
  

 



  

 

 

APPROVAL SHEET 

 

 

Title of Dissertation:    BIOENGINEERED MODELS OF ALZHEIMER’S 

DISEASE: STUDYING AMYLOID BETA (Aβ) PROTEIN 

AGGREGATION WITHIN 3D SCAFFOLDS 

 

Name of Candidate: Laura W. Simpson 

 Doctor of Philosophy, 2019 

 

Dissertation and Abstract Approved:                                                                  . 

 

Dr. Jennie B. Leach 

Associate Professor & Graduate Program Director 

Chemical, Biochemical & Environmental Engineering 

 

 

 

Date Approved:    4/23/19. 

 



  

CURRICULUM VITAE 

 

Name:  Laura W. Simpson 

Degree and date to be conferred: Doctor of Philosophy, 2019 

Secondary education: University of Maryland Baltimore County 

(UMBC), Baltimore, MD, May 22, 2019. 

 

Collegiate institutions attended:  

University of Maryland Baltimore County (UMBC).  2008 - 2013  

Baltimore, Maryland. 

Biology B.S., 2013. 

Psychology Minor, 2013. 

University of Maryland Baltimore County (UMBC). 2013 - 2019  

Baltimore, Maryland. 

Chemical & Biochemical Engineering, Ph.D., 2019. 

 

Professional Publications: 

Peer-Reviewed Manuscript 

• Santos-Cancel, M.; Simpson, L. W.; Leach, J. B.; White, R. J., Direct, Real-

Time Detection of Adenosine Triphosphate Release from Astrocytes in Three-

Dimensional Culture Using an Integrated Electrochemical Aptamer-Based 

Sensor. ACS Chem Neurosci 2019 

 

 



  

Manuscripts in Preparation 

• Simpson, L. W.; Good, T. A.; Leach, J. B., Protein folding and assembly in 

confined environments: Implications for protein aggregation in biomaterial 

scaffolds and tissues. 2019 

• Simpson, L. W.; Boukari, H.; Good, T. A.; Leach, J. B., Collagen hydrogel 

confinement of Amyloid-β (Aβ) accelerates aggregation and reduces cytotoxic 

effects. 2019 

• Simpson, L. W.; Boukari, H.; Good, T. A.; Leach, J. B., Impact of four common 

hydrogels on Amyloid-β (Aβ) aggregation and cytotoxicity: Implications for 3D 

models of Alzheimer’s disease. 2019 

 

Presentations: 

Scientific Meetings (Presenter underlined) 

• Simpson, L. W.; Good, T. A.; Leach, J. B., “Bioengineered models of 

Alzheimer’s disease: Studying Aβ protein aggregation within 3D scaffolds”, 

Biophysical Society (BPS), Baltimore, MD, March 2019, (POSTER) 

• Simpson, L. W.; Leach, J. B., “Bioengineered models of Alzheimer’s disease: 

Studying Aβ protein aggregation within 3D scaffolds”, American Chemistry 

Society (ACS), New Orleans, LA, March 2018, (ORAL) 

• Simpson, L. W.; Leach, J. B., “Bioengineered models of Alzheimer’s disease: 

Studying Aβ protein aggregation within 3D scaffolds”, American Chemistry 

Society (ACS), San Francisco, CA, March 2017, (ORAL) 

• Simpson, L. W.; Leach, J. B., “Phenotypic characterization of NSC-34 a motor 

neuron cell line”, Washington, DC, December 2014, (POSTER) 

• Adamson, E.; Simpson, L. W.; Balasubramanian, S.; Leach, J. B., “Baseline 

characterization of NSC-34 cell line for tissue engineering application.” Annual 

Biomedical Research Conference for Minority Students (ABRCMS), San 

Antonio, TX, November 2014, (POSTER) 

 

 



  

Professional positions held:  

Graduate Research Assistant, Leach Biomaterials Laboratory, UMBC 

Advisor: Dr. Jennie Leach 

Summer 2013 – Spring 2019 

 

Teaching Assistant, Chemical, Biochemical, & Environmental Engineering 

Department, UMBC 

Bioengineering Laboratory, ENCH 485L Spring 2016 

Bioengineering Laboratory, ENCH 485L Spring 2015 

Transport Processes I, ENCH 425 Fall 2014 

Bioengineering Laboratory, ENCH 485L Spring 2014 

 

Mentor, Chemical, Biochemical, & Environmental Engineering Department, UMBC 

Elise Adamson, Chemical Engineering, UMBC Spring 2014 – Spring 2017 

Vani Ravichandran, Biochemistry, UMBC Spring 2016 – Spring 2017 

Becca Glatt, Chemical Engineering, UMBC Summer 2015 

Jake Engel, Chemical Engineering, UMBC Summer 2016 – Summer 2017 

Robert Atwood, Chemical Engineering, UMBC Fall 2016 – Summer 2017 

Fabria Baptise, Chemical Engineering, UMBC Fall 2016 – Fall 2018 

Aryeh Sherizen, Chemical Engineering, UMBC Winter 2017 – Summer 2017 

Rose Zilberberg, Chemical Engineering, UMBC  Spring 2017 – Summer 2017 

Howard Nicholson, Chemical Engineering, UMBC Fall 2017 – Spring 2019 

Peter Bailer, Biochemistry, UMBC Fall 2017 – Spring 2019 

Christopher Williams, Biochemistry, UMBC Summer 2018 – Fall 2018 

Bilal Mughal, Chemical Engineering, UMBC Summer 2018 – Spring 2019 

Kendall McWilliams, Chemical Engineering, UMBC Fall 2018 – Spring 2019 

 



  

Chemical Engineering Intern, James Webb Space Telescope (JWST), Goddard Space 

Flight Center, National Aeronautics and Space Administration (NASA) 

Summer 2013 

 

Undergraduate Research Assistant, Leach Biomaterials Laboratory, UMBC 

Advisor: Dr. Jennie Leach 

Spring 2010 – Spring 2013 

 

Resident Assistant, Hilltop Apartments, UMBC 

Mentor: Doug Copeland 

Fall 2012 – Spring 2013 

 

Planetary Protection Intern, Mars Atmosphere and Volatile EvolutioN (MAVEN), 

Goddard Space Flight Center, NASA 

Summer 2011 

 

Configuration Management Intern, supporting NASA contracts, Stinger Ghaffarian 

Technologies  

Summer 2008, 2009, 2010 & Winter 2010 

 

 



  

ABSTRACT 

 

Title of Dissertation: BIOENGINEERED MODELS OF ALZHEIMER’S 

DISEASE: STUDYING AMYLOID BETA (Aβ) 

PROTEIN AGGREGATION WITHIN 3D SCAFFOLDS. 

  

 Laura W. Simpson, Doctor of Philosophy, 2019 

  

Dissertation Directed By: Dr. Jennie B. Leach 

Associate Professor & Graduate Program Director 

Chemical, Biochemical and Environmental Engineering 

 

 Alzheimer’s disease (AD) is the most common form of dementia and is 

associated with the accumulation of amyloid-β (Aβ), a peptide that can aggregate into 

larger species with presumed neurotoxicity. Drugs targeting Aβ have shown great 

promise in 2D in vitro cultures and mouse models, yet human clinical trials for AD 

have yielded highly disappointing results.  

In developing this project, I proposed that 2D in vitro culture systems that 

have been used for discovering and developing AD drugs have significant limitations. 

Specifically, I hypothesized that Aβ aggregation is vastly different in 2D cultures vs 

3D environments, such as brain tissue. In 2D cultures, Aβ can freely diffuse and 

aggregate. In 3D environments, however, Aβ rearrangements are spatially restricted 

or “confined”. Such confinement acts to exclude solvent from Aβ, resulting in Aβ 



  

having an increased local concentration and decreased entropy. The net outcome of 

these effects is the destabilization of disordered Aβ structures, shifting equilibrium 

towards larger aggregate species. It is striking that only a few 3D in vitro AD models 

have been reported, all of which ignore potential changes to Aβ structure and function 

that may occur within 3D systems.   

This dissertation reports my investigation of Aβ aggregation and toxicity in 

3D hydrogels compared to 2D culture using biophysical tools including transmission 

electron microscopy, fluorescence correlation spectroscopy, and thioflavin T assays. 

In 3D hydrogels, I found that Aβ rapidly transitions from unstructured and likely 

toxic oligomeric species to stable β-sheet aggregates. In 2D cultures, however, the 

oligomeric species has prolonged persistence. Despite quantitative differences in 

aggregation kinetics between hydrogels of various mesh size and bioactivity, all of 

the 3D hydrogels tested had attenuated Aβ cytotoxicity vs 2D culture. Therefore, this 

work suggests that efforts to develop AD drugs using 2D in vitro models may 

overestimate the potential toxicity of Aβ, and thus offers an explanation for the 

decades of failed AD drug clinical trials. These findings imply that drug discovery 

and development for AD, and potentially other diseases, will more rapidly identify 

therapeutics with greater efficacy if 3D cultures are included in early testing stages. 
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Chapter 1 : Summary of Work 



 

 
2 

 

 

As readers of this document will vary greatly in their expertise related to my 

work, I provide this chapter to describe my doctoral work to a broad audience.  

 

Alzheimer’s disease (AD) is the leading cause of dementia and is the sixth 

leading cause of death in the United States (US) [1]. Currently in 2019, 5.8 million 

Americans are living with AD, and this number is projected to increase to 14 million 

by 2050. In 1991, a genetic link was found between AD and the protein amyloid-β 

(Aβ), whose accumulation and aggregation is associated with neuronal death [2-4]. 

The connection between Aβ and AD was termed the “amyloid cascade hypothesis” 

(ACH), and Aβ has since been a primary target in AD drug development.  

Aβ is naturally produced by cells in the brain and is removed from the body in 

healthy individuals [5-6]. The ACH states that in AD, Aβ accumulates in the brain 

and sticks together into unstructured aggregates called oligomers that are toxic to 

neurons. Neuron death leads to memory loss and other AD symptoms. Eventually, Aβ 

stabilizes into a hairpin structure called a β-sheet, which promotes other Aβ proteins 

to stack as a β-sheet (Figure 1.1) [7-9]. The β-sheet structures come together to form 

long fibril aggregates called plaques that cluster in the brain and are less toxic than 

the oligomer Aβ [10-12]. Unfortunately, early stages of AD cannot be directly studied 

in humans because obvious symptoms are not present for many years after the onset 

of the disease process in the brain. Therefore, the ACH has been based on data 

gathered through brain tissue samples upon autopsy, mouse models, mathematical 
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models, 2D in vitro cell culture models, and Aβ aggregation studies in solutions [6, 

13-14]. 

 

Figure 1.1 Structure of Aβ taking on a hairpin fold known as a β-sheet.  

The cyan arrows signify the β-sheet structure. The hydrophobic, polar, negatively 

charged, and positively charged amino acid side chains are shown in yellow, green, 

red, and blue. This structure allows additional Aβ monomers to stack, signified by the 

white globular structure. Reproduced from [15] copyright 2005 National Academy of 

Sciences. 

 There are four unique drugs licensed by the Food and Drug Administration 

(FDA) that treat symptoms of AD, but do not slow, prevent, or cure the disease [1, 

16]. The lack of drugs is not due to a lack of interest, however, as the field of 
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neurology has the third largest number of drugs in preclinical development and Phase 

III clinical trials (oncology first and cardiovascular second) [17]. Many drugs that 

showed great promise in pre-clinical trials (two-dimensional (2D) cell culture and 

mouse models) have failed to show efficacy in human clinical trials [18-20]. The 

consistent failure of ACH-targeting drugs has prompted the question: What is the 

disconnect between pre-clinical and clinical trials? 

 Typically, when cells are cultured in vitro, they are grown on a stiff, flat 

surface as a single layer (Figure 1.2). However, our bodies are complex three-

dimensional (3D) systems, where cells are held together with the extracellular matrix 

(ECM), which contains various biologic fibers and gives tissues their structural 

properties [21]. These ECM molecules, as well as other natural and synthetic 

biomaterials, may be used in in vitro cell culture providing a 3D scaffold for cells to 

adhere to and grow throughout [22-23]. These 3D in vitro models produce cells that 

behave and look very similar to in vivo body tissues compared to 2D cell cultures [24-

26]. Although many fields, and most notably, the cancer research field, have moved 

toward 3D in vitro models, AD research primarily takes place in 2D cultures or 

studies of Aβ aggregation in solution [27-29]. 
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Figure 1.2 Cells cultured on 2D tissue plastic vs. in 3D hydrogels.  

Cells cultured in 2D are exposed to high stiffness, homogeneous distribution of 

nutrients, and a continuous layer of matrix coating and are restricted to the x-y plane. 

Cells cultured in 3D hydrogels are exposed to low stiffness, soluble gradients, and 

three dimensions of matrix interactions. 

 One of the challenges of doing research in 3D in vitro models is the adaptation 

of measurement techniques that were designed for 2D cultures and solutions. In a 

field such as AD, where the Aβ protein is hypothesized to play an important role in 

disease progression, analysis of not only cells but also of proteins in the 3D 

environment is essential. In Chapter 2, I present the progress of techniques 

developed to analyze proteins, the effect of confinement on protein structure and 

function, and the challenges of studying proteins in 3D environments. 

 An often overlooked aspect of 3D environments is the effect of confinement 

on proteins [30-32].  Imagine being in an open field; you have ample space to, for 

example, do gymnastics. Now imagine being in a cupboard under the stairs; you 
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cannot spread out or move very much, rather you must take on a compact shape. The 

same concept applies to proteins in confined spaces; they are forced to take on a more 

compact structure such as a β-sheet [33-34]. In Chapter 3, I report my findings of 

how the confined environment imposed by a collagen hydrogel changes Aβ structure, 

aggregation, and toxicity. (Gelatin is ‘denatured’ or broken-down collagen, so one 

may imagine collagen hydrogels to look and feel a lot like Jello.) I predicted that the 

confined environment in the collagen will promote Aβ to form more ordered, 

compact β-sheet structures, which will then come together to make large β-sheet 

fibrils that are less toxic to cells. To test this prediction, I tested the cell toxicity of Aβ 

in culture with a live/dead fluorescence assay. I imaged Aβ aggregates using 

Transmission Electron Microscopy (TEM).  Aβ aggregate size was detected using 

Fluorescence Correlation Spectroscopy (FCS). Finally, Aβ β-sheet formation was 

monitored using a Thioflavin T assay (ThT). My results showed that Aβ was not toxic 

to cells when cultured in a 3D collagen hydrogel compared to the major cell death 

seen in 2D cell culture. In the 3D collagen hydrogel, the Aβ very quickly formed 

large β-sheet aggregates, which I suggest are less toxic than the small unstructured 

oligomers that are seen in solution. This discovery uncovers an important missing 

piece that 2D in vitro models have missed and may change the way that AD drugs are 

found and tested.  

 To further investigate the extent of this phenomenon, Chapter 4 describes 

experiments where I tested four different 3D hydrogel types that have varying 

properties and are commonly used to grow cells in vitro. Collagen I and hyaluronic 

acid (HA) are hydrogels that are part of our ECM, meaning our cells are able to 
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recognize and bind to them. This binding interaction between the cells and the 

hydrogel could potentially make the cell less susceptible to the toxicity of Aβ. To test 

this theory, I also used inert biomaterials that cells do not recognize or bind to: 

agarose and polyethylene glycol (PEG). Of these four hydrogels, collagen and 

agarose have the largest “mesh size” – space between the fibers, while HA and PEG 

have the smallest (Figure 1.3). (One may think about “mesh size” as the spaces 

between ropes in a cargo net; smaller mesh spaces will trap smaller objects better than 

larger mesh spaces.) The mesh size of a hydrogel impacts the level of confinement 

that the protein experiences and may affect Aβ aggregation and toxicity. In the 

experiments described in Chapter 4, I tested the 4 hydrogel types using the same 

measurements as those I described in Chapter 3: ThT, FCS, and cell viability assays 

were used to study Aβ structure, aggregation, and toxicity. The results showed small 

differences in Aβ aggregation between the hydrogels; however, despite these 

differences, all hydrogel types showed no Aβ toxicity to cells. This suggests that the 

“varying properties” of the 4 hydrogel types mentioned above (including the ability to 

bind cells and mesh size) promotes less toxic and more stable Aβ fibril aggregates. 

This information further supports the idea that drugs to treat AD should be tested in 

3D in vitro cultures rather than the 2D solutions that have been used to date.  
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Figure 1.3 The mesh size (ξ ) of a hydrogel is the space between the fibers.  

In A, the mesh size is large, while in B, the mesh size is small. 

 In summary, this dissertation tells the story of how I discovered a critical fault 

in the way that new AD drugs have been made. For decades, Aβ has been studied in 

2D solutions and in vitro cell culture and have led us to believe that Aβ has a potent 

ability to kill neurons when Aβ exists as unstructured oligomer aggregates. This 

abundance of data has supported the development of drugs that target Aβ or the ACH 

pathway but used a test system that may over-estimate the ability of Aβ to cause 

damage. In these 2D in vitro experiments, some drugs have shown promise to protect 

neurons from dying, yet they failed to be effective in humans. I conclude that the 

brain is a complex 3D structure. Yet, the field has not realized the fact that such 3D 

structures confine Aβ differently than in 2D solutions. This confinement alters the 

size and shape of Aβ and therefore how Aβ can be toxic to neurons. With this new 

insight, I predict that the use of 3D hydrogels to test AD drugs will result in more 

effective drugs to combat this devastating disease. 
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Chapter 2 : Introduction and Motivation 

**This chapter has been submitted for publication** 

Protein folding and assembly in confined environments: Implications for protein 

aggregation in hydrogels and tissues 
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Introduction 

Proteins are the building blocks of life and have highly diverse functions. The 

biophysical dogma of proteins is that structure predicts function [35-44]: proper 

protein folding and supramolecular assembly yield appropriate function while 

misfolding and aggregation yield dysfunction. Indeed, processes of protein folding 

and aggregation are ubiquitous. Numerous theories and experimental tools have been 

established during the past century to study structure-function relationships of 

proteins. While these theories and tools have allowed great understanding of proteins 

in dilute solutions, extrapolation of protein structure-function relationships 

determined in dilute solution to their structure and dynamics in vivo has been 

problematic.  As a stepping stone between the simplified system of a single 

component in dilute solution and the complexity of living organisms, scientists and 

engineers are exploring a number of complex 3D in vitro models that are designed to 

mimic features of the in vivo environment. Currently, these models are enabling great 

advancements in basic science (e.g., to unravel the roles of heterogeneous networks 

of factors on cellular processes and disease), as well as create new technologies (e.g., 

biopharmaceuticals designed for greater therapeutic efficacy). 

In the early to mid 1900’s, new tools to visualize molecular structures were 

established, notably x-ray crystallography to determine the atomic crystal structure of 

molecules, electron microscopy (EM) to image specimens that are dried and stained 

with heavy metals, nuclear magnetic resonance spectroscopy (NMR) to determine 

molecular structures without crystallization, and light scattering techniques to 
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characterize molecular sizes and interactions in pure solutions [45-48]. One such 

method is circular dichroism (CD) which measures changes in polarized light that are 

signatures of different protein structures depending on the light wavelength: far-

ultraviolet (UV) CD measures secondary structure, whereas near UV CD measures 

tertiary folding. Fourier transform infrared (FTIR) microspectroscopy measures the 

absorption or emission of IR light associated with secondary structure such as cross 

β-pleated sheets. Conformational sensitive dyes monitor specific protein 

conformations; Thioflavin T (ThT) only fluoresces when bound in the grooves of 

stacked cross β-sheets associated with amyloid proteins. With NMR, the backbone of 

each amino acid is labeled to identify the localization of secondary structural domains 

such as β-sheets and α-helixes [32, 49-50]. Identification of protein structure, size and 

function inform tissue physiology or disease pathology. These methods provided 

complementary information regarding the molecular resolution of static structures, 

morphology of static structures, near-molecular resolution of dynamic structures, and 

dynamic measures of molecular assembly.   
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Figure 2.1 Schematic of the folding funnel for a helix forming protein.  

Reproduced from [51] with copyright permissions from AAAS. The width of the 

funnel is the entropy; the depth is energy. The fraction of correctly made native 

contacts is depicted as Q and is listed for each intermediate state down the funnel. 
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Building on ideas in physics as well as colloidal and polymer science, 

theorists have described the processes involved in protein folding by models of 

random packing of hard spheres, lattice statistical mechanics, and the driving forces 

of hydrophobic interactions and conformational entropy [52-57].  Unfolded proteins 

are highly disordered and have high entropy; as hydrophobic regions are hidden 

during folding, the protein takes on a more highly ordered, lower entropy native state 

(Figure 2.1). Models for protein-protein association and aggregation were developed 

using similar principles, enabling the prediction of populations of particles in solution 

[58-61].  These tools were developed for proteins in ideal solutions, and thus it is 

uncertain whether the findings are reflective of protein structures and function in 

living organisms. For example, the interior of a cell is a crowded environment where 

proteins are confined and influenced by their dynamic and heterogeneous local 

environment. Therefore, to move from ideal solutions towards theories and 

measurements that better describe protein behaviors in vivo, it is critical to consider 

how a protein’s local environment influences its structure and function.  

 

Crowding by a Protein’s Local Environment 

Solutions in living organisms contain a vast array of macromolecules. Inside 

the cell, proteins assemble into rigid structures (e.g., F-actin, microtubules, and 

intermediate filaments) [30, 62] and signaling complexes (e.g., DNA replication 

complex and RNA replication complex) [63-64]. In the nucleus, proteins condense 

around DNA, forming chromatin; protein transcriptional and repair machinery 
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assemble around DNA [65]. Outside the cell, complex heterogeneous matrices 

composed of collagen, laminin, fibronectin, and other macromolecules aid in 

maintaining higher order cellular and tissue structures [30, 66]. In these 

compartments, individual macromolecules only contribute a minute fraction of the 

total solution volume. However, collectively, the population of macromolecules 

occupies a substantial fraction (~30%) of the total solution volume [62]. Therefore, 

observations of proteins in pure dilute solutions do not fully represent how these 

molecules behave in intracellular and extracellular milieu in which there are 

substantial ranges in compositions and concentrations. Notably, macromolecules in 

vivo are physically crowded in concentrated “non-ideal” solutions; this crowding has 

profound effects on protein assembly and stability. 

