plasma µl 0 10 20 50 50 

Plasma 

Protein 
mg 0 0.7 1.4 3.5 3.5 

Plasma 

Protein Conc. 
mg/ml 0 0.175 0.35 0.875 0.875 

Lysozyme 

40 mg/ml 
ml 1 1 1 1 0 

Lysozyme mg/ml 10 10 10 10 10 

Lysozyme Mg 40 40 40 40 40 

Lys:plasma 

Protein ratio 
w/w n.a. 57.143 28.571 11.429 n.a. 

Glycine 

Buffer 
ml 3 2.99 2.98 2.95 3.95 
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Tht dye and left to incubate at room temperature for 5 minutes. After shaking for 

30 seconds in fluorescence compatible Corning 96-Well solid black plate wells, the 

sample fibers ere quantified. 
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RESULTS 

FIBER FORMATION IN LYSOZYME SAMPLES 

Establishing a repeatable model for fiber formation was imperative to this study. 

Lysozyme gel was used at a concentration of 40 mg/ml in glycine buffer (10 mM 

glycine, 150 mM NaCl, pH 2.5) and incubated in conditions that favored amyloid 

fiber synthesis; 55°C, 100 rpm for at least 14 days. Qualitatively, fiber formation 

was noted when the solutions formed a gel – specifically, when the tubes were 

inverted or laid horizontally, the contents of the tubes were no longer a fluid but 

rather a solidified gel with high viscosity. Figure 10 depicts the lysozyme solution 

at day 0 versus the solution at day 14 where day 0 shows the initial, liquid form of 

the solution while day 14 samples depict a solid gel. These results were consistent 

for all 3 samples tested during this time period and were also consistent in 12 other 

trials incubated for at least 14 days (results not depicted).  
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Figure 10.  Lysozyme solution (40 mg/ml) in glycine buffer (10 mM glycine, 150 

mM NaCl, pH 2.5) at day 0 (top) and day 14 (bottom). All vials were laid 

horizontally on a flat surface. 
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To quantify proteins in samples and test for the presence of fiber formation, OD 

280 and Thioflavin-T assays were conducted. Protein concentration of samples 

were quantified by diluting samples 40-fold and comparing the results calculated 

by the microplate reader with a standard curve created at varying concentrations 

(Figure 11). Concentration of fibers present were also quantified in a similar 

manner by using another standard curve relative to fluorescence intensity (Figure 

12). An increase in fluorescence intensity was expected and was observed when 

comparing days 0 samples to day 14 (figure 15). Amount of soluble proteins were 

also monitored and decreased from day 0 to day 14 when measured by absorption 

of light at 280 nm. Before samples were read at 280, contents were diluted in the 

glycine buffer and spun at 12,000 rpm for 10 minutes to induce pellet formation of 

insoluble molecules. 

 

ISOLATION OF AMYLOID FIBERS 

Isolation of amyloid bundles can promote further study in the laboratory. Isolation 

can be achieved through ultracentrifugation with the use of a sucrose gradient. 

Figure 13 depicts the fluorescence intensity in the presence to thioflavin-t dye seen 

across fractions collected from lysozyme gel resuspended in sucrose that underwent 

ultracentrifugation. A positive intensity was monitored in each fraction however, 

fractions 6 and 9 contain the highest intensities at 888 and 1201. These fractions 

can be graphed as two independent peaks. Samples containing gel were compared  
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Figure 11. Standard curve for lysozyme in 10 mM glycine, 150 mM NaCl, pH 2.5.                                         

Wells held a volume of 100 µl and were read for absorption of light at 280 nm. 

Concentrations used to generate standard curve include 0, 0.2, 0.4, 0.6, 1, 1.2, 1.4, 

1.6, and 2 mg/ml. 
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Figure 12. Standard curve for thioflavin-T assay with lysozyme.  

c(fiber)= 𝐹𝑈/10011*DF, 

where DF is the dilution factor. 
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Figure 13. Ultracentrifugation of 0.1 g of lysozyme gel incubated in 1.8 mL water, 

0.8 M sucrose, and 1.0 M. Samples were gently shaken and incubated at room 

temperature for 7 days, allowing for resuspension of solidified gel. Fractions were 

collected and spin in 1.0 mL increments and were monitored for fluorescence. 