The phenomenon of macromolecular crowding was first applied in the 1940’s 

to describe how proteins precipitate in complex solutions [67-69]. However, protein 

folding theories at that time approximated the protein population as a set of non-

interacting rigid spheres and apply well only to dilute solutions [30-31, 62]. Later, 

theories such as the available volume theory and the scaled particle theory were 

developed to better describe the non-ideal behaviors that macromolecules 

demonstrate in crowded solutions [62, 70-71].  These theories apply the idea that a 

macromolecule’s access to “available” solvent is compromised in crowded high 

concentration solution; in other words, a volume of solvent is excluded from 

interacting with the macromolecule. The net effect of this excluded volume of solvent 

is a reduced available space for a protein to rearrange and fold, thereby provoking a 

structural state that is compact and low entropy (Figure 2.2). These theories have 
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been verified experimentally using a variety of crowding factors (e.g., albumin, 

dextran, polyethylene glycol, and ficoll), which were observed to exclude the protein 

from interacting with a volume of solvent, thus altering protein folding and function 

versus what is predicted and observed in “ideal” solutions of pure protein at dilute 

concentrations [69, 72-77].  
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Figure 2.2 Schematic free energy surface (F) of hen lysozyme consisting of 

two folding domains designated as α and β (red and yellow respectively).  

The unfolded state has high energy and is highly disordered. As the α and β domains 

take on intermediate conformations, the energy decreases and the fraction of native 
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connections approaches unity forming the low entropy native state. Reproduced from 

[49] with copyright permission from The Royal Society. 

These theories that describe macromolecular crowding consider a 

macromolecule’s altered diffusivity and solute-solute interactions that contribute to 

the non-ideal nature of the solution. Classical methods of measuring the 

thermodynamic activity (non-ideal correction parameter) of macromolecules in 

solution include sedimentation equilibrium, osmometry, and Rayleigh scattering of 

light [62, 78]. The crowding effect is specific to the macromolecular crowder and the 

intermolecular interactions that arise between crowder and protein; charge, 

hydrophobicity, viscosity, and rigidity of the crowder (or environment) all play a role 

[32, 79]. Generally, high concentrations of large molecular weight crowding factors 

significantly increase protein-protein interactions. However, when the available 

volume is decreased, molecular interactions become more limited, and thus, the 

effects from hindered diffusion overcome thermodynamic forces, resulting in reduced 

rates of enzymatic reactions, protein assembly, and aggregation [30, 80].  

 

Aggregation 

Protein aggregation may occur when proteins are misfolded, by exposing sites 

for non-specific protein interactions, thereby resulting in higher-order structures (e.g., 

disordered clumps or organized fibrils). In vivo, genetic mutations can result in 

protein structures that are more likely to aggregate than in wild-type organisms, 

resulting in altered protein function and possibly disease [81-82]. Protein aggregation 
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rarely occurs in healthy tissues but is often correlated with disease and may readily 

occur within in vitro solutions when protein structure is disrupted or destabilized [83-

84].  

Aggregation-prone proteins often require a molecular chaperone to avoid 

unwanted aggregation. The protein lysozyme in pure solution is prone to aggregation, 

which is exacerbated in the presence of crowders bovine serum albumin (BSA) and 

ovalbumin. However, when protein disulfide isomerase (molecular chaperone) is 

added to the denatured lysozyme solution, lysozyme refolds into its native 

enzymatically active state. This refolding process is accelerated in the presence of 

crowders due to increased molecular associations between lysozyme and chaperone 

protein disulfide isomerase [83]. The excluded volume effect stabilizes protein 

structure; however, the structure may be unwanted aggregation. 

As described before, the excluded volume effect imparted by crowding factors 

stabilizes the lower entropy conformation of the native protein. However, 

aggregation-prone proteins and intrinsically disordered proteins (IDP) may stabilize 

lower entropy nuclei for aggregation. In a crowded solution, the effective protein 

concentration is increased, resulting in a higher likelihood of protein-protein 

interactions and formation of nuclei, which accelerates the growth of filamentous 

aggregates [33-34, 79, 85-87]. 
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Intrinsically Disordered Proteins 

The importance of IDPs both in normal biological processes and in abnormal 

pathophysiology is becoming increasingly evident [44, 88-89]. Intrinsically 

disordered proteins (or regions) lack a defined structure. This conformational freedom 

allows IDPs to promiscuously bind to diverse partners, playing key roles in protein 

complex assembly, function and regulation [90]. NMR 3D structural determination 

has led to the discovery of numerous proteins with functional, yet disordered regions 

(e.g., Aβ, α-synuclein and prion protein) [44, 82].  

IDPs are particularly susceptible to the effect of crowders given their 

conformational flexibility.  As stated above for proteins in general, the crowding 

effect is specific to the crowder and the intermolecular interactions that arise between 

crowder and protein; this concept also applies to IDPs [88, 91-94].   To ensure the 

continued advances in our understanding of IDPs in normal and pathological 

biological function, IDPs studied in vitro must consider well-characterized crowded 

and confined environments.  

 

Confinement 

Protein folding, assembly, and aggregation occur within the cell, at the cell 

membrane, and in the extracellular space. The terms “crowding” and “confinement” 

are often misused interchangeably to describe an increase in protein structure stability 

due to excluded solvent volume accessible for protein folding, resulting in more 

ordered (lower entropy) protein conformations. However, these terms refer to 
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different mechanisms by which protein structure and diffusivity are altered by 

interactions with neighboring molecules or structures: “crowding” is volume 

exclusion by neighboring soluble macromolecules, but “confinement” is volume 

exclusion by rigid or fixed structures (Figure 2.3). Said another way, theoretical 

models of crowding consider effects of varying concentrations of a soluble crowding 

species, whereas confinement models include molecular meshes, pores, and channels 

as mimics of cytoskeletal and extracellular matrix structures [87, 95-101].  

 

Figure 2.3 Schematic of crowding vs. confinement.  

Crowding consists of soluble macromolecules that exclude volume from other 

macromolecules in the solution. Confinement consists of rigid structures that are 

crosslinked (black dots at crossing fibers) forming a 3D scaffold.  

Because “crowding” and “confinement” are mechanistically different, it 

follows that these influences have different effects on protein structure. Confining 

structures limit molecular diffusion to a greater degree than soluble crowders; thus, 

theoretical models of crowding often predict faster protein diffusion rates than what is 

measured experimentally in the confined environment existing within a cell. [62, 97, 
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102]. Other theoretical models suggest that confinement imparts a greater protein 

folding and stabilization effect compared to crowding [103-106]; this idea is 

supported by experimental studies reporting that protein confinement within 

crosslinked alginate imparts a greater stabilization effect on denatured proteins 

compared to protein crowding within alginate that is not crosslinked [107]. 

Confinement is a unique phenomenon essential to physiological function that should 

be incorporated in in vitro models to better mimic features of the in vivo environment 

that influence protein structure and function. 

This review should be of interest to many areas of research relating to proteins 

in living systems. These areas include, for example, dimerization of transmembrane 

proteins, enzymatic activity, assembly of supramolecular structures such as 

microtubules, disease-related protein aggregation in the ECM and inside the cell, 

protein therapeutics such as antibody drugs, and even nuclear condensates and 

membraneless organelles [27, 89, 108-112]. I take inspiration from the experimental 

and theoretical studies described above to suggest tools and measurement techniques 

to better mimic properties of the in vivo environment relevant to protein structure, 

folding, and aggregation. As such, I ask: What tools can we adapt from the fields of 

tissue engineering and hydrogels to create crowded and confined environments? 

Moreover, what challenges are encountered when applying established biophysical 

techniques to analyze the structure, function, and aggregation of proteins when they 

are entrapped in hydrogel scaffolds? 
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Hydrogels 

Hydrogels are ideally suited to mimic key features of tissues for applications 

as in vitro platforms for cell culture, tissue engineering, and drug testing. Hydrogels 

are derived from natural and synthetic sources and are composed of macromolecules 

(polymers, proteins, glycans) that interact non-covalently or are crosslinked to form 

an insoluble macrostructure [23, 113-115]. When applied toward an in vitro model or 

an in vivo implant, hydrogels are associated with proteins, and most often, proteins 

are located within the molecular structure of the hydrogel. Because the molecular 

properties of hydrogels can be controlled via chemical and physical tools (Figure 2.4), 

these structures are an ideal platform to probe and tune protein crowding and 

confinement as vehicles for protein stabilization, formulation and delivery in 

biopharmaceutical applications, as well as for applications in models of disease (e.g., 

to determine molecular mechanisms of amyloid aggregation) and models of 

physiological functions (e.g., enzymatic activity and nuclear condensates containing 

transcriptional machinery) [22, 116-121].  
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Figure 2.4 Schematic of hydrogel crosslinking capabilities.  

Chemical, biological, and physical crosslinking options provides tunability for the 

hydrogel physiochemical and mechanical properties. Reproduced from [122] with 

permissions from The Royal Society of Chemistry. 

When modeling disease, selection of the most appropriate hydrogel model 

depends on the particular problem being investigated and should consider the 

heterogeneous compositions and structures that exist within the particular tissue or 

organ of interest  [21, 66, 123]. Further, the structure and function of proteins that 

exist intracellularly and extracellularly drive cell behavior; therefore, it is essential to 
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consider how the milieu within a particular in vitro model influences protein 

crowding and confinement.  

Both static and dynamic measurements of hydrogel microstructure are 

informative of the crowding and confinement features of a system. Static 

measurements give a general insight into architectures such as mesh size and 

microdomains (e.g., fibers, network heterogeneity). Dynamic measurements may also 

provide this information, but because they can also provide insight into solute 

transport within the hydrogel, dynamic measurements are vital for studying protein 

crowding and confinement. 

The architecture of the static hydrogel scaffold can be imaged using atomic 

force microscopy (AFM), scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM). AFM is applicable for hydrated or dry samples and may 

be modified with a receptor functionalized tip to combine topography mapping and 

molecular recognition mapping [124-125]. However, For SEM and TEM, the sample 

must be dehydrated; therefore, results may not be representative of the hydrated state 

of the hydrogel [126]. Static light scattering (SLS), small angle X-ray scattering 

(SAXS), and neutron scattering (SANS) are more suitable tools to probe the static 

properties of a hydrogel in its hydrated state [116, 127]. However, hydrogel 

microstructures are typically not static – molecular interactions and random structural 

fluctuations will dynamically influence the microenvironment of an embedded 

protein.  
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Dynamics of hydrogel microstructures can be characterized by a) analysis of 

probe diffusion via fluorescence recovery after photobleaching (FRAP) and dynamic 

light scattering (DLS), b) analysis of microstructure swelling using Flory-Rehner-

Huggins theory, and c) examination of mechanical properties by rheology and 

dielectric relaxation [127-133]. Unfortunately, these techniques are most often 

incapable of distinguishing between features of the hydrogel and features of the 

protein because signatures related to the hydrogel typically overshadows the small 

signal generated by features of individual proteins. Therefore, this review addresses 

the following related questions: How can I adapt techniques to distinguish structures 

of a protein from structures of its complex local environment? What new tools could 

be applied to characterize these structures individually? What insights and 

opportunities are unveiled through the study of proteins in crowded and confined 

environments? 

 

Current challenges and opportunities 

When adapting analytical techniques to study crowded or confined proteins in 

hydrogel microstructural environments, the major challenge faced is the potential for 

the hydrogel itself to interfere with measurements of the embedded protein. It may be 

tempting to analyze protein extracts isolated from supernatants or digests of the 

hydrogel. However, considering that conditions of crowding and confinement 

stabilize proteins into low entropy states, analysis of protein structure should not be 

performed on extracted protein samples [8, 10, 134-135]. If either the hydrogel itself 
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can flow or the protein is convectively transported through the hydrogel, it may be 

possible to apply techniques designed for measurements of a mobile phase such as 

micro-flow imaging (MFI), field flow fractionation (FFF), and chromatography [134, 

136-139]. Yet, most flow techniques require dilute solutions to make accurate 

measurements. Sample dilution would minimize the excluded volume effect that 

occurs from crowding and influences protein structure. Acknowledging the 

importance of analyzing proteins within hydrogels, the following section discusses 

several analytical techniques suitable for such studies.  

Ideally, proteins should be analyzed unperturbed by labels or dyes and within 

a well-characterized hydrogel environment. The biophysical techniques available that 

are not dependent upon large fluorescent dyes are limited; these techniques are 

capable of interrogating protein secondary structure (CD, FTIR), tertiary structure 

(2D NMR, electron microscopy), and measures of macroscopic aggregation (AFM, 

scattering techniques).  There are limits of applicability of these methods as detailed 

in the following section, and as such, in some cases, protein labeling may be 

necessary.  Fluorescent labeling, in particular, allows the selective observation of the 

labeled protein independent of the background material. Techniques such as FRAP, 

FCS, and fluorescence resonance energy transfer or FRET interpret dynamic 

fluorescence fluctuations in order to identify individual proteins and their 

interactions. These techniques do not provide direct measures of the protein but 

provide indirect measures, either via a measure of diffusion, Brownian motion, or 

energy transfer, respectively.   
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CD detects the chirality of a molecule and is commonly used to study protein 

secondary structure. However many hydrogels used as hydrogel components (e.g., 

hyaluronic acid, agarose, collagen, polyacrylamide, polylactic acid) have chiral 

centers, creating a strong CD background signal [23, 49, 101, 140-141]. Achiral 

polymers (e.g., polyethylene glycol (PEG), polybutylene terephthalate (PBT), 

polycaprolactone) minimally interfere with entrapped protein CD signal [85, 142]. 

When using CD to study protein structure, it is crucial to select appropriate achiral 

biomaterials for the hydrogel. 

Fourier Transform Infrared Spectroscopy (FTIR) detects the vibrational 

spectra of a protein to determine the secondary structure. An infrared light beam 

passes through the sample and detects the attenuation of the beam [143]. Beam 

attenuation occurs when light interacts with vibrational transitions in covalent bonds, 

thereby informing protein secondary structure [144]. FTIR can differentiate between 

parallel and antiparallel β-sheets as well as native β-sheets vs. amyloid [145-146]. 

However, this technique is limited to a sample depth of 0.5 – 2 μm [147].  

2D NMR is a powerful technique that analyzes the molecular rotational 

correlation time to identify protein tertiary structure [9, 11]. However, large 

molecular weight (>25 kDa) proteins and polymers tumble slowly causing increased 

linewidths and spectral overlap from the large number of unique signals [148]. 

Protein assembles, and aggregates are not suitable for 2D NMR analysis. Although 

NMR has been used to characterize amyloid proteins, aggregates are intentionally 

broken down into monomers to analyze protein structure of a single protein [15].  
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High-resolution techniques such as AFM and electron microscopy can be used 

to study protein tertiary structure, but only within a very thin (<150 nm) section or a 

surface plane of a hydrogel. AFM uses a transducer to measure deflections of a probe 

that is tapped or dragged across a surface, allowing visualization of the molecular 

topography at resolutions as small as a fraction of a nanometer. Additionally, AFM 

may be conducted on surfaces of hydrated samples [149], but cannot probe structure 

within a 3D material unless thin sections are prepared [150].  

Electron microscopy techniques take place under vacuum which requires 

samples to be dry. SEM captures 10 – 100 nm of depth into the sample with a 

resolution of 2 nm but requires sample dehydration and a coating of a conductive 

material. TEM can be used to examine protein structure within a 3D hydrogel but the 

sample must be resin-embedded, sectioned, and the protein is stained with heavy 

metal.  Electrons are passed through an ultra-thin (~100 nm) section of hydrogel to 

capture images with subnanometer resolution. In TEM array tomography, serial 

sections are imaged then reconstructed to generate a 3D image to visualize structures 

(e.g., protein fibrils) that are larger than the 100-nm thick section [151]. For resin 

embedding, samples undergo repetitive ethanol and resin washes that compromise the 

hydrated state of the hydrogel [126, 152] and potentially washes out small molecules 

from the hydrogel [153]. These treatments may yield samples where smaller protein 

species are removed, and thus measurements of protein size distribution are skewed 

towards large protein aggregates. As such, systems meant to mimic in vivo milieu 

require characterization techniques where samples are examined in their hydrated 

state with negligible washing steps. 
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It is possible to approximate a hydrogel’s structure in its hydrated state by 

cryo-preservation EM (cryo-EM). In this technique, the water at a hydrogel surface is 

removed so that the structural detail may be obtained up to 10 – 100 nm deep into the 

structure. However, removal of water necessarily removes the protein’s solvent and 

likely disrupts the locations of the protein in dry samples vs. when they are hydrated. 

Prior chemical fixation of the hydrogel may bind the soluble proteins to the hydrogel 

scaffold, but at this time I am unaware of cryo-SEM studies of small soluble 

macromolecules when encapsulated in hydrogels.  

In TEM, electrons pass through the sample; thus frozen water does not need to 

be removed. However, when the high energy electron beam hits the ice-organic 

material interface, a volatile reaction occurs and organic sample is destroyed [154-

155].  Samples are vitrified by rapid freezing either by plunging samples into liquid 

ethane or freezing under high pressures (2100 bar). Vitrification is possible in 

samples up to 200-μm thick which then can be cryo-sectioned [156]. Cryo-sections of 

hydrogel can also be imaged dry on support grids. However, thin sections (100 nm) 

will cut most structures not parallel to the thin plane (protein assemblies and 

aggregates) making size information unobtainable. In addition, the nanometer scale of 

proteins and protein assemblies are near impossible to differentiate from the 

interconnected/crosslinked hydrogel scaffold.  

To differentiate protein from hydrogel scaffold, the protein may be labeled 

with nanoparticles to give contrast to aggregate clusters. The nanoparticle labeling 

should not to hinder protein diffusion, protein folding or interfere with protein 

assembly. Nanoparticles <5 nm in diameter cannot be resolved as individual species, 
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but when clustered, provide sufficient contrast for imaging [157]. It is important to 

remember, however, that nanoparticles can interfere with protein-protein interactions, 

such β-sheet structures that stack into large filaments that are associated with amyloid 

diseases. In these cases, a small ratio of labeled species may be mixed with the 

unlabeled species to allow enough space between bulky groups to allow proteins to 

assemble or aggregate [158-159].  

Scattering techniques including static light scattering (SLS), dynamic light 

scattering (DLS), Raman scattering, small angle neutron scattering (SANS), and 

small angle X-ray scattering (SAXS) are powerful techniques to analyze unlabeled 

protein structures in pure solutions. These scattering techniques measure fluctuations 

of light intensity generated when a species undergoes Brownian motion within a 

focused light beam.  However, when the species is a protein is embedded within a 

hydrogel, the identification of unique signals from the protein vs. the hydrogel can be 

challenging [134, 146, 160-162]. Hydrogel scaffolds are interconnected networks that 

are relatively immobile but scatter intensely, while small molecules diffuse quickly 

and scatter minimally. Scattering techniques have been used to study the behavior of 

a single non-interacting protein species within a hydrogel scaffold by separating the 

fast and slow fluctuation times [163-165]. When a heterogeneous mixture of proteins 

are in a hydrogel scaffold, the intense light scattering signal from the hydrogel and 

larger species overshadow the weaker signal from the smaller species, making it 

challenging to differentiate various aggregate sizes. 

Fluorophore labeling has been used for decades in various fluorescence 

microscopy and spectroscopy techniques. The advantage of fluorescence-based tools 
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is that they detect only the fluorescently-labeled species without interference from 

other molecules or the hydrogel itself. Live cell imaging can capture the diffusion and 

interactions of proteins inside a cell, in the cell membrane, and the extracellular space 

in a hydrogel or tissue. Total internal reflection fluorescence microscopy (TIRFM) 

characterizes fluorescently-labeled proteins that are located on a glass surface with a 

maximum imaging depth of ~100 nm from the glass surface [166-167] and a 

diffraction-limited resolution of ~240 nm. Fluorescence resonance energy transfer 

(FRET) uses two distinct fluorophores that transfer energy when located within 10-

100 Å of each other and are close enough associate [168]. Fluorescence polarization 

and anisotropy (FP/FA) detect unidirectional light emission and can be used to 

capture molecular rotation and movement [169]. While some proteins can utilize 

intrinsic tryptophan or tyrosine fluorescence to measure protein aggregation and 

conformation [34, 170-172], other species may require labeling with a fluorophore. 

As with nanoparticles, these labeling techniques can interfere with protein-protein 

interactions. 

Fluorescence correlation spectroscopy (FCS) detects the individual photons of 

fluorescently-labeled molecules that pass through a very small confocal volume. 

Photon fluctuation data can be used to generate a correlation function, which can then 

be used to calculate molecular diffusion and size [173-176]. In cases where 

fluorophore photobleaching is a concern, raster image correlation spectroscopy 

(RICS) is similar to FCS but applies multiphoton excitation and rasterized scanning to 

limit fluorophore exposure to light (Figure 2.5) [177-178].  
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Figure 2.5 Multiphoton in vivo imaging of cerebral amyloid angiopathy.  

This condition is where Aβ builds up on the walls of arteries in the brain. At low (a, 

100 μm scale bar) and high (b, 50 μm scale bar) magnification blood vessels are 

labeled with rhodamine-dextran (red), and amyloid plaques are labeled with 

methoxy-X04 (green). Reproduced from [178] with permissions from Elsevier. 

Fluorescent or enzymatically-active reporter proteins that are sensitive to 

aggregation can be expressed in cells to measure protein aggregation that occurs 

within cells [50, 179]. Also, dyes that are sensitive to protein conformation such as 

Congo Red (CR), Thioflavin T (ThT), and Thioflavin S (ThS) fluoresce when bound 

to β-sheet structures. While light microscopy is diffraction-limited to a resolution of 

~300 nm, these dyes provide a rather easy-to-use approach to follow protein 

aggregation kinetics and image large aggregate deposits [50, 180-181]. 

The development of new fluorescence-based single particle tracking (SPT) 

and super-resolution microscopy (SRM) techniques allow the study of dynamic 
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protein interactions resolved at <100 nm. SRM uses illumination patterns or 

fluorescence photo-switching to overcome diffraction limitations. An excellent 

example of enhancing fluorescence resolution is demonstrated by Li et al., where 

traditional TIRFM was demonstrated to resolve features as small as 220 nm, TIRF-

structured illumination microscopy (SIM) can resolve 97 nm features, and patterned 

activation of a reversibly photo-switchable fluorescent protein using non-linear SIM 

(PA NL-SIM) resolves 62 nm features (Figure 2.6) [182]. Combining cryo-EM with 

SRM can achieve resolutions of <100 nm to yield images with high structural detail 

and identification of specific species by fluorescence [183]. 

  

Figure 2.6 Two methods to enhance fluorescence resolution.  

On the left, cortical actin (purple) with clathrin-coated pits (green). A resolution of 

84 nm via ultrahigh numerical aperture TIRF-SIM captured the rings of the clathrin-

coated pits. On the right, the progression of resolution of the actin cytoskeleton from 

diffraction limited TIRF (220 nm), to TIRF-SIM (97 nm), and finally non-linear SIM 

with patterned activation using reversibly photoswitchable fluorescent protein (PA 
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NL-SIM, 62 nm resolution). Scale bars, 2 μm (left); 3 μm (right). Reproduced from 

[182] with permissions from AAAS. 

SRM techniques and SPT have shed light on transcription factors (TF) and 

their dynamic functions. TFs assemble to form the transcription preinitiation complex 

through a multi-step process, but little is known of the dynamics of assembly. TFs 

also contain intrinsically disordered regions (IDRs) that regulate transcription, but 

underlying mechanisms are unclear. By live-cell slimfield single molecule imaging, 

stochastic optical reconstruction microscopy (STORM), FCS, and lattice lightsheet 

microscopy, IDRs have been visualized to cluster into oligomeric assemblies, forming 

liquid-liquid phase transitions, stabilizing DNA binding, recruiting RNA polymerase, 

and activating transcription [184-185].  

Many SRM techniques require long capture times and high photon input. 

Movement can yield false results; therefore, specimens can be fixed to capture higher 

quality images [186]. SPT in live cells tracks the dynamic movement using EM-CCD 

cameras that have high frame rates and high aperture objectives to capture freely 

diffusing proteins. Combining SRM techniques such as SIM or stimulated emission 

depletion (STED) with SPT obtains the ultimate spatiotemporal tracking resolution. 

MINFLUX tracking uses STED concepts with 80% reduced photon input, which 

minimizes photobleaching, and has achieved a resolution of 6 nm [186-187]. Current 

drawbacks of SPT and SRM include limited viewing at depth and of larger samples, 

many require static, fixed samples, and many require specialized fluorophore 

labeling.  
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Concluding remarks and perspectives 

Tissue development, disease, and repair involve highly complex and dynamic 

processes. Though the in vivo scenario is ultimately the most relevant to understand, 

in vitro models allow control of the composition and spatial arrangement of cells and 

biologically-active molecules with specificity not possible in living organisms. In 

these complex 3D models, cellular behaviors have been the primary subject of 

interest, whereas investigations of protein stability, structure, and assembly have been 

relatively limited. Yet, environments both inside and outside cells are composed of 

protein structures that drive cellular behavior and shape tissues properties (e.g., 

stiffness, local charge, pH, and gradient features). The ECM also contains various 

motifs that are involved with cell binding, gene activation, and protein-protein 

interactions (e.g., sequestration of growth factors, localization of mitogens and 

cytokines).  

Simple identification of the presence or general location of a protein can be 

accomplished through fixation and immunolabeling. However, the definition of 

protein structures in dynamically interacting systems requires real-time tools that can 

detect features within the three-dimensional hydrated structures of cells, tissues, and 

hydrogels. As reviewed herein, many analytical tools to study protein structure in 

solutions can be extrapolated for use within hydrated structures. However, delineation 

between signals from the protein of interest vs. its physical microenvironment can be 

very challenging. Advanced tools and approaches that apply to the contexts of 

crowded and confined microenvironments will undoubtedly shed new insights into 
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protein structure, folding and aggregation processes that will advance our 

understanding of disease states and the stability of biopharmaceutical drugs. 
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Chapter 3 : Collagen hydrogel confinement of Amyloid-β 

(Aβ) accelerates aggregation and reduces cytotoxic effects 

**This chapter has been submitted for publication**
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Introduction 

Amyloids are defined as abnormal fibrous, extracellular, protein aggregates 

that accumulate in organs throughout the body. Native proteins misfold, and 

intrinsically-disordered proteins fold predominantly into a β-sheet conformation. 

Under certain conditions the β-sheet structure extends, leading to the formation of 

amyloid fibrils; this aggregation process either leads to loss of function of the native 

protein or gain of toxic function of the aggregated amyloid protein. There are 

currently 37 human amyloid proteins identified that are linked to neurodegenerative 

diseases and amyloidosis diseases [81-82]. Alzheimer’s disease (AD) is the most 

common form of dementia [16] and is associated with the accumulation of amyloid-β 

(Aβ), and intrinsically disordered peptide between 39 to 45 amino acids long in its 

native form, whose aggregation has been associated with neurotoxicity in AD [188]. 

Since the first studies demonstrating a genetic link between Aβ and early-

onset AD [189], investigators have targeted Aβ as a potential therapeutic strategy.  

Neurology has the third highest number of medications in drug development, yet 

there are only four unique drugs approved by the FDA for the treatment of AD [17]. 

Between 2002 and 2012 there were 413 clinical trials for AD. During that time only 

one drug was licensed by the FDA, a 99.6% failure rate [20]. Many AD drugs are Aβ 

targeting antibodies that demonstrated great promise in pre-clinical trials and mouse 

models yet failed to show efficacy in human patients [190-191].  
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There are a number of possible causes for the failure of Aβ targeting drugs in 

clinical trials. Aβ may not be causative in AD, but instead may simply be a side-

product of the disease progression. The clinical trial design may be faulty in that drug 

intervention is administered in late-stage AD while Aβ toxic effects occur 

significantly before (potentially decades before) the onset of symptoms. Clinical 

endpoints are subjective, making it difficult to determine the efficacy of any 

intervention. Alternatively, the 2D tissue culture models used to screen drugs for their 

ability to attenuate Aβ toxicity are poor models for the in vivo 3D environment. Some 

or all of the above hypotheses may be valid; however, in this study, I set out to test 

the last hypothesis, that 2D tissue culture models are a poor model for Aβ toxicity 

testing. 

In vitro models typically culture cells on a 2D surface to study the cellular 

response to Aβ [192-197]. However, 3D biomaterial scaffolds promote stem cell 

differentiation, cellular binding, and cell signaling that better represent in vivo cell 

behaviors compared to 2D cultures [24-25, 123, 198-203]. There is a growing trend 

across all of biotechnology and biopharmaceutical discovery teams to use 3D models 

of tissue as opposed to 2D tissue culture models, with remarkably good results [204-

206]. 3D AD models have begun to be used to model the human cellular aspects that 

mouse models inherently cannot. [207-210].  Some of these 3D models have even 

used iPSCs taken from an AD patient and differentiated them into neurons that 

produced Aβ and eventually tau tangles [110, 209-210].  However, these models have 

yet to be used routinely for drug testing. 
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3D environments such as collagen hydrogels used in tissue culture models 

form a confined space that excludes solvent volume from soluble macromolecules 

[22-23, 66]. Volume exclusion reduces the space available to an unfolded protein, 

thereby shifting the equilibrium towards a more compact protein conformation.  For 

most proteins, the native state is a compact conformation [32, 62, 70-71, 97, 104, 

107]. However, with intrinsically disordered proteins and other aggregation-prone 

proteins, confinement promotes rapid aggregation [30, 33-34, 83-86, 211].  Even for 

free, uncrosslinked crowding materials, the solvent exclusion effect has been 

observed experimentally [33, 85] and predicted from simulation [212-213].  

However, whether this effect leads to amorphous (off-pathway) aggregation [214-

215], or stabilization of on-pathway intermediates [216], is unclear as conflicting 

results have been reported [217]. Further, for hydrogels used as cell scaffolds (e.g., 

collagen) the influence of 3D environments on protein structure and aggregation is 

equally unclear. 

From studies carried out in solution and 2D culture models, I know that Aβ 

aggregation is intimately tied to its cytotoxicity.  Unstructured Aβ monomers 

associate with each other, forming unstable oligomers that are associated with 

neuronal toxicity [10-11, 218-220].  Fibrils and other protofibril structures are 

thought to be less toxic [11-12, 221].  While it is commonly held that the unstable 

toxic oligomers are an “on pathway” intermediate, there are some dissenting opinions 

[222].  Thus, a priori, it is difficult to predict the effect of 3D confined environments 

on the relative distribution of Aβ structures associated with aggregation and toxicity. 
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In this work, I tested the hypothesis that Aβ toxicity is altered for cells 

cultured in 3D hydrogels vs. 2D cell culture plates.  I show that Aβ aggregates more 

readily in the 3D confined environment of a hydrogel.  I suggest the differences in 

toxicity between 2D and 3D cultures are a result in a shift in chemical equilibrium 

from oligomer to fibril, and from toxic to less toxic species, in these environments.  

Finally, I propose that some clinical trials of AD drugs fail as a result of the 

differences in the biophysical environment in 2D culture and the in vivo environment; 

therefore, I suggest that future Aβ toxicity studies be conducted in 3D hydrogel 

cultures so that the biophysics of Aβ aggregation better approximates the in vivo 

scenario. 

 

Materials and Methods 

Amyloid-β Preparation 

Human amyloid-β (1-42) (Aβ) and scrambled Aβ (1-42) (Scr Aβ) 

(AIAEGDSHVLKEGAYMEIFDVQGHVFGGKIFRVVDLGSHNVA) was purchased 

from AnaSpec (Fremont, CA) and Genscript (Piscataway, NJ). HiLyte 488-labeled 

Aβ (1-42) (HiLyte Aβ) and FAM-labeled scrambled Aβ (1-42) (FAM Scr Aβ) were 

purchased from AnaSpec (Fremont, CA). All other unspecified reagents were 

purchased from Sigma Aldrich (St. Louis, MO) or Thermo Fisher Scientific 

(Waltham, MA).  

In order to break any existing β-sheet structures and monomerize the protein, 

lyophilized Aβ was pretreated with hexafluoro-2-propanol at a concentration of 1 
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mg/ml for 40 mins until Aβ was fully dissolved. Aβ aliquots were transferred into 

glass scintillation vials, and hexafluoro-2-propanol was evaporated under vacuum 

overnight. Aliquots of dried peptide film were stored at -20ᵒC. For an experiment, an 

Aβ aliquot was dissolved in freshly-made and filtered 60 mM NaOH and allowed to 

dissolve for 2 mins at room temperature. Tissue culture grade water was then added, 

and the vial was sonicated for 5 mins. The Aβ solution was then filtered with a 0.2-

μm pore, 4-mm diameter syringe filter. Sterile phosphate buffered saline (PBS) was 

then added to the Aβ monomer solution yielding a final concentration of 222 μM with 

the NaOH:water:PBS ratio of 2:7:1. The Aβ solution was used immediately after 

preparation. HiLyte Aβ and FAM Scr Aβ were prepared in the same 

NaOH:water:PBS ratio solution to a stock Aβ concentration of 10 μM. All FCS 

experiments used 250 nM fluorophore-labeled Aβ. 

 

Hydrogel Preparation 

Rat tail Type I collagen hydrogels were prepared to final concentrations 

ranging from 0.5 to 2 mg/ml. Cold 5x Dulbecco’s Modified Eagle’s Medium 

(DMEM) without phenol red, 7.5% sodium bicarbonate, sterile deionized water, and 

collagen were combined with PC12 cells to generate 3D substrates in black walled 

clear bottom well plates. The hydrogel solution (containing cells) was placed in a 

culture incubator for 20 mins to allow for gelation and then culture medium was 

added.  
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Cell Culture 

PC12 cells (ATCC, Manassas, VA) (CRL-1721TM) were cultured on in 

collagen-coated flasks. Growth medium consisted of DMEM/F12 with L-glutamine 

and without phenol red, supplemented with 10% inactivated horse serum, 5% fetal 

bovine serum, and 20 μg/ml gentamicin. The experimental medium consisted of 

Neurobasal medium without phenol red, supplemented with 1% B27 and 10 μg/ml 

gentamicin. Phenol red and serum were avoided in the experiments because they are 

inhibitors of Aβ aggregation [223-224].  

 

Live/Dead Assay 

PC12 cells were collected by trypsin treatment, and viability was determined 

by trypan blue staining. To remove serum, cells were resuspended in experimental 

medium, pelleted then resuspended again in experimental media. In a black-walled 

clear-bottom tissue culture treated 96-well plate, wells for 2D culture were collagen 

coated, and then PC12 cells were seeded at 15 x 103 cell/cm2. For the 3D hydrogels, 

PC12 cells were mixed in collagen gel solution at a concentration of 500 cell/μl; the 

solution was then pipetted (30 μl) into the well plate and allowed to solidify. All wells 

were incubated in 200 µl warmed medium. The medium was not changed during the 

72 hr experiment. 

To determine cell viability, the Live/Dead mammalian cell kit (Invitrogen, 

Carlsbad, CA) was applied at a concentration of 4 μM Calcein AM (green-fluorescing 

live cell reporter) and 9 μM Ethidium homodimer-1 (EthD) (red-fluorescing dead cell 
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reporter) and incubated at 37ᵒC for 30 minutes. Images were taken on an IX81 

Olympus inverted fluorescent microscope. A minimum of 100 cells were counted per 

well, two images per well, three wells per condition. The data is presented as percent 

viability, averaged between the three replicate experiments. An ANOVA Tukey 

pairwise test determined significant deviation from the population mean with a p-

value less than 0.05 with 95% confidence. 

 

Thioflavin T 

A black-walled clear-bottom 384 well plate (Costar) was sterilized under UV 

light for 15 minutes in a laminar flow hood. UltraPure grade Thioflavin T (ThT) 

(AnaSpec, Fremont, CA) was dissolved in deionized water at a concentration of 1 

mM then filter-sterilized. Wells for 2D and 3D samples were prepared as above, but 

containing 20 µM ThT. The wells were sealed with black TopSeal-A membranes to 

prevent evaporation. The ThT experiment was analyzed on a Spectra Max M5 

(Molecular Devices, San Jose, CA) spectrophotometer set to ex. 450 nm, em. 480 nm, 

at 37ᵒC, taking reads every 30 mins for 72 hrs, reading from the bottom of the plate. 

Replicates were averaged, Aβ data was corrected with ThT control data, and 

corrected curves were normalized. Due to the stochastic nature of aggregation, 

representative curves are presented here. 
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Transmission Electron Microscopy 

Samples for transmission electron microscopy (TEM) imaging were prepared 

as follows. Reconstituted 222 μM Aβ was diluted to 20 μM in experimental media. 

Timepoints were taken at 0, 24, 48, and 72 hrs. Samples were prepared on copper-

supported carbon formvar grids (FCF200-Cu-TB) (EMS, Hatfield, PA) and stained 

with 0.2% uranyl acetate. Grids were imaged at 180-220 kx on an FEI Morgagni 

M268 100 kV Transmission Electron Microscope equipped with a Gatan Orius CCD 

camera. 

 

Fluorescence Correlation Spectroscopy 

Theory 

Fluorescence Correlation Spectroscopy (FCS) measures the fluctuations of 

fluorescence in a small, optically-defined confocal volume (~10-15 liter). These 

fluctuations are typically attributed to the fluorescent particles moving in and out of 

the volume with a statistical average residence time, τD. The residence time is 

proportional to the hydrodynamic radius (RH) of the molecule. The fluctuations of 

detected photons inform the autocorrelation, G(τ), function defined as 

 

Where  is the fluorescence fluctuation determined from 

the measured fluorescence intensity,  , at time t, and the average intensity, , 

over the period of measurement.  The excitation laser, which is focused, is assumed to 
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have a 3D Gaussian profile, with a characteristic radial dimension (w0) and a 

characteristic axial dimension (z0). For a solution of n noninteracting, freely diffusing 

fluorescent species G(τ) is given by: 

 

 

Here the Di values are the n different values of diffusion constants and bi are 

the relative fractions in brightness of these species. In practice, the radial and axial 

dimensions were determined using Alexa 488 dye in water where the diffusion 

coefficient (430 μm2/s) is known and was used to estimate the excitation volume for a 

3D Gaussian beam [225]. 

 

Methods 

Neurobasal medium was used in preparing solution samples and contained 20 

μM Aβ and 250 nM HiLyte Aβ. Collagen hydrogels were prepared as described with 

20 μM Aβ and 250 nM HiLyte Aβ then pipetted into 0.8-mm deep hybridization 

chambers (PerkinElmer, Waltham, MA) on a borosilicate cover glass. Control 

samples were tested with 20 μM Scr Aβ and 250 nM FAM Scr Aβ.  

The FCS measurements were performed using an Alba-FFS microscope-based 

system from ISS Inc. (Champagne, IL).  The system is composed of: an Olympus 
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IX81 inverted microscope equipped with a 60X/1.35NA oil immersion objective lens, 

a Prior Pro stage, three different lasers (450 nm, 488 nm, and 532 nm), two 

Hamamatsu Photon Multiplier tubes (PMTs) for photodetection, and two sets of 

computer-controlled scanned mirrors for imaging.  In these measurements, only the 

488-nm diode laser was used for excitation of the fluorophores Alexa 488 or 

fluorescently-labeled Aβ, and the emitted fluorescence was collected through 

confocal detection with a pinhole (< 50 mm) located in the image plane of the excited 

focused beam inside the sample.  The emitted fluorescent beam was optically filtered 

further with (525/50nm) filter and then sent to a 50/50 beam splitter for detection by 

two PMTs positioned in a 90-degree angle configuration.  The photocounts of both 

PMTs were continuously acquired and then computationally cross-correlated in order 

to eliminate the afterpulsing effect of a single PMT, which is typically noticeable at 

short delay times (< 10 ms). 

Using Vista Vision software, two runs were carried out back to back 

collecting for 3 minutes each to generate the correlation function G(τ) for each 

sample at a time point. The two correlation functions were averaged, and the Scr Aβ 

correlation function was fit using the one-component model to determine the 

diffusivity of the monomer. Further, the measured time point correlation functions for 

Aβ were fit using the 2-component model where the size of species 1 was held 

constant at monomer diffusivity in order to derive the average aggregate diffusivity 

population of the second species. Additional refinement for fitting the correlation 

functions were also performed with the Maximum Entropy Method FCS (MEMFCS) 

thanks to a code gifted by Dr. S. Maiti (Tata Institute of Fundamental Research), 
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allowing us to obtain the heterogeneous distribution of aggregate diffusivities at each 

time point [176].  

Small molecules have a short delay time because they diffuse quickly through 

the volume, whereas large molecules have a long delay time because of their 

relatively slow diffusion through the volume. The 2-component model is intended to 

model two distinct molecular species in solution. For my samples, I held the 

monomer diffusivity constant as species 1 where the average diffusivity of aggregated 

species was identified by solving for species 2.  

Fluorophore labeling of Aβ monomers inhibits aggregation due to the bulky 

groups sterically preventing proper monomer to monomer stacking [159]. Therefore, I 

used a ratio of 1:80 HiLyte 488-labeled Aβ to unlabeled Aβ, and FAM-labeled Scr 

Aβ to unlabeled Scr Aβ, to allow unhindered β-sheet stacking. Nanomolar 

fluorophore concentrations are also preferable in FCS in order for the detectors to 

monitor few individual fluorescent molecules in the confocal volume, enhancing 

hence the signal-to-noise of the fluctuations.  

 

Results 

Toxicity of Aβ in 2D and 3D cultures 

I initially hypothesized that 3D hydrogels would be better models in which to 

test Aβ toxicity because neurons have a more in vivo like phenotype in 3D compared 

to 2D cultures [25, 226].  As such, I expected Aβ to be more toxic to cells in 3D than 



 

 
49 

 

in 2D.  To begin to test this hypothesis, I examined the toxicity of PC12 cells when 

dosed with Aβ (pretreated to remove β-sheet structure) in both 2D and 3D collagen 

over a 72 hr period.  

 

Figure 3.1 PC12 cell percent viability using a Live/Dead assay. 

Cells were cultured without Aβ (A & B, blue), or with 20 μM Aβ (A & B, yellow). 

Cells were imaged in 2D (C) and 3D (D), without Aβ and with Aβ, where live cells 

appear green (Calcein-AM), and dead cells appear red (EthD). Significant 

differences were seen in (A) 2D culture in the presence of Aβ at 24, 48, and 72 hrs 

signified by (*). Statistics used n = 4. P values at significantly different times in 2D 

culture: 24 hrs (0.004), 48 hrs (<0.001), and 72 hrs (<0.001). Error bars are the 

percent error of the mean population. Scale bar is 200 μm; all micrographs are the 

same magnification. 
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I acknowledge that the percent viability decreases for all samples over time, 

but it is important to note that the medium was not changed in order to preserve the 

Aβ aggregation environment. Over 72 hrs, cell waste may build up, and nutrients may 

run low; this would explain the decrease in cell viability in all conditions. The 

number of viable cells cultured in 2D with 20 μM pretreated Aβ decreased 

significantly by 24 hrs where the cell viability was 49% (p-value 0.004); at 48 hrs and 

72 hrs the cell viability was only 16% (p-value <0.001) and 12% (p-value <0.001) 

respectively (Figure 3.1A).  When cells were encapsulated within 3D collagen 

hydrogels, treatment with Aβ did not affect cell viability (Figure 3.1B).  

Representative fluorescence microscopy images of stained cells at 0 hrs, 24 hrs, and 

48 hrs in 2D and 3D culture are shown in Figures 3.1C and 3.1D respectively.  In the 

presence of Aβ, the cell death (red staining) at 48 hours in 2D culture is striking 

(Figure 3.1C), while no notable increase in cell death is observed in the Aβ-treated 

3D cultures (Figure 3.1D). 