Samples spun without lysozyme gel did not have significant fluorescence readings. 
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By utilizing ultracentrifugation, amyloid bundles were attempted to be isolated 

when separated using a sucrose density gradient. Collection of the layers can be 

completed by insertion of a needle into the tube; however, caution must be taken to 

not mix the separated layers when introducing the needle into the ultracentrifuge 

tube. Figure 13 illustrates the presence of two unique peaks after ultracentrifugation 

at 51,000 rpm for 20 hours. The first peak is thought to contain bundles of fibers 

while the second, higher peak denotes the presence of individual fibers at the 

highest amount. Fraction 9, containing the highest fluorescence intensity reading 

was diluted 100 – fold and fixed on a glass microscope slide. Figure 14 illustrates 

the contents of Fraction 9 under optical microscopy. Variation in resuspension 

techniques need to be explored in order to decrease fluorescence seen in fractions 

not belonging to the two highest peaks (6 and 9).  

 

In this study, samples were resuspended in sucrose (0.8 M and 1.0 M) and water 

and allowed to resuspend by rocking for 7 days at room temperature. These 

samples were then combined in a single tube where they were separated based on 

their density in sucrose. Resuspension was detected by running a Thioflavin-T 

assay prior to ultracentrifugation. Much as lysozyme aggregation is dependent on 

specific conditions, optimal resuspension of lysozyme gel in sucrose or water may 

depend on incubation shaking speed and temperature. Reproducibility for isolation  
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Figure 14. Optical Microscopic Imagery of bundles collected from resuspended 

lysozyme solution (40 mg/ml, pH 2.5). 40x magnification. Fraction 9; lysozyme gel 

resuspended in sucrose gradient, spun at 51,000 rpm for 20 hours. 

 

 

 



 

 

43 

 

of fibers, however, yielded low results when replicated – two distinct peaks were 

not visible for each trial where n = 4. 

 

SEEDING WITH HUMAN PLASMA 

 

The concentration of protein in human plasma is an estimated 70 mg/ml. To test for 

potential differences between patients who were positive for Alzheimer’s disease 

and those who were negative, single donor samples were provide for each of the  

recently described in Table 2. Also tested were human plasma samples that 

included sources from a population of donors rather than a singular person. 

Samples were incubated in glass vials as described in Table 1, and incubated at 100 

rpm, 55°C. Figures 15-17 show the change in soluble protein concentration over 

time by monitoring for absorption of light at 280 nm. Measuring the absorption at 

280 nm is a standard method used for monitoring the amount of protein in a 

sample. Tube 1, which essentially acted as a positive control in the absence of 

human plasma, consistently depicted the most dynamic change over the 18-day 

course of incubation and an overall decreasing trendline in the absorbance value 

was seen on graphs 15-17. Tubes 2 and 3 in each graph also depicted an overall 

negative trend in absorbance over time; tube 4 had little change. Tube 5 contained 

the highest concentration of plasma proteins (0.875 mg/ml), did not contain 

lysozyme and the negative control wells contained solely glycine buffer. Similar 

characteristics for soluble protein concentration across three different donor types 

were observed at OD 280.  



 

 

44 

 

 

Figure 15. Absorption spectrum at 280 nm for samples incubated in the presence of Alzheimer’s 

negative plasma from a single donor. Samples were collected in 0.1 ml increments and diluted in 0.9 

ml of glycine buffer on their respective days and spun at 12,000 rpm for 10 minutes to induce 

pelleting of insoluble fibers. The supernatant was then read in triplicates in a microplate reader 

alongside “blank” wells containing only glycine buffer (10 mM glycine, 150 mM NaCl, pH 2.5). 

The bottom graph represents the overall trend observed in absorption at 280 nm. 
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Figure 16. Absorption spectrum at 280 nm for samples incubated in the presence on Alzheimer’s 

positive plasma from a single donor. Samples were collected in 0.1 ml increments and diluted in 0.9 

ml of glycine buffer on their respective days and spun at 12,000 rpm for 10 minutes to induce 

pelleting of insoluble fibers. The supernatant was then read in triplicates in a microplate reader 

alongside “blank” wells containing only glycine buffer (10 mM glycine, 150 mM NaCl, pH 2.5). 