 

TEM imaging of Aβ in solution 

Given the well-known correlation between Aβ structure or aggregation state 

and toxicity, I sought to confirm that the Aβ used in these studies aggregated as 

expected and that the surprising cell viability results were not the result of some 

anomalous aggregation process.  To this end, I performed TEM imaging of the 

pretreated Aβ at time points after dissolution relevant to the viability studies.   
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Representative TEM micrographs are shown in Figure 3.2.  At time zero, 

unstructured protein globules of various sizes were identified (Figure 3.2A). The 

smallest structures have a diameter of ~3.6 nm, which correlates well to the size of 

Aβ monomer (hydrodynamic radius of 1.8 nm) [227]. Larger globular structures are 6 

- 50 nm in diameter and lack any fibrillar structures. At 24 hrs, thin filamentous 

aggregates (~3 nm diameter) are seen to extend from the unstructured globules 

(Figure 3.2B). By 72 hrs, thick Aβ fibrils are present and associate with each other 

into structures ~13 nm in diameter (Figure 3.2C).  

 

Figure 3.2 TEM images of 20 μM pretreated Aβ in solution. 

Samples were stained with 0.2% uranyl acetate at time 0 hrs (A), 24 hrs (B), and 72 

hrs (C). 

 

 

Aβ aggregate diffusivities by FCS 

Given the inherent challenges of imaging hydrogels using TEM, I utilized 

FCS to infer relative Aβ aggregate size from the diffusivity of fluorescently-labeled 
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Aβ species. Diffusivity scales inversely to the radius of a particle. Therefore small 

diffusivity values correspond to large particles.  

Non-aggregating Scr Aβ was measured in solution and hydrogels as a 

monomer control. The diffusivity of these Scr Aβ monomers in solution was 

determined to be 175 μm2/s, whereas the diffusivity in the hydrogel was 129 μm2/s 

(Figure 3.3A & B).  As points for comparison, the diffusivity of Aβ monomer has 

been reported to be 180 μm2/s in solution and 62.3 μm2/s in brain tissue [153]. In 

solution, the diffusivity of the average Aβ aggregate population (determined using the 

2-component model) is ~9x slower than the monomer for up to 6 hrs (Figure 3.3A). 

In hydrogels, the diffusivity of the average Aβ aggregate population is ~150x slower 

than a monomer for up to 4 hrs (Figure 3.3B). 
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Figure 3.3 FCS G(τ) fit with a 2-component model. 

The correlation function (G(τ)) was obtained from 20 μM Aβ with 250 nM HiLyte Aβ 

in solution (A, orange symbols) and collagen hydrogel (B, purple symbols). Species 1 

was held constant at the diffusivity of the Scr Aβ control assumed to be monomer 

(solid line). Species 2 was calculated and represents the average Aβ aggregate 

diffusivity population (circles). The values of Scr Aβ diffusivity are displayed as solid 

lines, and the average aggregate species are displayed as circles. 
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The correlation functions were also analyzed using the MEMFCS program, 

which attempts to determine the distribution of size of the aggregating solutions. A 

distribution of multiple diffusivity populations of Aβ aggregates and their relative 

fractions were modeled. In solution, Aβ diffusivity values have a single broad 

distribution with an average peak diffusivity of 90 μm2/s (Figure 3.4A). The peak 

diffusivity of Aβ in solution is ~2x slower than the Scr Aβ diffusivity, suggesting an 

Aβ population predominately composed of dimers. In the hydrogel, Aβ has a peak 

diffusivity of 60 μm2/s, which is ~2x slower than the Scr monomer (129 μm2/s). 

However, in contrast to the solution samples that only have one diffusivity peak, the 

hydrogel sample data show a small secondary diffusivity peak as early as 5 mins after 

addition of Aβ to the hydrogel and persists throughout the measurement period (up to 

4 hrs) with diffusivity values in the range of 0.2 μm2/s to 3 μm2/s, or between 650x to 

45x slower than Scr Aβ (Figures 3.4B).  

Both analysis methods of the FCS data indicate that Aβ aggregates differently 

in 2D compared to 3D.  Based on these data, a rough estimate of aggregate species 

size in 3D is ~25x to 200x larger in diameter than the Aβ species detected in 2D. 
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Figure 3.4 FCS G(τ) modeled as population distributions. 

FCS G(τ) fit of 20 μM Aβ with 250 nM HiLyte Aβ using the MEMFCS program 

generously gifted by Dr. S. Maiti [228]. In A, solution time points were collected at 

45 min (solid line, light orange), 90 min (long dash, medium orange) and 380 min 

(short dash, dark orange). In B, collagen hydrogel timepoints were collected at 5 min 

(solid line, light purple), 30 min (long dash, medium purple), and 120 min (short 

dash, dark purple). 
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ThT fluorescence as a measure of Aβ aggregation kinetics 

While FCS is a powerful technique to measure diffusivities of molecules in 

complex media, it is difficult to get direct information on the structure or morphology 

of an aggregated species. Therefore, I used a ThT fluorescence assay as an additional 

measure of Aβ aggregation.  

Representative curves of ThT fluorescence vs. time are shown in Figure 3.5 

for Aβ aggregation in solution and collagen hydrogels.  In solution, fibrillar Aβ 

aggregation (signified by ThT fluorescence) has a lag phase during the first ~20 hrs, 

followed by rapid aggregation (Figure 3.5, orange). In hydrogels, however, fibrillar 

aggregation does not show a lag phase, and instead, fluorescence steadily increases 

from the initiation of the experiment (Figure 3.5, purple).  Depending upon the 

supplier and lot of Aβ tested, these curves lag time, and fluorescence intensity varied, 

but the qualitative differences between fibril Aβ aggregation in solution and the 

collagen hydrogel persisted; fibril aggregation was accelerated in the hydrogel 

compared to the solution. 



 

 
57 

 

 

Figure 3.5 ThT Aβ aggregation kinetics in solution vs. collagen hydrogel. 

ThT fluoresces only when bound to stacked β-sheet structures. Shown are 

representative data of ThT fluorescence due to Aβ aggregation in solution (orange 

circle) and collagen hydrogel (purple star). 

In solution samples, the duration of the aggregation lag phase varied with Aβ 

concentration: greater Aβ concentrations correlated with shorter lag phases of fibril 

aggregation in solution. The lag phase lasted 7.5 hrs for 10 μM Aβ, 4 hrs for 25 μM 

Aβ, and only 1 hr for 50 μM Aβ (Figure 3.6A).  This effect was also noted for 

hydrogels, but on a much faster timescale: the lag phase was 1 hr for 10 μM Aβ, and 

nonexistent for 25 μM and 50 μM Aβ (Figure 3.6B).  The rate of fibril aggregation 

was also influenced by the collagen concentration of the hydrogel: at collagen 

concentrations of 0.5, 1, 1.5 and 2 mg/ml, the lag phases were observed to be 13.5 

hrs, 9.5 hrs, 9 hrs, and 6.5 hrs, respectively (Figure 3.6C). 
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Figure 3.6 Aβ and collagen concentration impact ThT aggregation kinetics. 

ThT aggregation kinetics comparing Aβ concentrations (10 μM, light x; 25 μM, 

medium circle; 50 μM, dark triangle) in solution (A, orange) and collagen hydrogel 

(B, purple). In C, Aβ aggregation kinetics is compared in hydrogels with collagen 

concentrations of 0.5 mg/ml (blue circle), 1 mg/ml (green triangle), 1.5 mg/ml (yellow 

square), and 2 mg/ml (red diamond). 
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Discussion 

For almost three decades, researchers have recognized a link between Aβ and 

AD and pursued drug candidates capable of preventing Aβ aggregation as new 

therapeutic strategies for AD [229-231].  These interactions were measured in cell 

culture experiments but were associated with little or no efficacy in pre-clinical 

testing and clinical trials [20, 191, 232-235]. 

There is a growing appreciation that cells grown in vitro, on rigid polystyrene 

tissue culture surfaces, behave very differently than cells in vivo, and that the stiffness 

of the surface upon which cells are grown can have profound epigenetic effects on 

cells that influence their phenotype [236-237].  In addition, many investigators have 

observed that morphologies of neuronal cells are strikingly more similar to those 

expressed in vivo in 3D vs. 2D culture [24-26, 238]. Thus, the use of 3D cell culture 

models for AD drug development may lead to a more positive correlation between 

successes in vitro and successes in clinical outcomes. 

The preponderance of literature reports indicates that Aβ is toxic to cells in 

culture only when aggregated and that it is the oligomeric or intermediate-sized 

aggregation species that are the most toxic species, with large fibril aggregates being 

less toxic [218, 221]. These findings were reported for cells in traditional culture on 

flat rigid substrates such as polystyrene or glass.  To my knowledge, no one has 

explored Aβ aggregation kinetics and cellular toxicity in a 3D cell culture model. 
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In the work presented here, my 2D cell culture of PC12 cells demonstrated the 

expected cytotoxic nature of Aβ aggregates. However, when PC12 cells and Aβ were 

encapsulated within 3D collagen hydrogels, the cytotoxic effects were attenuated. I 

supposed that this effect could be due to one of two effects, either (1) the 3D 

environment altered the phenotype of the PC12 cells, making them less susceptible to 

Aβ, or (2) the 3D environment altered the aggregation of Aβ. Given that PC12 cells 

and other neuron-like cells take on a phenotype more closely associated with an in 

vivo neuron in 3D [24-25, 239], I assumed that my first hypothesis was less probable.  

Therefore, in this work, I set out to investigate how the 3D collagen hydrogel 

environment affects Aβ structure and aggregation. 

I used a combination of biophysical methods to investigate Aβ structure and 

aggregation both in solution and in the 3D collagen hydrogel. TEM micrographs of 

pretreated Aβ that underwent aggregation in solution confirm that the structures seen 

during my experiments are typical of those seen by others [240-241]. The 

pretreatment process removed any observable fibril or protofibril structures (Figure 

3.2A). FCS and ThT measurements at these early time points (<24 hrs) suggest that 

only small, rapidly diffusing species remained after Aβ pretreatment; the samples 

were devoid of any extended β-sheet structures (Figures 3.3A, 3.4A, and 3.5, 

respectively). These results are consistent with literature reports for Aβ pretreatment 

via this method [220, 227].  Shortly after the dissolution of Aβ, the Aβ in solution 

appeared to form dimer or similar diffusing species (Figure 3.4A), and other 

somewhat larger aggregated species with diffusivity values on the order of 20 μm2/s 

(Figure 3.3A).  The observance of monomers and dimers in equilibrium at early 
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stages of aggregation of Aβ in solution has been seen via other methods including 

chromatography [242-243] and hydrogen exchange mass spectrometry and others 

[244-245]. The observance of larger aggregated species in Aβ solutions that are non-

fibril (i.e., they do not bind ThT; Figure 3.5), such as the more slowly diffusing 

species seen in FCS (Figure 3.3A) and TEM micrographs (Figure 3.2B), is consistent 

with the formation of the toxic oligomer species. While there is considerable debate 

concerning the actual size and structure of the most toxic species of aggregated Aβ, 

most consider that this species is smaller than a fibril [246], and by some accounts, 

the diffusivity of the toxic Aβ species is on the order of 20 μm2/s [12, 247]. Aβ 

aggregated for 72 hours shows typical fibril structures via TEM (Figure 3.1C), that 

bind ThT (Figure 3.4A), as would be expected for large extended β-sheet structures 

[9]. Given the typical aggregation pathway, I observed of Aβ in solution – one that 

included detectable oligomers that are suggested to be the most toxic species – the 

viability results observed in 2D cell culture (Figure 3.1A and 3.1C) were expected. 

The same careful biophysical examination of Aβ aggregation in 3D collagen 

hydrogels demonstrates that aggregation does not proceed through the same pathway 

as in solutions.  Even at early times during aggregation, no slowly diffusing species 

(diffusivity ~20 µm2/s) were observed (Figures 3.3B, 3.4B).  At these early times 

during aggregation, only a small unaggregated species and a very large/slow diffusing 

species were observed; the larger species diffused 10x to 100x more slowly than the 

oligomer observed in solution (Figures 3.3, 3.4).  Given the ThT fluorescence seen 

even at these early times (Figure 3.5), this larger species may be a fibril form of Aβ.  I 

hypothesize that I did not observe any notable Aβ toxicity in 3D culture because Aβ 
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aggregation proceeded through a pathway that did not include the formation of any 

detectable oligomeric species that are typically associated with Aβ toxicity. 

  While I am not aware of any other studies of Aβ aggregation in a 3D 

environment, the effect of crowding and confinement on protein folding and 

aggregation has been previously studied [32, 34].  Biomaterial scaffolds are 

composed of self-associating or crosslinked structures that exert an excluded volume 

effect on soluble molecules that are entrapped within. The excluded volume effect 

increases the local concentration of soluble molecules, increasing the chance of 

protein-protein interactions. The reduced volume also confines the available space a 

protein may use to fold, promoting a more compact, low entropy conformation. 

Uncrosslinked crowding molecules such as PEG, Ficoll, and bovine serum albumin 

stabilize protein folding into functional states or accelerate aggregation in 

aggregation-prone proteins (e.g., lysozyme, α-synuclein, and β2-microglobulin) [34, 

83, 85]. Confinement has a greater stabilization effect than crowding but is seldom 

used to study the biophysics of proteins [105, 107, 248]. I suggest that in my studies, 

the confinement provided by the 3D collagen hydrogel resulted in increased Aβ-Aβ 

interactions, thus leading to the observed faster aggregation kinetics and the lack of 

slower diffusing species.  If this were the case, then I would expect to see that higher 

concentrations of Aβ shortened the lag time to the onset of rapid aggregation due to 

the greater probability of nucleation of aggregation.  This is indeed what I observed 

(Figure 3.6A and B).  At every concentration tested, the lag phase until the onset of 

rapid aggregation was significantly shorter in 3D environments and shorter at higher 

Aβ concentrations.  The acceleration of aggregation of Aβ with increasing 
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concentrations of collagen in the 3D hydrogels (Figure 3.6C) is consistent with the 

hypothesis as well; higher collagen concentrations would lead to smaller void spaces 

in the 3D collagen hydrogel, thus greater confinement, increased Aβ-Aβ interactions, 

and acceleration of Aβ aggregation. 

When Aβ aggregation is nucleated in a confined environment, the β-sheet 

structures that form are more stable vs. aggregation as free molecules in solution, 

resulting in faster filament growth. Such stabilization of β-sheet structured Aβ 

aggregates that occurs in collagen hydrogels should result in a shift in the chemical 

equilibrium of aggregate species. In solution, the equilibrium composition of Aβ 

species is expected to be a distribution of unstructured monomer – dimer – multimer 

species.  In confined collagen hydrogels, however, I hypothesize (and my data 

support) that the equilibrium is shifted to stable β-sheet aggregates and away from the 

relatively unstable/unstructured presumed toxic oligomeric Aβ species.  

I propose that the attenuation of Aβ toxicity observed in the 3D environment 

is due to the shift in aggregation kinetics of Aβ away from the smaller toxic oligomer. 

However, other explanations are also plausible.  Aggregated Aβ species may have 

hindered diffusion in the 3D collagen hydrogel.  The FCS data suggest that at least at 

early times the Aβ species do diffuse within the hydrogel.  In addition, the mesh size 

of the 3D collagen hydrogels used in this study was ~10 μm, one to two orders of 

magnitude larger than reports of sizes of Aβ toxic oligomers [249-250]. Therefore, I 

do not conclude that hindered diffusion of Aβ within the hydrogel contributed 

significantly to the attenuation in Aβ toxicity observed in 3D compared to 2D 

environments.  It is also possible that the 3D environment resulted in some 



 

 
64 

 

unexpected phenotypic change in the PC12 cells that I cannot rule out in the studies 

performed in this work. 

The shift in the equilibrium of Aβ species away from smaller potentially toxic 

species to larger extended β-sheet species in confined environments observed in my 

studies may suggest similar phenomena in vivo tissues.  At the very least, my studies 

suggest that Aβ aggregation kinetics are fundamentally different in 3D structures as 

compared to in the solution phase of 2D culture, making a direct translation of results 

from a 2D culture model to a more in vivo-like 3D culture model difficult.  However, 

this relatively simple collagen hydrogel cannot recapitulate the complexity of the in 

vivo environment. I can only speculate that the high percentage of failed Aβ targeting 

drugs in clinical trials may be due to the drug discovery models missing essential 

properties such as confinement and dimensionality. Knowing the biophysical impact 

of confinement stabilizing toxic Aβ aggregate species, advanced 3D in vitro models 

may be developed to investigate AD pathology and be implemented in AD drug 

development. 
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Chapter 4 : Impact of four common hydrogels on Amyloid-β 

(Aβ) aggregation and cytotoxicity: Implications for 3D 

models of Alzheimer’s disease 

**This chapter has been submitted for publication** 
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Introduction 

Alzheimer’s disease (AD) is the most common form of dementia [251], and is 

associated with the accumulation of amyloid-β (Aβ), a protein whose aggregation is 

associated with neurotoxicity [188]. There is still debate over the exact size and 

structure of the most toxic Aβ species, but it is widely held that small oligomers that 

lack β-sheet structure are more toxic than assembled β-sheet fibrils [10-11, 218-220]. 

Since the first genetic connection between Aβ and early-onset AD, investigators have 

targeted Aβ as a potential therapeutic strategy [189, 230-231]. Many anti-Aβ antibody 

drugs (e.g., aducanumab, solanezumab, crenezumab, gantenerumab) have had 

promising preclinical results; however, all have failed to show a significant clinical 

benefit [190-191, 252].   

We have previously demonstrated that Aβ cytotoxicity was attenuated in 3D 

type I collagen hydrogels as compared to in 2D culture in which significant cell death 

occurred [253]. I suggested that in collagen hydrogels, a) the structural equilibrium of 

Aβ is shifted to favor larger β-sheet aggregates in contrast to in solution where the 

smaller oligomeric Aβ species persisted and b) that this shift in distribution of Aβ 

structures may have led to the stabilization of larger, less toxic fibril species 

compared to the species observed in solution. Confinement excludes the locally-

available solvent, which promotes a more compact peptide/protein structure. 

Confinement also increases local protein concentration, promoting protein-protein 

interactions. This finding challenges the choice of 2D culture for investigations of Aβ 

cytotoxicity. Yet, only a few 3D gel-based models of AD have been published to 
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date, all using the gel matrix Matrigel® (Corning) [110, 209-210]. Matrigel® is 

composed of basement membrane ECM molecules (60% laminin, 30% collagen IV, 

and 8% entactin) and is also commonly used to investigate stem cell differentiation 

[201-202, 254-256].  

A second possible explanation of my previous results is that 3D culture in a 

collagen hydrogel results in changes in cell signaling, phenotype, or potentially the 

expression or function of receptors available for Aβ interaction, resulting in 

attenuated toxicity. In support of this explanation, it is known that epigenetic changes 

occur in 3D culture that influences cellular phenotype [236-237].  Further, in 

comparison to 2D culture, cell morphologies of neuronal cells grown in 3D culture 

are strikingly similar to those expressed in vivo [24-26, 203, 238]. Finally, there have 

been numerous reports of cell surface receptors that bind Aβ, with the numbers of 

candidate receptors totaling 30 or more [257].  Thus, it is possible that the attenuation 

of Aβ cytotoxicity observed in 3D collagen may be unrelated to Aβ structural 

changes, but instead, be related to cellular responses that are altered due to 3D culture 

or the presence of collagen.   

In this work, I investigated the extent to which of this Aβ confinement effect 

also occurs in other 3D hydrogels that vary in biomaterial physiochemical properties 

(e.g., mesh size, chemical composition, and biological activity). In this work, I 

studied Aβ structure, aggregation, and toxicity in hydrogels primarily composed of 

type I collagen, low melting temperature agarose, hyaluronic acid (HA), or 

polyethylene glycol (PEG) (Figure 4.1). In choosing these gel types, I was less 

concerned with specific biological relevance to brain tissue, rather focusing on gels 
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that vary greatly in mesh size, the potential to alter cell phenotype, and the potential 

to interact with one or more of the many suspected Aβ cell surface receptors [257]. I 

excluded laminin and laminin-containing materials (such as Matrigel®) from these 

studies because of laminin’s high affinity for Aβ and its potent inhibition of fibril 

formation [258] Indeed, in my early experiments, I noted that Aβ did not aggregate in 

gels containing laminin (data not shown). 

 

Figure 4.1 Properties of four 3D hydrogels. 

Four biomaterials were used as hydrogels to encapsulate PC12 cells and Aβ based 

on their biophysical properties. Collagen is biologically active with a mesh size ~ 10 

μm. Agarose is an inert polysaccharide with a mesh size ~ 800 nm. HA is a 

biologically active glycosaminoglycan modified with maleimide groups and 
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crosslinked with PEG dithiol with a mesh size ~ 200 nm. PEG is an inert polymer 

crosslinking a 4-arm PEG maleimide with a PEG dithiol with a mesh size ~ 10 nm. 

Collagen is the most abundant extracellular matrix (ECM) molecule making 

up 30% of total mammalian protein mass [259-260]. Type I collagen is the primary 

protein in the interstitial ECM and is commonly applied to in vitro models of cancer 

invasion [27, 261]. Many cell types have type I collagen binding motifs that are 

important for adhesion, motility, and signaling [25, 200, 262]. The mesh size of type I 

collagen hydrogels is on the order of ~10 μm [250]. 

Agarose is an inert polysaccharide that forms hydrogels with mesh size and 

stiffness that are controlled by agarose concentration and setting temperature [263]. 

Agarose hydrogel mesh size can range from 200 nm to 800 nm [131, 263].  Agarose 

hydrogels have been utilized to study the diffusion of molecules through porous 

media [130-131] and investigate the effect of material stiffness on cell morphology 

[264]. In particular, pre-aggregated Aβ40 has been applied to 3D agarose culture; 

however, the aggregate structure was not investigated [247]. 

HA is a biologically-active glycosaminoglycan found in the ECM of soft 

connective tissues, especially the central nervous system (CNS) which is devoid of 

most proteinaceous ECM molecules [265-266]. Considering HA is a natural ECM 

molecule, it is inherently biocompatible and therefore is commonly selected for 

applications in regenerative medicine and drug delivery [111, 113, 152]. HA plays an 

important role in development and is therefore particularly relevant to in vitro 

cultures of stem cells and cancer cells [119, 267-271]. To form stable hydrogels, HA 
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can be modified with reactive functional groups and crosslinked to yield gels with a 

wide variety of properties [272-274]. HA mesh size is dependent on the molecular 

weight of the HA, the degree of modification of functional groups, and the 

crosslinking chemistry, and is typically between 100 – 600 nm [112, 119, 121]. 

PEG is an inert synthetic polymer that can be modified with reactive 

functional groups and crosslinked into a hydrogel scaffold [23, 275].  The particular 

crosslink chemistry can be selected to adjust gelation time, and the PEG molecular 

weight, and concentration influence gel stiffness and mesh size, which is typically 10 

– 20 nm [276-277].  

The work described herein examines Aβ aggregation and cytotoxicity in four 

hydrogels that are commonly selected for applications that involve encapsulated cells 

(Figure 4.1). I was particularly interested in collagen, agarose, HA and PEG gels 

because they have mesh sizes varying from ~10’s of nm to ~10’s of µm. These mesh 

sizes were hypothesized to impart confined microenvironments on Aβ that are 

relevant to the sizes of Aβ structures, from monomers/oligomers to fibrils.  I was also 

interested in these hydrogels given their range of physiochemical properties and 

potential to interact with cells.    
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Materials and Methods 

Beta-Amyloid Preparation 

Human beta-amyloid (1-42) (Aβ) and scrambled Aβ (1-42) (Scr Aβ) 

(AIAEGDSHVLKEGAYMEIFDVQGHVFGGKIFRVVDLGSHNVA) was purchased 

from AnaSpec (Fremont, CA) and Genscript (Piscataway, NJ). HiLyte 488-labeled 

Aβ (1-42) (HiLyte Aβ) and FAM-labeled scrambled Aβ (1-42) (FAM Scr Aβ) were 

purchased from AnaSpec (Fremont, CA). All other unspecified reagents were 

purchased from Sigma Aldrich (St. Louis, MO) or ThermoFisher Scientific 

(Waltham, MA).  

To break any existing β-sheet structures and monomerize the protein, 

lyophilized Aβ was pretreated with hexafluoro-2-propanol at a concentration of 1 

mg/ml for 40 mins until Aβ was fully dissolved. Aβ aliquots were transferred into 

glass scintillation vials, and hexafluoro-2-propanol was evaporated under vacuum 

overnight. Aliquots of dried peptide film were stored at -20ᵒC. For an experiment, an 

Aβ aliquot was dissolved in freshly-made and filtered 60 mM NaOH and allowed to 

dissolve for 2 mins at room temperature. Tissue culture grade water was then added, 

and the vial was sonicated for 5 mins. Next, the Aβ solution was filtered with a 0.2-

μm pore, 4-mm diameter syringe filter. Sterile phosphate buffered saline (PBS) was 

then added to the Aβ monomer solution yielding a final concentration of 222 μM with 

the NaOH:water:PBS ratio of 2:7:1. The Aβ solution was used immediately after 

preparation. HiLyte Aβ and FAM Scr Aβ were prepared in the same 

NaOH:water:PBS ratio solution to a stock Aβ concentration of 10 μM.  
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Hydrogel Preparation 

Rat tail type I collagen hydrogels were prepared to final concentrations of 1 

mg/ml. Cold 5x Dulbecco’s Modified Eagle’s Medium (DMEM) without phenol red, 

7.5% sodium bicarbonate, sterile deionized water, and collagen were combined with 

PC12 cells to generate 3D substrates in black-walled clear-bottom well plates.  

SeqPlaque Agarose with a concentration of 1% (w/v) was prepared in 

deionized water and sterilized. Agarose was heated to 68ᵒC then cooled at room 

temperature for 5 minutes before mixing 1:1 with concentrated culture medium; 

yielding a solution of 1x DMEM without phenol red, 1% B27, and 0.5% agarose. The 

hydrogel solution was dispensed into black-walled clear-bottom well plates and 

placed in a culture incubator for 20 mins to allow for gelation.  

HA and PEG hydrogels were each crosslinked by a maleimide-thiol Michael 

addition click reaction. Hyaluronic acid (HA, 242 kDa) was functionalized with 

maleimide (HA-Mal) following a published protocol [121]. Briefly, HA was 

dissolved in 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES) buffer at a 

concentration of 5.15 mM. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, 

15 mM) and N-hydroxysuccinimide (NHS, 15 mM) were added, and the solution was 

mixed for 30 mins. Next, N-(2-aminoethyl) maleimide trifluoroacetate salt (AEM, 10 

mM) was added and mixed for 4 hrs covered with plastic wrap. The mixture was 

dialyzed against 50 mM NaCl in deionized water for 3 days, then against deionized 

water for 3 days. The dialyzed solution was then sterile-filtered and aliquoted 
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aseptically into sterile 15-ml tubes, lyophilized and stored at -20ᵒC. The degree of 

substitution, the number of maleimide groups per HA chain, was determined as per 

[121] by 1H NMR to be ~40.  

For HA hydrogels, HA-Mal was prepared at 1% (w/v) and mixed equal 

volume with PEG dithiol (10 kDa) at a molar ratio of 1:1.2 maleimide to thiol. For 

PEG hydrogels, 4-arm PEG maleimide (PEG-Mal, 20 kDa) was prepared at 5% (w/v) 

and mixed equal volume with PEG dithiol (10 kDa) at a molar ratio of 1:1 maleimide 

to thiol. All HA and PEG solutions were dissolved in Neurobasal medium 

supplemented with 1% B27. PEG solutions were filter-sterilized. In black-walled 

clear-bottom well plates, maleimide solutions were pipetted into the well first, then 

the thiol solution containing experimental additives (cells, Aβ, ThT) was pipetted into 

the maleimide droplet to mix. Both HA and PEG gels crosslinked within ~5 sec. 

 

Thioflavin T 

A black-walled clear-bottom 384 well plate (Costar) was sterilized under UV 

light for 15 minutes in a laminar flow hood. UltraPure grade Thioflavin T (ThT) 

(AnaSpec, Fremont, CA) was dissolved in deionized water at a concentration of 1 

mM then filter-sterilized. Wells for 2D and 3D samples were prepared as above but 

contained 20 µM ThT. The wells were sealed with black TopSeal-A membranes to 

prevent evaporation. The ThT experiment was analyzed on a Spectra Max M5 

(Molecular Devices, San Jose, CA) spectrophotometer set to ex. 450 nm, em. 480 nm, 

at 37ᵒC, taking measurements every 30 mins for 72 hrs and reading from the bottom 
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of the plate. Replicates were averaged, Aβ data was corrected with ThT control data, 

and corrected curves were normalized. As in standard practice in Aβ aggregation 

studies [7, 278] due to the stochastic nature of aggregation, curves representative of at 

least 10-20 experiments are presented here. 

 

Fluorescence Correlation Spectroscopy 

Theory 

Fluorescence Correlation Spectroscopy (FCS) measures the fluctuations of 

fluorescence in a small, optically-defined confocal volume (~10-15 liter). These 

fluctuations are typically attributed to the fluorescent particles moving in and out of 

the volume with a statistical average residence time, τD. The residence time is 

proportional to the hydrodynamic radius (RH) of the molecule. The fluctuations of 

detected photons inform the autocorrelation, G(τ), function defined as 

 

Where  is the fluorescence fluctuation determined from 

the measured fluorescence intensity,  , at time t, and the average intensity, , 

over the period of measurement.  The excitation laser, which is focused, is assumed to 

have a 3D Gaussian profile, with a characteristic radial dimension (w0) and a 

characteristic axial dimension (z0). For a solution of n noninteracting, freely diffusing 

fluorescent species G(τ) is given by: 
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Here the Di values are the n different values of diffusion constants and bi are 

the relative fractions in brightness of these species. In practice, the radial and axial 

dimensions were determined using Alexa 488 dye in water where the diffusion 

coefficient (430 μm2/s) is known and was used to estimate the excitation volume for a 

3D Gaussian beam [225]. 

 

Methods 

Experimental medium was used in preparing solution samples and contained 

20 μM Aβ and 250 nM HiLyte Aβ. Hydrogels were prepared as described with 20 

μM Aβ and 250 nM HiLyte Aβ then pipetted into 0.8-mm deep hybridization 

chambers (PerkinElmer, Waltham, MA) on a borosilicate cover glass. Control 

samples were tested with 20 μM Scr Aβ and 250 nM FAM Scr Aβ.  

The FCS measurements were performed using an Alba-FFS microscope-based 

system from ISS Inc. (Champagne, IL).  The system is composed of: an Olympus 

IX81 inverted microscope equipped with a 60X/1.35NA oil immersion objective lens, 

a Prior Pro stage, three different lasers (450 nm, 488 nm, and 532 nm), two 
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Hamamatsu Photon Multiplier tubes (PMTs) for photodetection, and two sets of 

computer-controlled scanned mirrors for imaging.  In these measurements, only the 

488-nm diode laser was used for excitation of the fluorophores Alexa 488 or 

fluorescently-labeled Aβ, and the emitted fluorescence was collected through 

confocal detection with a pinhole (< 50 mm) located in the image plane of the excited 

focused beam inside the sample.  The emitted fluorescent beam was optically filtered 

further with (525/50nm) filter and then sent to a 50/50 beam splitter for detection by 

two PMTs positioned in a 90-degree angle configuration.  The photocounts of both 

PMTs were continuously acquired and then computationally cross-correlated in order 

to eliminate the afterpulsing effect of a single PMT, which is typically noticeable at 

short delay times (< 10 ms). 

Using Vista Vision software, two runs were carried out back to back 

collecting for 3 minutes each to generate the correlation function G(τ) for each 

sample at a time point. The two correlation functions were averaged, and the Scr Aβ 

correlation function was fit using the one-component model to determine the 

diffusivity of the monomer.  Further, the measured time-correlation functions for Aβ 

were fit using the 2-component model where the size of species 1 was held constant 

at monomer diffusivity in order to derive the average aggregate diffusivity population 

of the second species. Additional refinement for fitting the correlation functions were 

also performed with the Maximum Entropy Method FCS (MEMFCS) thanks to a 

code gifted by Dr. S. Maiti (Tata Institute of Fundamental Research), allowing us to 

obtain the heterogeneous distribution of aggregate diffusivities at each time point  

[176].  
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Small molecules have a short delay time because they diffuse quickly through 

the volume, whereas large molecules have a long delay time because of their 

relatively slow diffusion through the volume. The 2-component model is intended to 

model two distinct molecular species in solution. For my samples, I held the 

monomer diffusivity constant as species 1 where the average diffusivity of aggregated 

species was identified by solving for species 2.  

Fluorophore labeling of Aβ monomers inhibits aggregation due to the bulky 

groups sterically preventing proper monomer to monomer stacking [159]. Therefore, I 

used a ratio of 1:80 HiLyte 488-labeled Aβ to unlabeled Aβ, and FAM-labeled Scr 

Aβ to unlabeled Scr Aβ, to allow unhindered β-sheet stacking. Nanomolar 

fluorophore concentrations are also preferable in FCS in order for the detectors to 

monitor few individual fluorescent molecules in the confocal volume, enhancing 

hence the signal-to-noise of the fluctuations. 

 

Cell Culture 

PC12 cells (ATCC, Manassas, VA) (CRL-1721TM) were cultured in 

collagen-coated flasks. Growth medium consisted of DMEM/F12 with L-glutamine 

and without phenol red, supplemented with 10% inactivated horse serum, 5% fetal 

bovine serum, and 20 μg/ml gentamicin. The experimental medium consisted of 

Neurobasal medium without phenol red, supplemented with 1% B27 and 20 μg/ml 

gentamicin. Phenol red and serum were avoided in the experiments because they are 

inhibitors of Aβ aggregation [223-224].  
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Live/Dead Assay 

PC12 cells were collected by trypsin treatment, and viability was determined 

by trypan blue staining. To remove serum, cells were resuspended in experimental 

medium, pelleted then resuspended again in experimental media. In a black-walled 

clear-bottom tissue culture treated 96-well plate, wells for 2D culture were collagen-

coated, and then PC12 cells were seeded at 15 x 103 cell/cm2. For the 3D hydrogels, 

PC12 cells were mixed in collagen and agarose gel solution at a concentration of 500 

cell/μl; the solution was then pipetted (30 μl) into the well plate and allowed to 

solidify. For HA and PEG hydrogels, PC12 cells were mixed in PEG dithiol solutions 

at a concentration of 1000 cell/μl. HA-Mal and PEG-Mal solutions were pipetted (15 

μl) into the well first; then the PEG dithiol solution (containing cells) was pipetted 

(15 μl) into the maleimide solution to mix. The final HA and PEG hydrogels had a 

PC12 cell concentration of 500 cell/μl. All wells were incubated in 200 µl warmed 

medium.  

To determine cell viability, the Live/Dead mammalian cell kit (Invitrogen, 

Carlsbad, CA) was applied at a concentration of 4 μM Calcein AM (green-fluorescing 

live cell reporter) and 9 μM Ethidium homodimer-1 (EthD) (red-fluorescing dead cell 

reporter) and incubated at 37ᵒC for 30 minutes. Images were captured on an IX81 

Olympus inverted fluorescent microscope. A minimum of 100 cells were counted per 

well (two images per well), and three wells per condition were tested. The data is 

presented as percent viability, averaged between the three replicate experiments. An 
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ANOVA Tukey pairwise test determined significant deviation from the population 

mean with a p-value less than 0.05 with 95% confidence. 

 

Results 

In my earlier work, I observed that Aβ aggregation kinetics varied between 

the contexts of a solution and a 3D collagen hydrogel and that the variations in Aβ 

aggregation were associated with differences in cytotoxicity between those two 

contexts. I suggested that the altered Aβ aggregation in the collagen gel was due to 

confinement within the gel structure, which imparts a shift in the equilibrium Aβ 

species quickly to larger aggregates vs. the prolonged presence of oligomers in the 

solution of a 2D culture. Herein, I further explore this Aβ confinement effect in four 

hydrogel types that vary in mesh size with size scales relevant to Aβ structures, from 

monomers/oligomers to fibrils.  Because cell-collagen-Aβ interactions may be related 

to the observed attenuated cytotoxicity, I was also interested in these hydrogels given 

their range of physiochemical properties and potential to interact with cells.    

 

ThT fluorescence as a measure of Aβ aggregation kinetics 

To examine the impact of different 3D environments of Aβ aggregation, I 

used the ThT assay to identify the presence of β-sheet Aβ aggregates in solution 

compared to in collagen, agarose, HA, and PEG hydrogels.  
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Representative curves of ThT fluorescence vs. time are shown in Figure 4.2 

for Aβ aggregation in solution and hydrogels.  In solution, fibrillar Aβ aggregation 

(signified by ThT fluorescence) had a lag phase during the first ~20 hrs, followed by 

rapid aggregation. In all hydrogels, however, fibrillar aggregation did not exhibit a 

lag phase, and instead, fluorescence steadily increased from the initiation of the 

experiment (Figure 4.2).  Depending upon the supplier and the particular lot of Aβ 

tested, lag time as well as the maximum fluorescence intensity varied, but all shared 

the same qualitative features of fibril Aβ aggregation in solution vs. the hydrogels: 

fibril aggregation was accelerated in the hydrogels compared to in solution.  Fibrillar 

Aβ aggregation appeared to proceed most rapidly in the gel with the smallest mesh 

size -- the PEG hydrogel showed the fastest initial onset of ThT fluorescence.   

 

Figure 4.2 ThT Aβ aggregation kinetics in solution and four hydrogels. 
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ThT binding to stacked β-sheet amyloids triggers fluorescence and therefore tracks 

kinetics of β-sheet filament aggregation in solution (orange circle), collagen hydrogel 

(purple star), agarose hydrogel (green square), HA hydrogel (blue diamond), and 

PEG hydrogel (gray triangle). 

 

Aβ aggregate diffusivities by FCS 

Whereas ThT experiments provide insight into Aβ aggregate structure and 

kinetics, this approach is limited in that it cannot indicate aggregate size. Therefore, I 

utilized FCS to infer relative Aβ aggregate size from the diffusivity of fluorescently-

labeled Aβ species. Diffusivity scales inversely to the radius of a spherical particle. 

Therefore small diffusivity values correspond to large particles. While Aβ aggregates 

are not spherical, this general idea that diffusivity scales inversely with particle size 

still applies. 
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Figure 4.3 FCS G(τ) fit using a triplet 2-component model. 

G(τ) of 20 μM Aβ with 250 nM HiLyte Aβ where Species 1 was held constant at the 

calculated Scr Aβ diffusivity (in each condition) assumed to be monomer (solid line). 

Species 2 was solved for and represents the average aggregate species diffusivity 

population in solution (A, orange), collagen hydrogel (B, purple), agarose hydrogel 

(C, green), HA hydrogel (D, blue), and PEG hydrogel (E, gray). 

Non-aggregating Scr Aβ was used as a control of monomer diffusivity. The 

diffusivity of these Scr Aβ monomers in solution was determined to be 175 μm2/s, 

whereas the diffusivity in the hydrogels were 129 μm2/s (collagen), 145 μm2/s 

(agarose), 65 μm2/s (HA), and 59.5 μm2/s (PEG) (Figure 4.3).  As points for 

comparison, the diffusivity of Aβ monomer is 180 μm2/s in solution and 62.3 μm2/s in 

brain tissue [153]. In solution, the diffusivity of the average Aβ aggregate population 

(determined using the 2-component model) is ~6x slower than the monomer with 
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little variation for up to 6 hrs (Figure 4.3A). In collagen, the diffusivity of the average 

Aβ aggregate population is ~850x slower than the monomer for up to 4 hrs (Figure 

4.3B). In agarose, the diffusivity of the average Aβ aggregate population is ~3,600x 

slower than the monomer for up to 4 hrs (Figure 4.3C). In the small mesh size 

hydrogels, HA and PEG, the diffusivity of the average Aβ aggregate population is 

~130x slower than the monomer with little variation (one order of magnitude or less) 

for up to 4 hrs (Figure 4.3D & E).  

The correlation functions were also determined using the MEMFCS program. 

A distribution of multiple diffusivity populations of Aβ aggregates and their relative 

fractions were modeled. In solution, Aβ diffusivity values have a single broad 

distribution with a peak diffusivity of 85 μm2/s (Figure 4.4A). The peak diffusivity of 

Aβ in solution is ~2x slower than the Scr Aβ diffusivity, suggesting an Aβ population 

predominately composed of dimers. In all hydrogel types, Aβ has a peak diffusivity 

similar to the diffusivity of Scr monomer. However, in contrast to the solution 

samples that only have one diffusivity peak, the diffusivity values in all hydrogel 

types show a small secondary diffusivity peak as early as 25 mins after addition of Aβ 

to the hydrogel and persists throughout the measurement period (up to 5 hrs) with 

diffusivity values in the range of 0.1 μm2/s to 9 μm2/s, or between 1000x to 15x 

slower than Scr Aβ (Figures 4.4B-E).  The width of the diffusivity peaks appears to 

be most narrow for Aβ samples measured in the HA and PEG hydrogels.  
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Figure 4.4 Aβ aggregate distribution using the MEMFCS program. 

FCS G(τ) fit of 20 μM Aβ with 250 nM HiLyte Aβ using the MEMFCS program gifted 

by Dr. S. Maiti [228]. In A, solution timepoints were collected at 20 min (solid line, 

light orange), 100 min (long dash, medium orange) and 495 min (short dash, dark 
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orange). In B, collagen hydrogel timepoints were collected at 55 min (solid line, light 

purple), 100 min (long dash, medium purple), and 250 min (short dash, dark purple). 

In C, agarose hydrogel timepoints were collected at 65 min (solid line, light green), 

95 min (long dash, medium green), and 145 min (short dash, dark green). In D, HA 

hydrogel timepoints were collected at 50 min (solid dash, light blue), 135 min (long 

dash, medium blue), and 280 min (short dash, dark blue). In E, PEG hydrogel 

timepoints were collected at 40 min (solid line, light gray), 70 min (long dash, 

medium gray), and 130 min (short dash, dark gray). 

 

Both analysis methods of the FCS data indicate that Aβ aggregates differently 

in 3D gels compared to in solution.  Based on these data, a rough estimate of 

aggregate species size in hydrogels is ~25x to 200x larger than the Aβ species 

detected in solution. 

 

Toxicity of Aβ in 2D and 3D cultures 

Biophysical analysis using ThT and FCS depict matching trends for Aβ 

aggregation in the hydrogels as compared to in solution. However, the variations in 

aggregation between hydrogel types may favor different size ranges of aggregate 

species that have varying degrees of toxicity. Therefore, I examined the viability of 

PC12 cells when treated with Aβ in 2D and 3D collagen, agarose, HA and PEG 

hydrogels over a 72 hr period (Figure 4.5).  
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We acknowledge that the percent viability decreases for all samples over time, 

but it is important to note that the medium was not exchanged in order to better retain 

the evolving populations of Aβ species that were measured in the ThT and FCS 

experiments. Over 72 hrs, it is likely that cell waste accumulates, and nutrients are 

depleted, thus explaining the decrease in cell viability in all conditions.  

 

Figure 4.5 Viability of Aβ treated cells normalized by the untreated condition. 

Viability of PC12 cells treated with 20 μM pretreated Aβ, normalized by respective 

untreated conditions. Cells were cultured on 2D collagen or encapsulated within 3D 

collagen hydrogel, 3D agarose hydrogel, 3D HA hydrogel, or 3D PEG hydrogel. 

Viability was tested using a Live/Dead assay over the 72 hr period. Significant 

differences were seen in 2D culture in the presence of Aβ compared to no Aβ at 24, 

48, and 72 hrs signified by (*). Significant differences were seen between all 

hydrogels treated with Aβ compared to the respective time points in 2D (48 and 72 
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hrs) signified by (†). A significant difference was also seen between 3D HA and 2D 

culture at 24 hrs signified by (‡). Statistics used n = 4. P values at significantly 

different times in 2D culture: 24 hrs (0.004), 48 hrs (<0.001), and 72 hrs (<0.001); 

3D cultures: 48 hrs (<0.001) and 72 hrs (<0.001); and 3D HA: 24 hrs (0.045). 