The bottom graph represents the overall trend observed in absorption at 280 nm. 
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Figure 17. Absorption at 280 nm for samples incubated in the presence of Alzheimer’s negative 

plasma from a pooled population of donors. Samples were collected in 0.1 ml increments and 

diluted in 0.9 ml of glycine buffer on their respective days and spun at 12,000 rpm for 10 minutes to 

induce pelleting of insoluble fibers. The supernatant was then read in triplicates in a microplate 

reader alongside “blank” wells containing only glycine buffer (10 mM glycine, 150 mM NaCl, pH 

2.5). The bottom graph represents the overall trend observed in absorption at 280 nm. 
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Likewise, figures 18-20 depict these same donor sources of plasma as seen in 15-

17, but instead focus on the formation of fibers through monitoring fluorescence 

intensity of Thioflavin-T dye. Each well read in the microplate reader contained a 

total of 100 µl with a final ThT concentration of 60 µM and a protein concentration 

of 0.2 mg/ml. Samples where therefore diluted in PBS buffer at pH 7 and were read 

throughout their incubation timeline. Trendlines for figures 17-19 have been noted 

for tube 1 which again includes the most dynamic change over the incubation 

period. The negative control series in figures 15-20 are representative of the wells 

containing either glycine buffer (150 mM NaCl, 10 mM glycine, pH 2.5) or PSB 

buffer and Thioflavin-T dye – both acting as a negative control. In each of the 

donor samples, the maximum fluorescence intensity remained approximately 200.  

 

When comparing figure 18 to figures 19 and 20, a key difference can be observed 

in the trend seen for tube 2, containing a plasma protein concentration of 0.175 

mg/ml. In figure 15, which represents AD negative plasma drawn from a single 

donor, according to Tht analysis, fibers failed to form in all tubes excluding tube 1 

which contained only lysozyme protein and glycine buffer. In fact, samples that 

were drawn from a population of donors (figure 20) shows an overall increase in 

the amount of fluorescence intensity seen in all tubes excluding tube 5 and the 

negative control sample reflect the same readings seen in figure 18 and 19. 
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As amyloid fibers are formed during incubation, soluble protein concentration is 

expected to decrease. This was adequately shown in absorption spectrums at 280 

nm (figures 15-17). Samples were spun to promote aggregation of insoluble 

proteins and the supernatant from these samples were then read in a microplate 

reader. The results seen in the 280 nm absorption spectrums support published 

findings that specific plasma proteins have the ability to disaggregate lysozyme 

amyloid fibrils (Sonavane et al 2017). Specifically, the presence of soluble proteins 

decreased more dynamically in samples that contained a smaller concentration of 

plasma or did not contain any plasma. This inverse relationship suggests that the 

protein gelation (and thus aggregation) is slowed in the presence of an abundance 

of proteins found in systemic circulation. Negative samples included wells read that 

contained only glycine buffer or wells that contained contents from tube 5 – these 

wells included plasma at the highest concentration (0.875 mg/ml) but did not 

include lysozyme. Visually, this was supported as vial 5 did not form gel at any 

point during incubation. Wells that included contents from tube 4 on the other hand 

did include both lysozyme and plasma. Physically, tube 4 failed to form a solidified 

gel during the incubation time period just as tube 5 did.  

  



 

 

49 

 

 

 

Figure 18. Thioflavin-T assay for Alzheimer’s negative plasma from a single donor. Samples were 

abstracted on the charted days in 0.05 ml increments and diluted in 0.95 ml 10 mM PBS buffer. 90 

µl of sample was then left to incubate in 135 µl of working thioflavin T dye for 5 minutes before 

being read in a microplate reader. 
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Figure 19. Thioflavin-T assay for Alzheimer’s positive plasma from a single donor. Samples were 

abstracted on the charted days in 0.05 ml increments and diluted in 0.95 ml 10 mM PBS buffer. 90 

µl of sample was then left to incubate in 135 µl of working thioflavin T dye for 5 minutes before 

being read in a microplate reader. 
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Figure 20. Thioflavin-T assay for Alzheimer’s negative plasma from a pooled population of donors. 

Samples were abstracted on the charted days in 0.05 ml increments and diluted in 0.95 ml 10 mM 

PBS buffer. 90 µl of sample was then left to incubate in 135 µl of working thioflavin T dye for 5 

minutes before being read in a microplate reader. 
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The presence of amyloid fibers was then recorded through the fluorescence 

intensity presented by the presence of Thioflavin-T dye. An increase in 

fluorescence intensity denotes a presence of amyloid fibers in the sample. In the 

absence of plasma, there is an exponential increase in fluorescence intensity. This 

was observed previously when lysozyme was originally being tested as a model for 

amyloid fiber formation. Expected in fiber formation was a lag phase that can be 

largely depicted in tube 1 for figures 18-20. This is because the process of protein 

aggregation into amyloid fibrils typically begins with little aggregation until the 

entropically unfavorable process of association initially occurs (Nilsson 2004). 

With aggregation forming a solid “nucleus,” the lag phase has ended as there 

exhibits a rapid increase in amyloid fibril formation. In the presence of Alzheimer’s 

negative plasma from a single donor (figure 18), samples do not increase in 

fluorescence intensity, suggesting that amyloid fiber formation is inhibited in the 

presence of human plasma. Samples that include lysozyme at a concentration of 40 

mg/ml and plasma at any concentration mimic the results seen by samples that lack 

lysozyme or act as a negative control in the well (containing only PBS buffer and 

Thioflavin-T dye).  

 

In the presence of Alzheimer’s positive plasma from a single donor (figure 19), 

wells that contained samples from tube 2 (the lowest concentration of plasma at 

0.175 mg/ml in the presence of lysozyme at 40 mg/ml), illustrated a slight increase 
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in fluorescence intensity. This increase was small when compared to samples that 

included lysozyme without plasma, however. This same trend was observed in 

plasma from a population of donors. Samples that included a lower concentration 

of plasma continued to increase in fluorescence intensity more than samples that 

contained a higher concentration of plasma. This observed correlation of amyloid 

fiber formation in the absence of plasma gives rise to the idea that specific proteins 

may be able to function as an inhibitor to amyloid fiber formation.   

 

Qualitatively, the glass vials for both OD 280 and Thioflavin-T assays reflected 

their respective assay’s results. Tube 1 – containing lysozyme and glycine buffer 

but no human plasma - formed a gel as the quickest rate of 12 days. Tubes 2 and 3 

were also successful in forming viscous gels despite them containing plasma at low 

concentrations. Tube 4 and 5 were negative for lysozyme gel formation. This was 

expected for tube 5 that contained only plasma and buffer in the absence of 

lysozyme protein. For tube 4, which contained the highest concentration of 

lysozyme in the presence of human plasma, gelation did not occur. Qualitative 

analysis for each day is described below. 

 

Day 0 – All tubes indicate a negative presence of gel formation. Samples were 

completely clear and fluid reflecting the tubes seen in figure 10 (top image). A total 

of 45 tubes were monitored, allowing for triplicate readings of each condition. 

When each sample was read in the microplate reader; triplicates were also formed 
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to create a standard deviation. Tubes testing the seeding phenomenon included 

1T1-1T5, 2T1-2T5, 3T1-3T5 for each of the plasma samples utilized (Alzheimer’s 

negative plasma from a single donor, Alzheimer’s positive plasma from a single 

donor, Alzheimer’s negative plasma from a pooled population of donors), 

accounting for the total of 45 samples tested. The concentrations of plasma, 

lysozyme stock, and glycine buffer are listed in Table 2. Assays testing for amyloid 

fiber formation and protein concentration were conducted according to the 

following schedule: Days 0, 1, 2, 3, 5, 7, 10, 14, 18, and 22. The timeline selected 

allotted for ample opportunity for all samples to form gels according to the 

conditions and concentrations provided in this experiment. All aliquots were frozen 

and stored in carboard boxes during each day of reading.  

 

Day 1 – All tubes within the experiment were similar visually to those observed on 

day 0. Tube 1 in each series - which lacked the presence of any human plasma - 

also remained entirely liquid and clear; visually this was expected as lysozyme 

gelation usually occurs after at least 1 week of incubation at our specific 

parameters.  

 

Day 2 – All tubes within the experiment had results akin to days 0 and 1. Again, 

these results were expected in tube 1 for each of the 9 series as lysozyme gelation 

was not expected. The presence of plasma thus far has not had any significant 
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impact on the sample’s ability to form a gel. Each tube remained clear, liquid, with 

no clumping or aggregates forming in the solution  

 

Day 3 – All tubes within the experiment resembled the samples on days 0, 1, and 2. 

Gelation remained negative for each of the 45 tubes. Each tube was slowly inverted 

to illustrate that the sample contents were entirely fluid.  

 

Day 5 – All tubes remained similar to days 0-3 and indicated no presence of 

gelation or amyloid fiber formation.  

 

Day 7 – Tubes 2-5 for each of the sample sets remained negative for gelation. 

Tubes 1, which did not include plasma appeared to be slightly more viscous than 

the other tubes but still existed in a liquid state.  