We report the viability data in two ways. In this section of the text, I report the 

cell viability percentages for each condition. Then to provide an alternative 

perspective for interpreting the results, in Figure 4.5, I show the same data with Aβ 

treatment condition normalized by the respective untreated condition (Figure 4.5). 

The percent of viable cells cultured in 2D with Aβ decreased greatly by 24 hrs (49% 

viability; p-value 0.004), and then at 48 hrs and 72 hrs, the cell viability was further 

reduced to 16% (p-value <0.001) and 12% (p-value <0.001), respectively [253]. The 

type of 3D hydrogel did not affect cell viability, yet differences between the viability 

of Aβ-treated cells in 3D hydrogels vs. 2D culture at 48 hrs and 72 hrs are significant 

(p-value <0.001).  

Considering the normalized cell viability data, at 24 hrs, cells cultured in 3D 

HA hydrogels treated with Aβ had higher normalized viability (105%) than in 2D 

(60%), and this difference is significant (p-value 0.045, Figure 4.5). Representative 

fluorescence microscopy images of LIVE/DEAD-stained cells at 0 hrs, 24 hrs, 48 hrs, 

and 72 hrs in 2D and 3D cultures are shown in Figure 4.6.  In the presence of Aβ, the 

extent of cell death (red staining) at 48 hrs and 72 hrs in 2D culture is striking, while 

no notable increase in cell death is observed in the Aβ-treated 3D cultures (Figure 

4.6B - E). 
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Figure 4.6 Micrographs of PC12 cell viability in 2D and 3D culture. 

Cells were cultured on 2D collagen (A), in 3D collagen (B), 3D agarose (C), 3D HA 

(D) and 3D PEG (E). Control conditions were cells cultured without Aβ (column 

labeled “Cells”). Experimental conditions were cells cultured with 20 μM Aβ 

(column labeled “Aβ”). Live cells fluoresced green from Calcein-AM, and dead cells 

fluoresced red from EthD. Scale bar is 200 μm; all micrographs are the same 

magnification. 
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Discussion 

In a broad range of contexts, the epigenetics and morphology of cells in vivo 

can be well-approximated in 3D hydrogel cultures. Though simple hydrogels cannot 

recapitulate the entire complexity of in vivo tissues, they do provide strikingly similar 

results compared to 2D cell culture [24-26]. Depending on the application, the 

optimal physiochemical properties of the hydrogel model will vary. Type I collagen 

hydrogels have been applied to recapitulate in vivo-like cancer cell behaviors 

including migration and invasion [27-28, 279]. Agarose hydrogels are capable of 

allowing hepatocytes, fibroblasts, and other cell types to elaborate the distinct cellular 

zones that exist within respective tissues [29, 280-281]. The bioactivity of HA 

hydrogels has been utilized in stem cell differentiation and patient cancer cell 

expansion for personalized medicine [282-283]. In addition, drug delivery 

applications have utilized PEG hydrogels due to their biocompatibility and tunable 

degradation properties [284]. Features of hydrogels that may be important in 

applications include mesh size, chemical composition, stiffness, and the presence of 

ligands or functional groups that interact with the cell surfaces. 

Hydrogels impart confinement by encapsulating proteins in a macromolecular 

network. The network serves to exclude solvent from proteins, which minimizes the 

ability of proteins to undergo changes in conformation and increases the local protein 

concentration; the net result is that confinement promotes proteins to undertake 

compact structures and favors protein-protein interactions. The degree to which a 

particular hydrogel exerts confinement on an encapsulated protein is inversely 
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proportional to the gel’s mesh size. With this in mind, I predicted altered Aβ 

aggregation kinetics in gels with small mesh sizes (HA, PEG) vs. those with larger 

mesh sizes (collagen, agarose). 

The attenuation of Aβ toxicity in hydrogels could potentially be influenced by 

cellular changes that occur due to cell-hydrogel interactions. Thus, I acknowledge 

that the biological activity of the hydrogel (e.g., integrin-binding motifs in collagen 

and CD44- and RHAMM-binding motifs in HA) may influence Aβ toxicity. Collagen 

is a commonly used hydrogel, but HA hydrogels could be more relevant to studies 

related to the brain wherein the main ECM molecules are HA, tenascins, and lecticans 

[266]. Basement membrane ECM molecules such as laminins and collagens are an 

important component of the blood-brain barrier and are found surrounding blood 

vessels in the brain [285]. Thus, I investigated Aβ aggregation and cytotoxicity in 

both biologically-active and inert hydrogels in order to uncover a possible role of 

bioactivity on cell susceptibility to Aβ toxicity. 

The kinetics of Aβ aggregation was measured via ThT assay, wherein ThT 

fluorescence indicates the presence of β-sheet structures. The presence of β-sheet 

aggregates was negligible (no fluorescence) at the start of each experiment. This is 

consistent with the Aβ pretreatment process that was used to ensure a consistent 

population of Aβ monomers at the start of each experiment [253]. All conditions 

showed the presence of aggregated Aβ (ThT fluorescence) that increased over time 

according to one of four trends: 1) a pronounced lag phase then rapid aggregation, 2) 

a two-phase increase in fluorescence depicting an overall relatively slow rate of 
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aggregation, 3) a brief slow phase then rapid aggregation, and 4) a two-phase increase 

in fluorescence suggesting an overall relatively fast rate of aggregation.  

For Aβ aggregation in solution, ThT fluorescence measurements consistently 

show a pronounced lag phase then rapid aggregation or a trend 1 curve (Figure 4.2). 

Both ThT and FCS measurements indicate that the only Aβ species present for up to 

20 hrs were small, rapidly diffusing species that are devoid of β-sheet structures for at 

least 6 hrs (Figures 4.2, 4.3A & 4.4A). At these early times, the Aβ species present 

are likely monomers and dimers as well as a population of larger species (diffusivities 

of ~20 μm2/s, Figure 4.3A, 4.4A) do not have extended β-sheet structure (do not bind 

ThT, Figure 4.2)  

For Aβ aggregation in 3D hydrogels, all four types displayed the immediate 

presence of extended β-sheet structures and a population of large aggregate species 

(Figure 4.2, 4.3B-E & 4.4B-E). In other words, for all hydrogels, a type 1 curve was 

never observed, but instead displayed trend 2, 3, or 4 with some differences in 

magnitude depending on Aβ lot and random variation. Figure 4.2 depicts the most 

common curves observed for each hydrogel type: collagen shows trend 2, agarose 

shows trend 3, HA shows trend 3, and PEG shows trend 4. These trends are consistent 

with the idea that Aβ is confined in a hydrogel: PEG hydrogels have the smallest 

mesh size (~20 nm) and show the fastest Aβ aggregation, collagen hydrogels have the 

largest mesh size (~10 μm) and show Aβ aggregation occurring at a slower rate than 

in PEG gels, yet faster than in solution.  
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The variation or spread in aggregate size is also consistent with the idea that 

Aβ confinement and aggregation are influenced by hydrogel mesh size. The collagen 

and agarose hydrogels were measured by FCS to have a large range in aggregate size 

(Figure 4.3B & C), in comparison to the relatively small variation in aggregate sizes 

observed in HA and PEG hydrogels (Figure 4.3D & E). The size distribution of Aβ 

species was quite narrow in the PEG hydrogel (Figure 4.4E) as compared to the 

broader Aβ size distributions measured for the other hydrogel types that have larger 

mesh sizes. I suggest that the differences in Aβ species sizes may be due to Aβ having 

fewer possible configurations when the Aβ species size is of the same scale the 

hydrogel mesh size.  

We expected that given the differences in the Aβ aggregation rate and size 

distribution observed in the four hydrogel types, coupled with differences in hydrogel 

bioactivity, that Aβ cytotoxicity would vary with the particular hydrogel type, but all 

hydrogels would be associated with lower cytotoxicity than that observed in solution. 

To my surprise, despite quantitative differences in Aβ aggregation kinetics and 

aggregate size distributions, all hydrogel materials completely attenuated Aβ toxicity 

for up to 72 hrs in culture (Figure 4.5 & 4.6). When Aβ aggregation was reexamined 

in hydrogels containing cells, there was no difference in respective aggregation 

kinetic curve types regardless of the presence of cells (data not shown). From the 

results presented herein, it appears the key feature relevant to Aβ toxicity that is 

consistent across all hydrogel types is the rapid stabilization of large β-sheet 

aggregates, suggesting that attenuated Aβ cytotoxicity in hydrogels may be due to a 

limited presence of Aβ oligomers that are available to interact with cells.  
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We acknowledge that Aβ aggregation also may be influenced by properties of 

the hydrogels (e.g., charge, hydrophilicity) that were not evaluated herein. Also, I 

cannot rule out that the attenuation of Aβ toxicity in hydrogels is influenced by 

confinement of the cells themselves or effects from the stiffness of the cellular 

microenvironment. However, I hold that these possibilities are unlikely given the 

evidence that 3D culture allows cells to more closely mimic in vivo phenotypes vs. 

2D culture [24-26]. More importantly, Dr. Theresa Good reported in 2002 agarose 

itself does not confer a protective effect against the cytotoxicity of the Aβ 1-40 amino 

acid sequence [247]. Similar results were found with the 1-42 amino acid sequence of 

Aβ (unpublished data). Results presented herein may seem to contradict findings in 

her 2002 publication [247] that Aβ is toxic to cells in 3D agarose hydrogels. It is 

important to note that experiments herein utilized Aβ in the monomeric form, 

whereas the 2002 publication used pre-aggregated Aβ that contained a mixture of 

fibrils and smaller aggregated species, including the toxic 20 µm2/s diffusing species. 

In contrast, I report here that the intermediate 20 µm2/s diffusing species was not 

observed in any of the hydrogel types tested (Figures 4.3 and 4.4). Therefore, the 

current and 2002 reports are consistent in the idea that confinement in a hydrogel 

alters the kinetics of Aβ aggregation resulting in a) Aβ populations predominated by 

larger aggregate species (as opposed to Aβ in solution wherein oligomers are present 

for prolonged times), and b) attenuation of Aβ toxicity vs that observed 2D cultures.    

Our findings have strong implications for in vitro models of disease. Aβ has 

been studied for decades in solution; wherein unstructured cytotoxic aggregates are 

clearly identifiable. Many drugs have been designed to target Aβ aggregation or 
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interactions with cells. Yet, astoundingly few AD drugs have been approved by the 

FDA. I demonstrate here that Aβ cytotoxicity is completely attenuated in 3D culture 

models composed of commonly-used hydrogels that have a broad range of physical, 

chemical and biological properties.  

Stated more generally, I report that protein-protein interactions are altered in 

confined microenvironments. I suggest that this phenomenon may also relate to 

protein confinement as it occurs intracellularly and in vivo. Therefore, any field of 

research investigating protein structure and function in contexts relevant to those that 

exist in vivo should consider the potential impact of protein confinement by the local 

microenvironment.  
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Chapter 5 :  Conclusions and Future Directions 
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 AD is a devastating neurodegenerative disease that affects one in 10 people 

age 65 and older. Currently, there are no treatments to cure, prevent, or slow the 

progression of AD, but investigators are diligently searching for effective therapeutic 

treatments. Unfortunately, to date, drugs in development have not been able to 

achieve the efficacy shown in pre-clinical trials. AD is a slowly progressive disease 

that begins well before clinical symptoms emerge, making it near impossible to study 

the onset of the disease in humans. Investigators have depended on in vitro and 

animal models to understand the pathology, and design drugs to combat the disease.  

 Research that focuses on protein biophysics often requires high-resolution 

measurements to acquire protein structure details. The Aβ protein has a diameter of 

~3 nm which is near the limit of electron microscopy. Other techniques that detect 

protein structure such as CD, NMR, and scattering techniques require specific 

conditions and data analysis to obtain structure information. To obtain unobscured 

data, proteins are typically studied in pure dilute solutions.  

 Three-dimensional in vitro cell models have been adopted across many fields 

because they provide an environment to allow cells to behave more similarly to cells 

in vivo as compared to 2D cultures. Although 3D in vitro AD models have recently 

been published, there has been no attempt to analyze the Aβ structure and aggregation 

in these 3D environments. The assumption that Aβ behaves the same in dilute 

solution as in a confined hydrogel is unlikely. 
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 Crowding and confinement exclude soluble volume from the protein. This 

volume exclusion increases the local protein concentration, promotes protein-protein 

interactions, and encourages a compact protein conformation. Even though crowding 

and confinement influence protein structure and function, these potentially significant 

influences have often remained underappreciated or unacknowledged to occur in 3D 

culture models.  

 Herein, I suggest that the key to understanding the role of Aβ in AD is to 

study Aβ in in vivo-like confined environments. As reviewed in Chapter 2, 

biophysical techniques to study proteins in pure solutions may have limited 

adaptability for use in 3D hydrogels. Yet, analyzing Aβ within confined hydrogel 

scaffolds was expected to unveil an aggregation model that may more accurately 

depict in vivo aggregation in the brain vs. what has been described to occur in 

solution. This work sought to define Aβ aggregation in 3D cultures in order to 

provide an improved in vitro AD model to study disease pathology and develop more 

effective AD drugs. 

 

Contributions of the current dissertation 

 In this work, I demonstrated that 3D confinement has a strong influence over 

Aβ structure and function. This project was inspired by an early observation that is 

described in Chapter 3: when Aβ monomers are encapsulated with PC12 cells in 3D 

collagen hydrogels, to my surprise, the cytotoxicity was attenuated compared to 2D 

culture. Subsequent biophysical analysis of Aβ in 3D hydrogels identified a different 



 

 
98 

 

aggregation pathway than the pathway that is widely acknowledged to occur in 

solution. From an initial state of Aβ monomers, I discovered that large aggregate 

species with β-sheet structures form rapidly (within minutes). In comparison, similar 

large aggregate species may require several hours to form in 2D solutions. My results 

suggest the 3D confinement shifts the aggregate equilibrium species from small 

unstructured, presumably toxic oligomers to β-sheet structured fibrils. However, 

based on these findings alone, I could not rule out potential cellular changes due to 

the collagen hydrogel itself that could alter cellular susceptibility to Aβ toxicity. 

 Chapter 4 reports my further investigation into the attenuation of Aβ toxicity 

that occurs in hydrogels. To complement the findings from the collagen hydrogel 

experiments, I added agarose, HA, and PEG hydrogels to my studies. I selected these 

particular hydrogels in order to determine the impact of mesh size (~ µm in collagen 

and agarose, ~nm in HA and PEG) and bioactivity (collagen and HA are bioactive, 

agarose and PEG are inert) on Aβ aggregation and cytotoxicity. Quantitative 

differences were observed between all four hydrogels from ThT assays of Aβ 

aggregation kinetics as well as FCS measurements of aggregate size distributions. 

However, despite these differences, all 3D hydrogel cultures strongly attenuated Aβ 

cytotoxicity compared to near complete cell death in 2D culture. Compared to Aβ in 

solution, all the hydrogels were associated with faster formation of β-sheet structures 

and a species population predominated by large aggregate species. This effect was 

observed in all hydrogels, regardless of their mesh size or bioactivity; therefore, I 

conclude that this phenomenon is not due to cellular changes enacted by interaction 

with collagen or HA. That said, based on these data, I cannot rule out the possibility 
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that the vastly different mechanical properties of hydrogels vs. 2D culture plates 

could alter the cells epigenetically, making the cells less susceptible to toxic 

oligomers. 

In conclusion, this work has significant impact to the way drugs for AD are 

discovered and tested: I suggest that efforts to develop AD drugs using 2D in vitro 

models may overestimate the potential toxicity of Aβ, and thus offers an explanation 

for the decades of failed AD drug clinical trials. These findings imply that drug 

discovery and development for AD, and potentially other diseases, will more rapidly 

identify therapeutics with greater efficacy if 3D cultures are included in early testing 

stages. 

 

Future directions 

 For researchers interested in these findings, I suggest the following ideas for 

future experimental directions. 

• Whereas the data herein suggests that large Aβ species predominate in 3D 

hydrogels, direct visualization of the Aβ aggregates are required to confirm 

whether toxic oligomers are yet present in the 3D hydrogel. Hydrogels would 

need to be cryo-preserved in a vitreous state and imaged using cryo-TEM. A 

method would need to be developed to differentiate between the hydrogel 

scaffold and the Aβ aggregates that do not require excessive washing or labels 

that hinder Aβ aggregation.  
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• Though I have reported the association of more rapid Aβ aggregation with 

attenuated cytotoxicity, I cannot claim causation. The first step in this 

direction would be to determine whether cells directly associate with Aβ when 

cultured in a 3D hydrogel. Investigation of the Aβ localization within the 

hydrogel would unveil whether the Aβ is associating with cells, hydrogel 

structure itself, or perhaps both. Cross-correlation FCS or FRET could be used 

to identify interactions between the cell membrane and Aβ, or the hydrogel 

structure and Aβ. 

• Tools such as RNAseq and quantitative PCR could be applied to identify 

cellular expression signatures that are associated with the resilience to Aβ 

toxicity that occurs in a 3D hydrogel. 

• To start to identify a molecular mechanism that explains attenuated Aβ 

cytotoxicity in 3D hydrogels, prevailing theories of cytotoxicity pathways 

identified in 2D in vitro models (e.g., disrupted calcium signaling) could be 

probed in 3D hydrogels. 

• Attenuated toxicity in confined environments could occur for other 

aggregating amyloid proteins. One such protein that could readily be 

investigated in this context is α-synuclein, which is associated with 

Parkinson’s disease. 

• The impact of 3D confinement most likely extends to all proteins. Therefore, 

other biologically relevant proteins should be investigated in 3D biomaterial 

scaffolds to determine if protein stabilization impacts the protein function. 
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• It is possible that drugs that inhibit or block Aβ aggregation may shift 

aggregate equilibrium species in confined environments back to small 

unstable oligomers such as those that predominate in 2D culture. Treatment 

with these types of AD drugs would confirm a possible “rescue” of Aβ 

toxicity in 3D cultures. 

• Matrigel® is commonly used to model the brain because basement membrane 

ECM is located in blood vessels of the blood brain barrier. Laminin is part of 

the blood brain barrier located at blood vessels and is a potent inhibitor of Aβ 

fibrillization. It is unknown if the laminin fibril inhibition will promote a non-

toxic or toxic form of Aβ in hydrogels. To begin to probe for this, laminin 

inhibition of Aβ aggregation should be tested in 2D vs. 3D hydrogels to 

determine Aβ toxicity. 

• Development of a physiologically-relevant 3D in vitro AD model is the 

ultimate goal. Using brain ECM-relevant biomaterials to encapsulate and 

differentiate iPSCs derived from an AD patient would be ideal. Including a 

dual layer of endothelial cells encapsulated in basement membrane ECM such 

as Matrigel® could simulate the blood brain barrier. Neuroimmune 

interactions and the role of glia in AD could be probed in co-cultures with 

microglia and astrocytes. 

• An advanced 3D in vitro AD model could reveal new insights into the disease 

pathology and be used to discover and develop drugs more rapidly and with 

greater efficacy. 
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Appendix A – Control Data 

Viability of PC12 cells in 2D and four 3D hydrogels 

Cell viability was tested using a Live/Dead assay. Graphs for 2D culture and 

3D collagen (Figure A.1A and B) were shown in Chapter 3 (Figure 3.1A and B). The 

same assay was conducted in Chapter 4 in agarose hydrogel, HA hydrogel, and PEG 

hydrogels but the raw percent viability graphs were not shown. Here I present the raw 

percent viability of all conditions, 2D and all four 3D hydrogel cultures. Significant 

cell death was seen in 2D culture (Figure A.1.A) at 24, 48, and 72 hrs. In all hydrogel 

cultures, Aβ toxicity was attenuated (Figure A.1.B-E). 
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Figure A.1. All 3D hydrogels attenuate Aβ cytotoxicity compared to 2D culture. 

Percent viability was tested with 20 μM Aβ (red triangle), and without Aβ (blue 

circle). These conditions were tested over 3 days in 2D culture (A), 3D collagen (B), 

3D agarose (C), 3D HA (D), and 3D PEG (E). 
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Serum attenuates Aβ aggregation in solution 

Cells are typically maintained using medium supplemented with serum; 

however, serum can overshadow other experimental effects. Serum has also been 

shown to slow Aβ aggregation. Therefore, I ran a test to confirm [224]. Using the 

ThT assay, I tested Aβ aggregation in F12 medium without serum or supplemented 

with 1%, 5%, or 10% FBS (Figure A.2). The results showed a slowed aggregation 

rate and extended lag phase as serum was increased. Confirming serum slows Aβ 

aggregation; all experiments in this dissertation were conducted in serum-free 

conditions. 

 

Figure A.2. Serum slows Aβ aggregation rate and extends the lag phase. In F12 

medium, 20 μM Aβ was aggregated with 20 μM ThT with 0% FBS (red), 1% FBS 

(light orange), 5% FBS (medium orange), or 10% FBS (dark orange). 
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ThT kinetics of HiLyte 488-labeled Aβ incorporation 

Fluorophore labeling of large non-aggregating proteins has little effect on 

protein function; however, Aβ is a small 42 amino acid protein that aggregates as 

stacked β-sheets. Fluorophore labeling of Aβ can affect the aggregation kinetics due 

to bulky fluorophores hindering β-sheet stacking [159]. For this reason, I used HiLyte 

Aβ in a 1:80 ratio with unlabeled Aβ in my FCS experiments. To confirm the 1:80 

ratio did not affect the aggregation kinetics, I used a ThT assay to compare 

aggregation curves with and without HiLyte Aβ in a 1:40 ratio (Figure A.3.). In all 

cases, both solution and in hydrogels, the 1:40 ratio of HiLyte Aβ did not change the 

Aβ kinetics. This experiment was tested at a 1:40 ratio and showed no effect; 

therefore, the 1:80 ratio tested in my FCS experiments would not affect Aβ 

aggregation. 
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Figure A.3. HiLyte 488 labeled Aβ did not inhibit aggregation. A ThT assay tested 10 

μM Aβ alone (circle) or with 250 nM HiLyte Aβ – a 1:40 ratio (square). These 

conditions were tested in F12 solution (orange), collagen hydrogel (purple), PEG 

hydrogel (gray), and agarose hydrogel (green). 
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No viability changes with Scr Aβ or HiLyte Aβ incorporation  

Fluorophore labeling of Aβ can affect the aggregation kinetics due to bulky 

fluorophores hindering β-sheet stacking [159]. For this reason, I used HiLyte Aβ in a 

1:80 ratio with unlabeled Aβ in my FCS experiments. I ran a live/dead assay to 

confirm the 1:80 ratio did not affect the Aβ cytotoxicity to 2D cultured cells or the 

toxicity attenuation of 3D cultured cells (Figure A.4. green diamond). Additionally, to 

confirm the specific Aβ42 amino acid sequence was responsible for the cytotoxicity 

in 2D culture, I tested a scrambled sequence of Aβ42 that is unable to fold or 

aggregate as native Aβ42 does (Figure A.4. yellow square). The Scr Aβ viability had 

no significant differences from the PC12 alone culture (Figure A.4. yellow square) – 

the decrease in viability is due to no medium changes over the 3 day culture. The 

incorporation of HiLyte Aβ in a 1:80 ratio decreased cell viability in 2D culture with 

no significant difference from unlabeled Aβ (Figure A.4.A green diamond). 