 

Day 10 – Tube 1 for each of the trials began showing signs of gelation – large 

clumping was visible as well as an obvious increase in sample viscosity. These 

visual results reflect the results for tube 1 depicted in figures 18-20 as tube 1 begins 

to increase exponentially beginning around day 10.  

 

Day 14 – Tube 1’s trials in all conditions remained gelled while inverted but the 

structure of each gel was easily disturbed with mild shaking by hand. The presence 
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of the gel indicates the formation of fibers which has been confirmed from positive 

readings seen in the Thioflavin-T assays (figures 18-20). For AD negative donors, 

each of the 3 trials for tube 2 showed a small indication of the initial stages of 

gelation – a slightly more viscous sample, but no large distinguishable clumps were 

present. The remaining tubes were negative for any gelation. 

 

Day 18 – Tube 1 for all trials was observed to be fully gelled – tube inversion and 

gently shaking did not disturb the structure of the gel in the tube. Tube 2 for AD 

negative, positive, and pooled donors all showed a slight increase in sample 

viscosity but remained negative for proper gelation formation. Tube 3 in each of 

the samples containing the moderate amount of plasma remained completely liquid 

and as expected, tube 4 samples which contained the highest concentration of 

plasma in the presence of lysozyme remained as a liquid. Sample 5, containing 

plasma in the absence of lysozyme failed to form a gel in even the slightest and 

reflect the readings seen from the blank trials (containing only buffer relevant to the 

assay being used).  
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DISCUSSION 

Study of amyloid fibers in vitro via biochemical assays allows for further 

characterization of these molecules. The presence of secondary molecules from the 

circulatory system may have a role in amyloid aggregation when present in the 

central nervous system. In this case, whole plasma, when tested in our lysozyme 

model in vitro, plasma inhibited gelation from occurring and therefore inhibited 

amyloid fiber synthesis. Inclusion of additional molecules – such as the proteins 

found in human plasma allows us to explore potential causes and risk factors for 

Alzheimer’s Disease including seeding that might occur from amyloid aggregates 

whose origin is normally outside of the central nervous system. This research 

therefore attempts to bring insight into the field of Alzheimer’s Disease through a 

biochemistry perspective. The results noted in this study shed light on the 

accessibility of studying amyloid fibers and their formation by using in vitro 

models with lysozyme, as it can form amyloid fibers under controlled conditions. 

Other proteins, such as albumin, can be used in this same manner which would 

allow for expansion on this study; specifically, a library of protein models could be 

generated and could account for potential differences established by different 

proteins.  

 

While the exact mechanism of pathology is still being studied in protein 

aggregation diseases, it is believed that through the reduction of bulk flow, fiber 
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hyrdogel can promote neuronal death (Dauberman et al., 2017). The formation of a 

hydrogel using lysozyme allows for efficient study of protein aggregation. Under 

favoring conditions, fibers formed in vitro evolve from spherical intermediates 

(Cole, 2010) which supports the colloidal model for amyloid fiber formation. The 

high fluorescence intensity reading indicated that our gelled sampled included 

amyloid fibers. The protein components of these samples can also be separated via 

microcentrifugation. Samples having formed a gel were able to form a pellet when 

spun at 12,000-13,000 rpm for 10 minutes. In the presence of thioflavin T dye, the 

pellet contained the highest fluorescence intensity indicating its inclusion for the 

highest concentration of amyloid structures.  

 

The increased viscosity observed in lysozyme gelation leads to the idea that 

amyloid fibrils form the hydrogel structure. From this, it could be hypothesized that 

in a mature state, amyloid fibers continue to interact with one another after their 

initial formation to form a gel-like protein matrix due to the extensive hydrogen 

bonding between amyloid fibers. This supports the colloidal model as described 

previously (Xu, 2007). This increase is thought to disrupt biomolecular transport 

processes in what is described as the denied access model (Dauberman, 2017). As 

gelation occurs in vivo, it is believed to block neurite regions from accessing an 

array of nutrients and signaling molecules that normally assist in propagating action 

potential. When amyloid gel plaques are present in a neuron’s surrounding 
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environment, action potential fails to occur as ions such as sodium and potassium 

are blocked from transport across the axon. The effect of amyloid plaques on 

diffusion is not heavily studied and should be considered as an important topic of 

study in the future. Plaques may also affect fluid clearance in the brain including 

the transport of specific molecules across the blood-brain barrier (Syková et al., 

2005). As plaques have been observed to be as large as 150 µm in diameter, these 

structures can block smaller extracellular channels (Aguzzi, 2010).  