Additionally, there was no significant difference between HiLyte Aβ 1:80 and 

unlabeled Aβ in 3D culture where toxicity was attenuated (Figure A.4. B-E green 

diamond). 
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Figure A.4. Scr Aβ is not cytotoxic, and HiLyte Aβ incorporation does not affect 2D 

cytotoxicity or 3D toxicity attenuation. Percent viability was tested with 20 μM Scr Aβ 

(yellow square), and with HiLyte Aβ in a 1:80 ratio with unlabeled Aβ (green 

diamond). These conditions were tested over 3 days in 2D culture (A), 3D collagen 

(B), 3D agarose (C), 3D HA (D), and 3D PEG (E). 
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Variation in Aβ aggregation between companies 

Aβ is an intrinsically disordered protein whose aggregation is highly 

stochastic by nature. I used a ThT assay to test Aβ aggregation from four companies: 

Bachem, Abcam, Tocris, and Alfa Aesar (Figure A.5. blue, orange, gray & yellow 

respectively). Aβ aggregation between companies varied in lag time, aggregation rate 

and total fluorescence. However, the trend between solution and 3D hydrogel remain 

consistent with each company, 3D had a shorter lag phase than solution. Due to the 

variation, in my dissertation, I show representative ThT data. 
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Figure A.5. Stochastic nature of Aβ demonstrates variation between separate 

companies: Bachem (blue), Abcam (orange), Tocris (gray), and Alfa Aesar (yellow). 

Aβ from each company was tested in F12 solution (A), collagen hydrogel (B), 

agarose hydrogel (C), HA hydrogel (D), and PEG hydrogel (E). 
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Variation in Aβ aggregation between lots 

Aβ is an intrinsically disordered protein whose aggregation is highly 

stochastic by nature. GenScript supplied three lots of Aβ, each having variation in lag 

time, rate and total fluorescence (Figure A.6). Although there are lot to lot 

differences, the trends between solution and 3D aggregation remain consistent. In my 

dissertation, representative curves are shown in my ThT experiments. 
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Figure A.6. Stochastic nature of Aβ demonstrates variation between separate lots 

from GenScript. Three separate Aβ lots were tested with a ThT assay: lot #1 (blue), 

lot #2 (orange), and lot #3 (gray). The Aβ lots were tested in F12 solution (A), 

collagen hydrogel (B), agarose hydrogel (C), HA hydrogel (D), and PEG hydrogel 

(E). 
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Aβ pretreatment: HFIP vs. NH4OH 

 I pretreated Aβ to break existing β-sheets and start my experiments with a 

structure free state. Traditionally HFIP is an organic acid that is a known β-sheet 

breaker and has been used to treat Aβ. However, using diluted HFIP causes 

aggregation; therefore, 100% solution was used in this dissertation and was removed 

by vacuum desiccation overnight. Recent publications recommend using NH4OH 

rather than HFIP [242]. I tested this method, and one disadvantage I found was that 

NH4OH must be lyophilized, which caused the small aliquots of Aβ to cling to the 

walls of the tube. This made it challenging to dissolve to 222 μM because, in a 0.1 mg 

aliquot, 100 μl was used which could not pull Aβ off the walls. I analyzed this 

method with ThT kinetics and TEM analysis. After dissolving the pretreated Aβ back 

into solution to 222 μM, TEM saw minimal β-sheet structure in the HFIP pretreated 

samples, whereas small β-sheet fragments were identified in the NH4OH pretreated 

samples (Figure A.7 A & B respectively). ThT analysis in solution and hydrogels 

found that Aβ in solution did not have a lag phase, but rapid aggregation in NH4OH 

samples (Figure A.7 C). The β-sheet structure found in TEM seeded aggregation in 

solution where I would typically see an extended lag phase lacking structure. My 

results found HFIP to remove β-sheet structure more effectively than NH4OH; 

therefore HFIP pretreatment was used in this dissertation.  
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Figure A.7. HFIP pretreatment of Aβ removes existing β-sheet structure more 

effectively than NH4OH. TEM images of HFIP pretreatment (A) and NH4OH 

pretreatment (B). Aβ aggregation kinetics comparing HFIP (circle) and NH4OH 

(square) in solution (C orange), collagen hydrogel (D purple), PEG hydrogel (E 

gray), and agarose hydrogel (F green).  
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Matrigel® inhibits Aβ aggregation 

 Current 3D in vitro AD models use Matrigel as their hydrogel; however, 

laminin (60% of Matrigel®) is a potent inhibitor of Aβ aggregation. I tested Aβ 

aggregation kinetics using a ThT assay and found Matrigel® to have minimal 

fluorescence compared to other hydrogels and solution over the 2 days (Figure A.8). 

With my results, I proceeded with experiments without Matrigel®. 

 

Figure A.8. Matrigel inhibits Aβ aggregation. 10 μM Aβ was tested in solution 

(orange), Matrigel® (yellow), PEG (gray), and agarose (green). Rapid aggregation 

in agarose and PEG while solution has a lag phase. Matrigel has a minimal increase 

in fluorescence.  
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ThT Aβ kinetics with cells and controls 

 I initially hypothesized that Aβ aggregation kinetics would be slowed when 

cells were incorporated due to Aβ – cell membrane interactions. Live cells have the 

potential to have active interactions with Aβ; therefore I ran additional controls to 

account for other explanations. Dead cells were tested to account for basic lipid 

membrane association with Aβ and microparticles (μparticle) were tested as a control 

to account for mesh size disturbance from 10 μm spheres being incorporated. To my 

surprise, the lag time in all hydrogels and solution did not differ from basic Aβ 

aggregation in each respective environment (Table A.1). While growth rate and total 

fluorescence had more variation, I found in Chapter 4 that despite variations in ThT 

kinetics, the determining factor in cytotoxicity was the extended lag phase. 
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← − → ↓ − ↑ ↓ − ↑

Live Cells 11% 67% 22% 22% 78% 0% 78% 22% 0%

μparticle 20% 80% 0% 20% 80% 0% 40% 20% 40%

Dead Cells 0% 100% 0% 0% 100% 0% 67% 33% 0%

Live Cells 25% 63% 13% 13% 38% 50% 50% 13% 38%

μparticle 33% 50% 17% 17% 50% 33% 50% 17% 33%

Dead Cells 33% 67% 0% 0% 33% 67% 33% 0% 67%

Live Cells 11% 67% 22% 22% 56% 22% 67% 11% 22%

μparticle 17% 83% 0% 17% 67% 17% 33% 33% 33%

Dead Cells 0% 100% 0% 0% 75% 25% 25% 50% 25%

Live Cells 13% 63% 25% 50% 38% 13% 63% 0% 38%

μparticle 0% 100% 0% 0% 50% 50% 0% 100% 0%

Dead Cells 0% 100% 0% 0% 100% 0% 0% 100% 0%

Live Cells 17% 67% 17% 67% 33% 0% 50% 33% 17%

μparticle 0% 100% 0% 20% 40% 40% 60% 20% 20%

Dead Cells 0% 100% 0% 25% 50% 25% 50% 25% 25%

Lag Time Growth Rate Fluorescence Total

Collagen

PEG

Agarose

Hyaluronic Acid

F12

 

Table A.1. Cell incorporation did not affect Aβ lag phase. ThT curves studying Aβ 

with live cells/dead cells/μparticles were compared to ThT curves of Aβ alone and 

grouped into less than (←↓), equal to ( ̶ ), or greater than (→↑) categories. Each 

grouping was divided by the number of experiments tested to give the percent of the 

population in each category. 
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Appendix B – Lab Protocols 

Aβ Preparation 

Supplies 

• HFIP 

• NaOH 

• Water 

• PBS 

• 1 ml sterile plastic syringe 

• 1 ml glass syringe 

• Beveled needle 

• Blunt tip 2” needle 

• Ultra-small syringe filter 

• Glass scintillation vial 

• Glass small volume inserts 

• Vacuum desiccator 

 

Methods 

Monomerize and aliquot stock protein 

Aβ is delivered as a lyophilized powder. To ensure the protein I work with is starting 

at the same point I pre-treat the delivered lyophilized powder and aliquot out samples. 

1. Hexafluoroisopropanol (HFIP) should be added 1 ml per 1 mg of Aβ.  

**Note** HFIP is a strong organic solvent, work in a fume hood with proper gloves, 

eye protection and lab coat. Plastic pipette tips will start to dissolve when in 

contact with HFIP, use a glass syringe if possible.  

2. Puncture the rubber stopper with a free needle to allow air to leave as you inject 

the HFIP with a needle attached to the glass syringe. Remove both needles and 
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swirl vial gently. Allow to dissolve for 30 – 60 mins, until the solution is clear 

with no particulates. 

3. Hold the glass vial to the light and gently swirl to look for floating particulates. 

Try to take a picture. 

4. Aliquot solution into glass scintillation vials. Use glass small volume inserts if 

using < 150 μl for aliquot. 

**Note** Silicone will start to dissolve in HFIP, only use silicone tubes during your 

experiment set up when HFIP has been evaporated off. Calculate out what size 

aliquots you will need for the experiments you will run.  

5. Using a micropipettor, accurately pipette the proper amount in to each labeled 

microcentrifuge tube.  

6. Keeping the lids open, place into vacuum desiccator, and turn on the compressor. 

Make sure thick reinforced tubing is used to connect compressor. Allow to run 

under vacuum for an hour or more depending on aliquot size. When done there 

will be no liquid left, only a clear peptide film. 

7. If there are crystals or particulates in the dried peptide take a picture and make 

note in lab notebook. 

8. Store at -20ᵒC or -80ᵒC. 

***Concerns*** HFIP treatment brings the peptide through its isoelectric point 

which is where it is most prone to aggregate. Extended time in HFIP has also 

shown to induce aggregation. Other papers show it is not as effective at breaking 

stable fibrils and leaves aggregate seeds behind. The strong solvent has the 

potential to extract plastic into the solution interacting with the peptide.  
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Preparing Aβ for Experiment 

Aβ aliquots are specific amounts and will be reconstituted to a final concentration of 

222 µM. For 1 mg Aβ, it will be dissolved in a final volume of 1ml. Diluted in a 2:7:1 

ratio of 60 mM NaOH : water : PBS. Prepare Aβ once everything else is ready in 

your experiment. You don’t want the concentrated solution sitting for long because 

aggregation with occur faster. 

1. Make fresh 60 mM NaOH from stock bottle, diluted with DI water. 

a. 470 µl water + 30 µl 1 M NaOH = 500 µl  60 mM NaOH 

b. Filter the NaOH into a 2 ml eppendorf tube using a small diameter syringe 

filter. 

2. Calculate 20% of the final Aβ aliquot volume. Add the calculated 20% volume of 

NaOH to the peptide film making sure not to touch tip to peptide film. Let sit at 

room temperature for 2 min. 

a. 1mg Aβ has a final volume of 1000 µl, 20% is 200 µl, therefore use 200 µl 

NaOH. 

3. Add 70% final sample volume of deionized water to NaOH + Aβ. Close tube and 

put in floatation holder, place in water for the sonicator and sonicate for 5 min. 

4. Take out of sonicator and floatation holder and wipe excess water off of the tube 

with a kim wipe. 

5. Filter sterilize with a 1 ml syringe and ultra-small volume syringe tip filter. You 

will lose some solution to the filter so make sure you plan for about 50-100 µl 



 

 
123 

 

extra. Filtration will sterilize the solution for cell culture as well as remove 

undissolved protein aggregates. 

a. Using purple blunt tip transfer needle, transfer Aβ solution from scintillation 

vial into the syringe. Once solution is completely out of tube, turn syringe 

with the needle facing up and slowly suck in air to get all the solution out of 

the needle.  

b. Remove the needle from the syringe and set to the side to be put in a sharps 

container. 

c. Place the ultra-small volume syringe tip filter on to the syringe and twist on 

lure lock.  

d. Slowly press solution through filter into a sterile siliconized microcentrifuge 

tube in a TC room hood. 

6. Add 10% final sample volume of sterile PBS. Pipette solution a few times 

avoiding bubbles. Salt stabilized the beta sheet structure allowing the protein to 

aggregate, therefore adding PBS after filtration prevents protein loss on the filter. 

7. Aβ monomer solution is ready to be added to gels and solutions for an 

experiment. 
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Collagen coating flasks and well plates for PC12 culture 

Supplies 

• Rat Tail Collagen I (3.39 mg/ml may vary by batch) 

• 0.02 N Acetic Acid 

• 15 ml conical tube 

• Flask or well plate 

 

Methods 

Dilute collagen to 50 µg/ml with 0.02 N acetic acid. Plate at 5 µg/cm2 for PC12 cells. 

T75 Flask 

Surface area: 75 cm2 

5 µg/ cm2 · 75 cm2 = 375 µg 

375 µg / 50 µg/ml = 7.5 ml 

(50 µg/ml · 7.5 ml) / 3.39 mg/ml = 110.6 µl 

110.6 µl collagen + 7.389 ml 0.02 N acetic acid 

 

96 Well Plate  

Surface area: 1.13 cm2 
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5 µg/ cm2 · 1.13 cm2 = 5.65 µg (per coverslip) 

5.65 µg / 50 µg/ml = 0.113 ml (per coverslip) 

24 coverslips + 2 extra = 26 · 0.113 ml = 2.938 ml 

(50 µg/ml · 2.938 ml) / 3.39 mg/ml = 43.3 µl 

43.3 µl collagen + 2.938 ml 0.02 N acetic acid 

 

• Let collagen solutions incubate at 37ᵒC for 1 hour or 2 hours on the bench top. 

• Rinse with PBS, then water, and finally cell culture media.  

• Use immediately or may be stored at 4ᵒC for 1-2 weeks. 

 

Notes: 

• Coating concentrations may differ for different cell lines, check what works best 

for yours. 

• Too much or too little collagen can interfere with cell attachment, optimize 

concentrations for best results. 

• Collagen begins to polymerize when the temperature rises, therefore work quickly 

with the concentrated stock solution. 
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PC12 cell culture 

Supplies 

• 15 ml conical tubes 

• Trypsin 

• PBS 

• Growth medium (w/ serum) 

• SF Neurobasal medium 

• Gentamicin 

• Sterile pipette tips 

• Sterile pipettes 

• Pipettors 

• Hemocytometer 

Methods 

1. Remove old medium from PC12 culture T75 flask and rinse with 5 ml sterile PBS 

then remove PBS. 

2. Add 6 ml trypsin to T75 flask and incubate for 5 min. Tapping the bottom of the 

flask or incubating in the incubator will speed cell detachment. Rock flask gently 

side to side to see if cells are lifted or check on the microscope. 

3. Add 6 ml of growth medium w/ serum to deactivate the trypsin. Pipette the cell 

solution multiple times, spraying the liquid over the entire surface of the flask to 

lift any remaining cells. 

4. Collect cell solution in a sterile 15 ml conical tube, cap, then centrifuge at 4,000 g 

for 4 min to pellet the cells. 

5. Check for the pellet, then dump the supernatant. Resuspend cell pellet with 10 ml 

growth medium. Pipette up and down to break up cell clumps ~ 20 times. Avoid 

making bubbles because they damage the cells. 

6. With a micropipetor collect 10 μl of cells and inject onto the hemocytometer. 
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7. Count the number of cells in each of the 4 quadrants. Count cells on the 2 outer 

sides, and skip cells on the 2 inner sides of each quadrant. 

8. Average the 4 quadrants, this equals the average number of cells x 104 cell/ml. 

You have 10 ml total, therefore you can calculate the total number of cells in your 

solution. 

Avg # =              * 104 cell/ml  =                k cell/ml  *                ml   

=                cells total  

 

9. To continue culturing cells, take a collagen coated T75 flask from the refrigerator 

and wash with 7 ml growth medium, then dump. 

10. General recommended seeding density is 2.1 x 106 cells in a T75 flask. Add 

growth medium and cells from the 15 ml tube. Rock the plate gently to mix and 

spread cells across the plate. 

11. Add gentamicin from the refrigerator at a concentration of 20 μg/ml. Stock is 20 

mg/ml, therefore add 30 μl gentamicin to the 15 ml culture solution. 

Cell Methods for Experiments 

1. After the hemocytometer, determine how many cells you need for your 

experiment, and at what concentration you need to add the cells. Hydrogel culture 

needs highly concentrated cells (~7000 kcell/ml) where 30 μl cells goes into a 400 

μl pre-gel solution. 

2. Into a sterile tube, pipette the volume containing the desired number of cells for 

your experiment and centrifuge at 4,000 g for 4 minutes to pellet. 
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3. Check for a pellet and dump the supernatant. Resuspend pellet with Neurobasal 

medium to the cell concentration needed for the experiment. 

Avg # =              * 104 cell/ml  =                k cell/ml  *                ml   

=                cells total  

 

 need 3,000 k cells          

    k cell/ml   

 

=              ml from stock cell tube. 

       resuspend in             ml to reach 7,000k cell/ml 
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Maleimide modification of HA 

Supplies 

• HA 

• MES buffer 

• EDC 

• NHS 

• AEM 

• NaCl 

• Water 

• 15 ml conical tubes 

• Rubber bands 

• Bottle filter 

• Plastic wrap 

• Dialysis tubing 

45mm, 12 - 14 kD

Calculations 

HA      0.1 g =    4.133x10-7  x  623   =   0.258 mmol   =   5.15 mM 

          242,000 g/mol     50 ml 

EDC   0.1438 g =     0.75 mmol    =   15 mM 

 191.7 g/mol           50 ml 

NHS    0.08632 g     =      0.75 mmol   =    15 mM 

 115.09 g/mol              50 ml    

AEM       0.127 g      =    0.25 mmol    =    10 mM 

 254.16 g/mol            50 ml  

0.1 M MES Buffer:    

48.8 g in 400 ml deionized water, pH 5.5 w/ NaOH, bring to 500 ml 
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Methods 

HA modification chemistry 

1. Dissolve HA in 50 ml MES 0.1 M with a stir bar. 

2. Add EDC and NHS at the same time to the stirring HA solution. React for 30 

mins. 

3. Dissolve AEM in a separate beaker in 50 ml MES 0.1 M with a stir bar. 

4. After the 30 min incubation, add AEM solution to the HA/EDC/NHS solution. 

React for 4 hrs stirring. Cover beaker with plastic wrap to prevent evaporation. 

5. Fill a large bucket with 12 L deionized water + 35 g NaCl. Stir solution with large 

stir bar to dissolve NaCl.  

6. With dry gloves, cut a 18 cm long piece of dialysis tubing (45 mm, 12 – 14 kDa) 

for a 100 ml batch.  

7. Set the stir bar for the dialysis bucket to low and let the dialysis tubing soak for 20 

mins. 

8. Once the solution has reacted for 4 hrs, retrieve the dialysis tubing from the water 

bucket. Fold one end over on itself, ~ 1 cm, and fold a second time. Use a dialysis 

clip (weighted one if possible) and clip across the double folded bit of tubing. 

9. Use a 25 ml pipette to transfer the HA solution into the dialysis tubing at the open 

end. Rub the open end between your fingers, this will help separate the pieces.  

**Note** Put the pipette at least half way into the tubing before you pipette out the 

solution. Initially the tubing is stuck together and pipetting at the opening may not 

open the tubing, causing your reaction solution to spill out. 



 

 
131 

 

10.  Transfer all 100 ml of HA solution into the dialysis tubing. When filled, gently 

remove air from the tubing.  

11. You can fold the open end over twice and clip it if you want to. Then use a binder 

clip to clip the top of the tubing to the edge of the bucket. Keep the stir bar on low 

and run the dialysis for 3 days. 

12. Fill a large beaker with deionized water and move the dialysis tubing bag from the 

bucket to the beaker. 

13. Dump out the salt water, rinse the bucket, and fill with deionized water. 

14. Put the dialysis tubing bag back into the bucket of deionized water clipped to the 

side. Run the dialysis for 3 more days with the stir bar on low. 

15. Take the dialysis tubing out of the bucket. Hold the tubing toward the top above 

the solution collected at the bottom. Above the hand holding the tubing, cut the 

dialysis tubing open.  

16. In a new clean beaker, pour or transfer with a pipette, your HA solution. 

17. Take the beaker with HA to a sterile hood and set up a sterile bottle filter. Filter 

your HA solution.  

18. Aliquot your sterile HA into sterile 15 ml conical tubes, 7 ml each tube. Label 

your tubes. 

19. Freeze the HA aliquots in a -80ᵒC freezer overnight. 

20. In a sterile hood, set up kim wipes and rubber bands and bring the frozen HA 

aliquots into the hood, open the lids and cover each tube with a folded kim wipe 

and hold in place with a rubber band. 
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21. Gently cap the tubes over the kim wipes, don’t tighten down all the way. Put the 

HA aliquots back into the -80ᵒC freezer for an hour. 

22. Quickly take the HA aliquots out of the freezer, and place ~ 6 tubes into a 

lyophilizer jar. Gently take off the cap and place it in the bottom of the jar before 

you put the tube in. 

23. Put the lyophilizer lid on the jar and put it on the lyophilizer tree securely. Slowly 

turn the dial to engage the vacuum. Lyophilize samples for ~ 3 days. Samples will 

look like cotton balls. 