 

The inclusion of secondary molecules from human plasma allowed for observation 

of systemic molecules and their effects on amyloidosis. All samples at day 0 were 

negative for gelation as expected. Monitoring the solutions over the allotted 

incubation period illuminated that at amounts greater than 20 µl, gelation was 

somehow inhibited. This raises questions that counter our original hypothesis; that 

leakage of plasma proteins across the blood-brain barrier might induce seeding 

within the central nervous system and increase the chances and rates of amyloid 

fiber formation. Justification for this outcome could be that while our hypothesis 

was incorrect in this experiment, we still lack the knowledge of individual 

molecules found in systemic circulation and therefore are uncertain of their effect 

on aggregation. Justification for this lies in the idea that the seeding signal can be 

buried due to the overwhelming large presence of chaperons in the plasma. These 

chaperones aid in preventing protein misfolding and therefore inhibit fiber 
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formation. For example, the normal range of albumin in human plasma is 3,500- 

4,500 mg/dL while the normal range for the α2 globulin, ceruloplasmin is 15-60 

mg/dL (Figure 7). Is it possible that specific proteins have different characteristics 

and therefore effect aggregation differently from one another? Several factors 

including morphology and other basic characteristics are of interest when 

considering different proteins and their actions.  

 

Again, plasma was observed as a whole and studies that have been conducted on 

singular plasma protein, hemin, have illustrated its ability to disaggregate lysozyme 

amyloid fibrils (Howlett, 1997). It is also important to consider structural shape of 

proteins and therefore their potential effect on aggregation. Along with hemin, 

Howlett also looked at porphyrins and their ability to inhibit aggregation. Both 

hemin and the subjected porphyrins are of aromatic structure and therefore may 

limit aggregation in way that linearly structured proteins are not able to. This can 

also be related to studies that monitor other non-plasma molecules and how they 

interact with amyloid fiber formation and protein aggregation. Vitamin k3, also a 

molecule whose structure includes a closed ring, has also been observed to inhibit 

protein aggregation (Alam et al., 2016). The study of whole human plasma is 

therefore just the beginning of amyloid fiber study in in vitro models such as 

lysozyme. Human plasma circulates systemically throughout the body. The 

presence of systemic proteins has been observed in the central nervous system after 
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transient or permanent breakage of the blood brain barrier. This study illustrates 

potential roles that molecules found within the blood may have on plaque 

formation and growth. This can potentially lead to future therapeutic studied that 

either target or use molecules present within the body. Further studies need to be 

conducted that isolate specific molecules since this study uses whole plasma from 

either individual donors or populations. Specific proteins within the plasma may act 

in a different manner present independently or in specific combinations. The results 

listed in this study are still significant in the study of Alzheimer’s disease as whole 

plasma has been shown to interact with in vitro studies – specifically with our 

model that utilizes lysozyme protein. 

 

As neuroscience does represent an interdisciplinary area of study, looking at 

protein aggregation solely through the lens of biochemistry offers its limitations. A 

major caveat to this study includes the use of a model that does not represent 

physiological parameters – temperature, sample agitation speed, and chemical 

concentrations were factors that were manipulated to achieve fiber formation 

outside of the human body. The study presented here represents our laboratory’s 

initial progress towards working with plasma proteins in lysozyme protein 

aggregation. Our approach therefore was simplistic in nature and allows for 

expansion for more in-depth study.  

 



 

 

62 

 

Future work with the lysozyme model can include studies that optimize 

reproducibility of gelation for a specific time scale. Other studies that utilize 

protein gelation are continuously developing methods that increase reproducibility 

between samples during gelation (Giehm, 2010). Current studies in our laboratory 

illustrates that gelation of lysozyme can occur at a lower pH within a 24-hour 

period. Further analysis on the composition of the gel needs to be conducted 

including amyloid fiber quantification and imaging. Further work with lysozyme 

protein gelation at a high reproducibility will allow for a more in-depth study of 

how the mechanism of lysozyme amyloid fiber self-assembly works. The presence 

of a sucrose gradient is not necessary for the isolation of amyloid fibers. The use of 

an ultracentrifuge (at 51,000 rpm) resulted in fibers becoming fixated along the 

outer plastic wall of the ultracentrifuge tube. Collection of individual fractions led 

to inconsistent readings as a result. Resuspension of fibers should therefore be 

tested in a machine with a lower g-force, such as a bench-top centrifuge. Other 

techniques that can be used to view the established amyloid fibers include 

ultracentrifugation and visualization of the fibers under microscopy (optical, AFM, 

TEM, confocal). 
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CONCLUSION 

 

In this set of studies, protein aggregation and amyloid formation were studied by 

utilizing lysozyme protein in conditions that favor amyloid fiber formation. These 

parameters included: (1) the addition of glycine buffer (10 mM glycine, 150 mM 

NaCl, pH 2.5) with 40 mg/ml lysozyme, (2) agitation by shaking at 100 rpm, and 

(3) an incubation temperature of 55°C. These conditions have been established to 

be a successful in vitro model to study amyloid fiber formation (Cole 2010 & 

Chaari et al., 2015). The detection of such fibers can be tested through biochemical 

assays including dyes such as thioflavin T. This study therefore uses an in vitro 

model to study protein aggregation which can be related to diseases relating to such 

aggregation. The utilization of a lysozyme gel that includes parameters dissimilar 

to physiological conditions does not limit this model’s usefulness, but instead 

offers for a novel way to look at protein aggregation and amyloid fiber formation 

with a much simpler outlook. Conditions can therefore be monitored and controlled 

strictly, and basic morphology and behavior associated with protein folding and 

aggregation in the absence of potential physiological conditions that may cloud the 

basic information needed to understand the base of protein aggregation diseases.  

 

The use of this model also allows for inclusion of secondary proteins and molecules 

so their role in protein aggregation can be observed. Here, we use human plasma 

from three different sources: a single patient who is negative for Alzheimer’s 
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disease, a single patient who is positive for Alzheimer’s disease, and a pooled 

population of donors who are negative for Alzheimer’s disease. From this we 

concluded that the presence of human plasma in lysozyme solution at an amount 

greater than 20 µl inhibited gelation from occurring under conditions that would 

otherwise promote gelation and amyloid fiber formation. While initially it was 

hypothesized that there would be a dramatic difference between a patient that was 

positive for Alzheimer’s and those who were negative, this was not the case. In all 

donor samples, gelation was prohibited in higher concentrations of human plasma. 

The presence of these plasma proteins therefore somehow affects our gelation 

model by inhibiting the formation of amyloid fibers. Of course, the exact proteins 

from the plasma need to be individually studied as specific molecules, such as 

chaperones may act as an inhibitor to gelation. Characteristics of these molecules 

can then be studied including their charge, shape, and ability to pass across the 

blood-brain barrier. The presence of a chaperon molecule in the brain could have a 

different impact on its surroundings in the CNS than a protein such as albumin 

might have. With deteriorating blood-brain barrier conditions in certain patients, 

molecules that would otherwise not be allowed to pass the barrier could plant 

themselves as seeds within the brain. As our model with lysozyme is used to study 

protein aggregation, the mechanisms by which other proteins or molecules effect 

amyloid fiber formation can now be studied. 
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As whole human plasma had an overall negative effect on gelation and amyloid 

fiber formation, the discussion about specific proteins and their ability to pass 

through the blood-brain barrier can be expanded upon. There has been an 

established correlation between leakage across the barrier and increased risk of 

Alzheimer’s disease. Therefore, the ability of specific, aggregate inducing proteins 

to pass across the blood-brain barrier and promote seeding for amyloid formation 

should be considered. Study of individual proteins found within plasma can test for 

their potential ability to promote seeding for amyloid formation. For example, one 

protein may increase the rate of gelation and amyloid fiber formation when 

included in lysozyme solution in the absence of other proteins found in plasma. The 

change in environment for these proteins that can cross the blood-brain barrier may 

also play a role in their ability to seed for amyloid fibers. Fibrinogen, for example, 

which normally acts as a blood clotting factor can interact with Aβ when deposited 

in the brain, leading to increased fibrinogen aggregation and Aβ fibrillization 

(Cortes-Canteli et al., 2012). Fibrinogen can be studied in vitro similarly to how 

human plasma was in this study to monitor its ability to act as a seed for amyloid 

fiber formation. By using an in vitro approach to study protein aggregation, this 

method offered simple experimentation to illuminate biochemical characteristics of 

amyloid fiber formation which can be used in the future for more in depth study of 

Alzheimer’s disease.  
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