24. When done, turn off the dial on the lyophilizer branch and take the jar off the 

lyophilizer. Collect HA aliquot tubes and caps. 

25. In a sterile hood, remove the kim wipes from the tubes and cap them. Store them 

at -20ᵒC. 

 

HA modification analysis 
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Figure B.1. NMR spectra of maleimide modified HA. Peak 1 is the COOH and peak 2 is the 

Maleimide. Dividing peak 2 by peak 1 x 100 gives the percent molar modification. 

 A 1 mg sample of HA-Mal is sent for NMR H+ analysis. The NMR spectra 

seen in Figure B.1. has a COOH peak (1), and a maleimide peak (2). Dividing peak 2 

by peak 1 and multiplying by 100 gives the molar percent modification of maleimide. 

In Figure B.1. the HA repeating unit (without the HA modification) has a molecular 

weight of 388.327 g/mol. The HA I used in this dissertation has a molecular weight of 

242,000 g/mol. Multiplying the number of COOH groups on a HA chain by the molar 

percent maleimide modification tells me the number of maleimides on a HA chain. 

This is important when calculating the molar concentration of maleimides for HA, 

and molar concentration of thiols on PEG in Michael type click reaction hydrogels. 

Molar percent modification: 

Peak 2   = 0.07198    x   100    =    7.2% modified  

Peak 1       1.00 

242,000 g/mol   =    623 COOH groups on one HA chain 

388.327 g/mol 

623 COOH sites  x  7.2%  =  44.856 maleimide per HA chain 
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Hydrogel preparation 

Collagen Hydrogel 

Supplies 

• Collagen 

• Water 

• Sodium Bicarbonate 

• 5x DMEM w/out phenol red 

• 2 ml Microcentrifuge tubes 

• Sterile pipette tips 

• Pipettors 

 

Example Calculations 

Order         Sample 1 Sample 2 

1 20% 5x DMEM 40 μl 40 μl 

2  10%  Sodium Bicarbonate 20 μl 20 μl 

6 1 mg/ml Collagen I 59 μl 59 μl 

3 

 

Water 61 μl 41 μl 

5 10% Cells 20 μl 20 μl 

4 10% Other 0 μl 20 μl 

    

Total 200 μl 200 μl 

Stock 

Collagen: 3.39 mg/ml 

   

      

 

1 mg/ml * 200 μl = 59 ul 

 
 3.39 mg/ml   
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Methods 

1. Determine the volume of your hydrogels and the concentration of cells in the 

hydrogel. 

a. If you want 10k cells in one 20 μl gel and you are making enough for 10 gels 

(aka 200 μl), then you need 10k cells * 10 (gels) = 100k cells in 20 μl. 

2. You should make a solution of cells that contain more than enough such as 600k 

cells in 120 μl. 

         600k cells          =                   ml from stock cell tube. Resuspend in 120 μl. 

                    k cell/ml (from cell collection tube) 

3. Combine components in correct order adding the collagen last. The “other” may 

be Aβ, ThT, or other additives; adjust the water balance accordingly. 

4. Carefully pipette a droplet of collagen/cell solution onto the center of the well to 

create a small droplet gel.   

5. Incubate at 37ᵒC for 15 mins and check for polymerization.  When polymerized 

the gel will become cloudy or hazy, hold to the light and check.   

6. For cell culture, once collagen has gelled, add Neurobasal medium + 20 μM 

gentamicin to each well. Collagen gels may lift from the well bottom. 
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Agarose Hydrogel 

Supplies 

• 1x SeaPlaque agarose 

• 2x DMEM/F12 w/out phenol red 

• 2 ml Microcentrifuge tubes 

• Sterile pipette tips 

• Pipettors 

 

Methods 

1. Heat 1x agarose in a water bath set to 68ᵒC to melt. 

2. Determine the number of hydrogels and the volume of the hydrogels to calculate 

the total agarose hydrogel solution volume. Plan to make enough for 2 extra 

hydrogels per condition. 

3. Determine the concentration of cells in the hydrogel and pick a volume of 

concentrated cells to add to your hydrogel solution. See collagen hydrogel 1.a. 

4. Calculate the volume of potential additives (Aβ, ThT, HiLyte Aβ), based on stock 

concentrations described in Material and Methods of Chapter 4. 

5. Subtract the total volume of additives from the total agarose hydrogel solution 

volume. Then divide by two, this is the volume of 1x agarose and 2x DMEM/F12. 

a. Say you have a total agarose volume of 500 μl. You would need 45 μl of stock 

Aβ (222 μM) to have a final concentration of 20 μM. Say you are adding 20 μl 

of cells too. Then 500 μl – 45 μl – 20 μl = 435 μl, 435 μl / 2 = 217.5 μl. 

6. Mix together the 2x DMEM/F12 and the experimental additives in a sterile tube. 
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7. Take the melted 1x agarose and allow it to cool for 1 min in the hood before 

mixing into the DMEM/F12 solution. Vortex briefly to mix. 

8. Pipette droplets of agarose solution into the center of the wells.  

9. Allow the agarose hydrogels to cool and solidify for 10 mins at room temperature.  

10. For cell culture, add warmed Neurobasal medium + 20 μM gentamicin to each 

well.  

**Comments** HA is viscous at a 1% solution and cannot be filtered and UV causes 

crosslinking. Therefore, sterile filtering during this chemistry makes the HA 

acceptable for cell culture. Use aseptic technique when handling HA aliquots. 
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Hyaluronic Acid Hydrogel 

Supplies 

• HA sterile aliquot 

• PEG dithiol 

• Neurobasal medium 

• 2ml Microcentrifuge tubes 

• Sterile pipette tips 

• Pipettors 

• Tweezers 

• 1ml sterile syringe 

• Blunt tip needle 

• Ultra-small syringe tip filter 

 

Calculations 

HA Mal is mixed 1:1 volume with PEG dithiol at a molar ratio of 1:1.2 Mal:SH. Both 

are dissolved in Neurobasal medium in a sterile hood. PEG dithiol concentration is 

adjusted to equal 1.2x the molar concentration of 1% HA after additive volumes have 

been added and have diluted the PEG solution. The green multiplying factor is the 

number of reactive groups per chain (32 calculated from NMR spectra). 

 

Example: The total hydrogel volume of 550 μl, therefore 275 μl each component. 

1% Maleimide solution 0.00275 g = 1.13636E-08 mol x 32 = 3.636E-07 mol = 1.3 mM

242000 g/mol 0.000275 L

Dithiol solution 0.002182 g = 2.18182E-07 mol x 2 = 4.364E-07 mol = 1.6 mM

10000 g/mol 0.000275 L  

 



 

 
139 

 

1. Determine the number of hydrogels and the volume of the hydrogels to calculate 

the total agarose hydrogel solution volume. Plan to make enough for 2 extra 

hydrogels per condition. 

2. Determine the concentration of cells in the hydrogel and pick a volume of 

concentrated cells to add to your hydrogel solution. See collagen hydrogel 1.a. 

3. Calculate the volume of potential additives (Aβ, ThT, HiLyte Aβ), based on stock 

concentrations described in Material and Methods of Chapter 4. 

a. For a 550 μl total hydrogel volume, you would need 50 μl of stock Aβ (222 

μM) to have a final concentration of 20 μM.  

4. Divide the total HA hydrogel solution volume in half (275 μl), then subtract the 

additive volumes (275 μl - 50 μl = 215 μl). This is the volume of concentrated 

PEG dithiol that additives are added to.  

a. Once additives are mixed in, the PEG dithiol molar concentration should be 

1.2x HA Mal molar concentration. 

 

Methods 

1. Take PEG dithiol and HA Mal out of the freezer and let them reach room 

temperature to avoid condensation from entering the vials and degrading the 

material. 
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2. Weigh out PEG dithiol according to your calculations above. Collect in a 2ml 

microcentrifuge tube. Place on a centrifuge and “quick spin” to collect the powder 

to the bottom of the tube. 

Figure B.2. Weigh paper cone folding for small measurements. 

a. I like to fold my weigh paper like Figure B.2., the cone shape is helpful for 

collecting very small amounts into a microcentrifuge tube. 

b. PEG dithiol should be stored under an inert gas such as argon. 

3. Bring into sterile hood to add sterile Neurobasal medium. Vortex to dissolve. 

4. PEG needs to be sterilized. Use a blunt tip needle and a 1 ml syringe to take up 

the PEG solution. Turn syringe so the needle is facing up and slowly pull air in 

until you have an air bubble enter the syringe. 

5. Remove the blunt tip needle and put on an ultra-small syringe tip filter. Push the 

PEG solution through the filter into a new autoclaved 2 ml microcentrifuge tube. 

6. To aseptically weigh HA Mal, take an autoclaved 2 ml microcentrifuge tube, 

close the cap and weigh the tube. Take a picture of the weight, then zero the scale. 

7. In the sterile hood, take your ethanol sterilized tweezers (once dry) and gently pull 

off chunks of HA Mal from the sterile aliquot. 

a. Pinching the cotton-like HA Mal compacts the material and makes it more 

difficult to dissolve.  
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8. Close the cap and weigh the tube + HA Mal. Continue this process until you have 

more than the calculated value you need. Adjust volume calculations to keep HA 

Mal molar concentration at 1%.  

9. Add sterile Neurobasal medium to the HA Mal. Tape the closed microcentrifuge 

tube to the vortexer and turn it ON to level 4 for 30 mins to 1 hr. 

10. Mix together the PEG dithiol solution with the other additive solutions. 

11. When ready to make the hydrogels, take the HA Mal off of the vortexer. You may 

need to put it on the centrifuge and “quick spin” to get rid of bubbles. 

12. Pipette HA Mal with the half hydrogel volume as a droplet in each well. If the 

hydrogel volume is 50 μl, then pipette 25 μl HA Mal into each well. 

13. Pipette PEG dithiol solution at the half hydrogel volume directly into the HA Mal 

droplet. GELS IN SECONDS!! You may be able to pipette up and down once or 

twice or you can pipette out the PEG solution and do a quick stir with the pipette 

tip to mix in the well. 

14. For cell cultures add Neurobasal medium + 20 μM gentamicin to each well. 
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PEG Hydrogels 

Supplies 

• 4 arm PEG maleimide 

• PEG dithiol 

• Neurobasal medium 

• 2ml Microcentrifuge tubes 

• Sterile pipette tips 

• Pipettors 

• 1ml sterile syringe 

• Blunt tip needle 

• Ultra-small syringe tip filter 

 

Calculations 

4 arm PEG Mal is mixed 1:1 volume with PEG dithiol at a molar ratio of 1:1 Mal:SH. 

Both are dissolved in Neurobasal medium in a sterile hood. PEG dithiol concentration 

is adjusted to equal the molar concentration of 5% PEG Mal after additive volumes 

have been added and have diluted the PEG dithiol solution. 

 

Example: The total hydrogel volume of 550 μl, therefore 275 μl each component. 

5% Maleimide solution 0.01375 g = 6.875E-07 mol x 4 = 2.75E-06 mol = 10 mM

20000 g/mol 0.000275 L

Dithiol solution 0.01375 g = 0.000001375 mol x 2 = 2.75E-06 mol = 10 mM

10000 g/mol 0.000275 L  

5. Determine the number of hydrogels and the volume of the hydrogels to calculate 

the total agarose hydrogel solution volume. Plan to make enough for 2 extra 

hydrogels per condition. 
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6. Determine the concentration of cells in the hydrogel and pick a volume of 

concentrated cells to add to your hydrogel solution. See collagen hydrogel 1.a. 

7. Calculate the volume of potential additives (Aβ, ThT, HiLyte Aβ), based on stock 

concentrations described in Material and Methods of Chapter 4. 

a. For a 550 μl total hydrogel volume, you would need 50 μl of stock Aβ (222 

μM) to have a final concentration of 20 μM.  

8. Divide the total HA hydrogel solution volume in half (275 μl), then subtract the 

additive volumes (275 μl - 50 μl = 215 μl). This is the volume of concentrated 

PEG dithiol that additives are added to.  

a. Once additives are mixed in, the PEG dithiol molar concentration should be 

1.2x HA Mal molar concentration. 

 

Methods 

1. Take PEG Mal and PEG dithiol out of the freezer and let them reach room 

temperature to avoid condensation from entering the vials and degrading the 

material. 

2. Weigh out each PEG according to your calculations above. Collect each in a 

labeled 2ml microcentrifuge tube. Place on a centrifuge and “quick spin” to 

collect the powder to the bottom of the tube. 

3. Bring into sterile hood to add sterile Neurobasal medium. Vortex to dissolve. 

4. The PEG needs to be sterilized. Use a blunt tip needle and a 1 ml syringe to take 

up the PEG solution. Turn syringe so the needle is facing up and slowly pull air in 

until you have an air bubble enter the syringe. 
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5. Remove the blunt tip needle and put on an ultra-small syringe tip filter. Push the 

PEG solution through the filter into a new autoclaved 2 ml microcentrifuge tube. 

6. Repeat filter sterilization for the other PEG solution. 

7. Mix together the PEG dithiol solution with the other additive solutions. 

8. Pipette PEG Mal with the half hydrogel volume as a droplet in each well. If the 

hydrogel volume is 50 μl, then pipette 25 μl PEG Mal into each well. 

9. Pipette PEG dithiol solution at the half hydrogel volume directly into the PEG 

Mal droplet. GELS IN SECONDS!! You may be able to pipette up and down 

once or twice or you can pipette out the PEG dithiol solution and do a quick stir 

with the pipette tip to mix in the well. 

10. For cell cultures add Neurobasal medium + 20 μM gentamicin to each well. 
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Cell viability assay 

Supplies 

• Calcein AM 

• EthD-1 

• PBS 

• Pipette tips 

• Pipettors 

• Tinfoil

 

Calculations            MW        Stock (C1)   Final (C2) 

Calcein AM       994.87 g/mol 1 mg/ml = 1.0 mM   8 μM 

EthD       856.77 g/mol 1 mg/ml = 1.167 mM   18 μM 

C1V1=C2V2 

V2 is the total volume needed to apply to all wells. Solve for V1. 

 

Methods 

1. In a 96 well plate with 200 μl per well, remove 100 μl of media and apply 100 μl 

of live/dead assay. Calculate total volume of assay needed for your experiment. 

2. Wrap plate in tinfoil to protect from the light and incubate for 30 mins.  

3. Image 2D cultures first, 3D hydrogels take longer for dyes to diffuse. Image using 

FITC and Txs Red filters on the fluorescent microscope. 

4. Using a 10x objective, take 2 images per well. There are 3 wells per condition. 

5. I count cells using ImageJ cell counter and collect my data in an Excel sheet. 
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6. From one experiment, live & dead cells from the 3 replicate wells are added 

together. This total number is then used to calculate the percent viability (live 

/total). Percent viability from multiple experiments are used in ANOVA statistics. 
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TEM grid preparation 

Supplies 

• TEM grids 

• Micropoint tweezers 

• Paraffin wax paper 

• TEM sticky dots 

• Uranyl Acetate or Nanovan 

• Water 

• Pipette tips 

• Filter paper 

 

Methods 

1. Cut a square of paraffin wax and stick a TEM staining dot in the center. Remove 

the plastic from the top of the dot to expose the adhesive. 

2. With microtweezers, carefully grab a new TEM grid out of the grid box (Figure 

B.3. D), making sure to only grab at the thick metal edge. 

3. Place the very edge of the grid to the edge of the sticky dot. 

a. The grids are made of 3 layers as shown in Figure B.3.A, a copper base with a 

formvar layer and a carbon layer.  

b. Sample should be put on the dark side of the grid (carbon formvar), therefore 

put the grid dark side up on the sticky dot. 

c. You can put the grid under UV for a few minutes to help make the grid 

hydrophilic and able to grab hold of particles. 

4. Pipette 7 μl of sample onto the grid and incubate for 3 minutes. 

5. Take a piece of cut filter paper and touch to the side of the grid. Do not touch the 

surface of the grid, you don’t want to disturb the sample. 
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6. Pipette 30 μl droplets of water and uranyl acetate (or Nanovan) next to each other 

on the paraffin paper (Figure B.3.C). Have a piece of filter paper on the lab bench. 

a. Uranyl acetate is a typical heavy metal TEM stain, however, if you are using 

gold nanoparticles which are the same density as uranyl acetate, you need a 

lighter stain such as Nanovan (kept at 4ᵒC). 

7. With the microtweezers, grab the thicker outer rim next to the sticky dot and pull 

the grid off the dot. 

8. Place the grid sample side down (dark side) onto the water droplet. 

9. Immediately touch the side of the grid to filter paper to wick away the water. 

10. Place the grid sample side down (dark side) on to the heavy metal stain. Incubate 

for 3 mins then wick away with filter paper. 

11. Let the grids dry in an empty TEM grid box with the lid open. You can cover the 

box with a petri dish to prevent dust from contaminating the grid. 

 

Figure B.3. TEM grid protocol materials. The layers of the grid are a copper base, with a 

formvar and carbon layer (A) where the light side is the copper grid and dark side is the 

formvar/carbon (B). Droplet method where you place the grid on droplets of solution (C). A 

TEM grid box holds grids on their side so you can grab them easily (D). 
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FCS set up 

Supplies 

• Secure-Seal Hybridization Chamber Gasket, 8 chambers, 0.8 mm depth 

(GraceBioLabs) 

 

SecureSeal adhesive dots 

#2 borosilicate cover glass 

Knife 

2x Aβ aliquot 

Scr Aβ 

2x HiLyte 488 Aβ 

FAM Scr Aβ 

Neurobasal medium 

Microscope slide box
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*All hydrogel material – see hydrogel protocol for materials needed 

 

Methods 

1. Cut the hybridization chamber down the middle making 2 squares of 4 chambers. 

Be careful not to cut into a chamber. Use good scissors. 

a. The microscope stage slide holder blocks the corner wells if all 8 wells were 

on a single slide. The squares of 4 make all wells accessible. 

2. Lay a cover glass on a kim wipe on the lab bench. Peel off the plastic liner to 

expose the adhesive on the hybridization chamber. Stick the hybridization 

chamber onto the cover glass carefully to be sure all the chamber wells are sealed. 

a. Make as many sample slides as needed. I typically make 4: hydrogel @ 

UMBC, hydrogel @ DSU, Solutions, and hydrogel Scr Aβ. 

**Note** My drive to Dr. Boukari’s lab at DSU is about 1hr 45min, therefore I make 

a set of samples at UMBC then a second set of samples at DSU to get immediate 

time points and late time points. 

3. Reference hydrogel protocols and Aβ preparation protocol to prepare samples 

with 20 μM Aβ + 250 nM HiLyte Aβ. 

4. Fill the chamber wells by holding the slide at a slight angle and pipette the 

solution into the bottom port. The 0.8 mm depth wells hold ~60 μl.  

5. The HA and PEG hydrogels must be polymerized inside the chamber wells. Add 

the maleimide sample to the bottom port first.  
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6. Then with a new pipette tip, pipette the SH/Aβ solution into the bottom port. To 

mix, do not fully expel the SH/Aβ solution, but pipette back up to take in some 

maleimide solution before fully expelling the solution into the well. 

a. Do not overfill the chamber wells, the solution should not bulge out of the 

ports. You do not want your solution to touch the adhesive dots. 

7. I use a pocket knife to cut the SecureSeal adhesive dots into fourths. Using 

pointed tweezers (or microtweezers), pick up a fourth and place it over the open 

ports. Try to place them in a way the entire well is not covered. 

8. Write down the time the samples were made, this starts the aggregation clock. 

9. Store sample slides in the slide box to protect from light. 

 

DSU FCS Instrument 

The FCS instrument setup is described in the Materials and Methods of Chapters 3 

and 4. 

1. Turn on boxes in order starting at 1. 

2. In the VistaVision software select FFS acquisition. 

3. Set acquisition time to 300s. 

4. Place a drop of oil on the oil objective then place the sample slide on the stage. 

5. I like to open the shutter so I can see the laser position on my sample. Position the 

stage so that the laser is in the bulk of the sample chamber well. 

6. Begin raising the objective to make contact with the oil. I look at the sample and 

look for the contact. You can see a circle of liquid and the laser looks brighter. 
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7. Now cover the sample with a blackout sheet to block out light. 

8. Watch the CPS monitor for Ch1 and Ch2 (this tells you the photon counts being 

detected) as you raise the objective slowly toward your sample. Out of your 

sample the photon count should be in the hundreds. 

9. The first spike in photon counts is the outside layer of the cover glass. 

10. Continue raising the objective until the second spike in photon counts, this is the 

laser leaving the cover glass into the sample. 

11. At the cover glass surface molecules have settled, so although the photon counts 

are the highest, the molecules are not moving and therefore will not have a 

correlation function. 

12. Move the objective a little deeper into the sample, photon counts ~20,000 is good.  

a. Watch the CPS monitor for 30s to see if the photon counts are dropping. If 

they are then the laser power should be turned down a little to minimize photo 

bleaching. 

13. Close the shutter and click Start to begin acquiring data. Watch the photon counts 

graph, the line should be consistent with occasional spikes where large species are 

detected. 

a. There should not be a steady drop, a steady fluctuation, or massive increase as 

these will distort the correlation function curve. 

b. When finished, look at the cross-correlation function curve. The left side 

corresponds to fast species and the right side to slow species. The left side will 

have more spread in the data, but look for a smooth curve tapering to the right. 

14. Save the data and write down the time since the sample was made. 
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15. Start the acquisition a second time to get a replicate data set and save. 

16. To move to the next sample, lower the objective until the oil has detached, then 

move the stage to the next sample. Repeat steps 5 – 14 with this sample and the 

remaining samples. 

17. The oil should be replaced ever 2 samples. When changing sample slides, clean 

the oil off of the objective with objective paper and cleaner. Then oil the objective 

and continue.  

18. Once all samples have been tested once, I run through the samples in the same 

order a second time making note of the time point for every sample run. 

19. When finished, save the files to a flash drive. 

20. Clean the objective and turn off the instrument boxes in reverse order. 

21. VistaVision 3D Triplet Gaussian 2 Species model data analysis explained in 

Materials and Methods of Chapters 3 and 4. Analysis is of the cross correlation, 

not the single channels. 
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