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Although the pathological aggregation and deposition of β-amyloid 

(Aβ) peptides in the brain has long been implicated as the key event leading to the 

onset of Alzheimer’s disease (AD), there is still no disease-modifying therapeutic or 

definitive diagnostic method to diagnose, monitor, or treat AD. Compelling evidence 

has shown a strong correlation between accumulation of neurotoxic Aβ peptides and 

oxidative damage in the brains of AD sufferers. One hypothesis for this correlation 

involves the direct and harmful interaction of aggregated Aβ peptides with enzymes 

responsible for maintaining normal levels of reactive oxygen species. Identification of 

specific, destructive interactions of Aβ peptides with cellular anti-oxidant enzymes 

would represent an important step towards understanding the pathogenicity of Aβ 

peptides in AD and designing an effective strategy to manage this disease. Therefore, 

the focus of this dissertation is to: 1) identify direct and harmful binding interactions 
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between aggregated Aβ peptides and anti-oxidant enzymes that contribute to the 

pathogenesis of AD, 2) inhibit these destructive interactions using Aβ-binding small 

molecules capable of generating protein-resistive surface coatings on aggregated Aβ 

peptides, and 3) develop a general strategy to deliver diagnostic and therapeutic agents 

across the restrictive blood-brain barrier (BBB). 

In this dissertation, small molecules capable of generating protein-resistive 

surface coatings on aggregated Aβ peptides were used to probe the interaction of Aβ 

with cellular anti-oxidant enzymes. This dissertation supports the important role of 

intracellular catalase-amyloid interactions in Aβ-induced oxidative stress and proposes 

a novel molecular strategy of generating protein-resistive surface coatings on 

aggregated Aβ peptides to inhibit such harmful interactions in AD.  

The development of high payload brain-targeting magnetic nanoparticles that 

have the ability to act as a diagnostic imaging agent while simultaneously providing a 

multivalent scaffold for conjugation of drugs and brain-targeting vectors was also 

explored. This dissertation provides evidence that magnetic nanoparticles conjugated 

to transferrin enhances the transport of nanoparticles across the BBB by receptor-

mediated transcytosis. Collectively, these findings provide new information on the 

interaction of aggregated Aβ peptides with cellular components that contribute to AD, 

propose a strategy to inhibit these interactions, and suggest that receptor-mediated 

transcytosis may be a promising route for the delivery of molecules across the BBB. 
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1  INTRODUCTION 

Alzheimer’s disease (AD) is a progressive, irreversible neurodegenerative 

disorder that is caused by gradual loss of synapses and neurons in the brain. AD is 

characterized by impairment of memory and other cognitive abilities and is currently 

the most common form of dementia in the elderly, with an estimated 5.4 million 

Americans and 25 to 30 million people worldwide currently suffering from this 

disease 1. AD is the sixth leading cause of death in the United States (exceeded only 

by heart disease, stroke, and cancers).  While deaths attributable to heart disease, 

stroke, and cancer have been on the decline in recent years, AD-attributable deaths 

have continued to dramatically increase (Figure 1.1). The number of Americans with 

AD is expected to rise to an estimated 11 to 16 million by 2050 and aggregate 

payments for health care are projected to increase from $183 billion in 2011 to $1.1 

trillion annually in 2050 (in 2011 dollars) 2.  

 

Figure 1.1. Percentage change in leading causes of death between 2000 and 2008. 
Taken from reference 2. 
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Early stages of this disease are characterized by mild cognitive impairment 

with symptoms including mild forgetfulness, communication difficulties, and changes 

in mood and behavior. The gradual decline in cognitive function progresses over the 

course of several years to late dementia, where impaired judgment, disorientation, 

confusion, behavior changes and loss of verbal and motor skills are common 

symptoms 3. Complications such as immobility, swallowing disorders, and 

malnutrition that are associated with severe dementia often lead to infection and 

pneumonia, which has been found in several studies to be the most commonly 

identified cause of death among people afflicted with AD 2. 

Two pathological characteristics of AD are the presence of amyloid-β (Aβ) 

peptides and tau proteins that have self-associated into Aβ aggregates and 

neurofibrillary tangles (NFT) in the brain 4, 5. Several lines of evidence have 

implicated aggregated Aβ peptides as the culprit behind the pathological development 

of AD, namely: 1) mutations in the gene encoding amyloid precursor protein (APP, 

from which Aβ is derived) and the presenilin proteins (which are involved in APP 

processing) lead to overproduction of Aβ and development of hereditary forms of 

familial AD; 2) duplication of the APP gene causes early-onset AD, which is 

consistent with individuals with Down's syndrome (where the APP gene is triplicated) 

also developing early onset AD, 3) transgenic mice over expressing human APP 

develop a subset of pathology associated with AD, and 4) neurons in culture exposed 

to aggregated Aβ peptides exhibited a significant reduction in viability 6-8. 

Collectively, these findings gave rise to the “amyloid cascade hypothesis” which 
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implicates the abnormal aggregation of Aβ peptides in the brain as the primary cause 

of the synaptic loss and neurodegeneration associated with AD 7. 

The pathological aggregation of Aβ peptides occurs due to an imbalance 

between the production and clearance of Aβ.  The soluble, monomeric species of Aβ 

(which assumes an a-helical or random coil conformation that is not toxic 9) is derived 

from the sequential proteolytic cleavage of a naturally occurring transmembrane 

protein, APP, by a series of enzymes termed α-, β- and γ-secretases. The cleavage and 

processing of APP can be divided into a non-amyloidogenic pathway and an 

amyloidogenic pathway (Figure 1.2). In the non-amyloidogenic pathway, APP is 

cleaved by α-secretase within the Aβ region, thereby precluding formation of Aβ. The 

amyloidogenic pathway is initiated by cleavage of APP by β-secretase. This cut results 

in the release of a large ectodomain fragment into the extracellular space, and leaves a 

99-amino acid C-terminal fragment within the membrane, with the newly generated 

N-terminus corresponding to the first amino acid of Aβ. Subsequent cleavage of this 

fragment (between residues 38 and 43) by the γ-secretase liberates an intact Aβ 

peptide 6, 10 which can accumulate intracellularly and extracellularly 5. Most of the 

full-length Aβ peptide produced is 40 (Aβ(1-40)) or  42 (Aβ(1-42)) residues in length. 

Both of these isoforms have a high propensity to self-associate (particularly the more 

hydrophobic Aβ(1-42)). Soluble Aβ peptides excessively accumulated in the brain 

undergo a conformation change to acquire a high β-sheet sheet content, stimulating the 

aggregation of Aβ into various higher order neurotoxic assemblies (oligomers, 

protofibrils and fibrils) 4, 6.  
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Figure 1.2. APP processing and Aβ generation.   Taken from reference 11. 

Although AD is widely accepted as a protein-misfolding disease, with the 

abnormal aggregation of Aβ peptides implicated as the key pathogenic event to the 

onset of AD, the only FDA approved drugs for the treatment of AD are symptomatic 

drugs. These drugs act by offsetting the loss of basal forebrain cholinergic neurons by 

affecting cholinergic and glutamatergic neurotransmission. Acetylcholinesterase 

inhibitors 12 (Donepezil, Rivastigmine, and Galantamine) and modulators of 

muscarinic and nicotinic acetylcholine receptors (Memantine) have shown some 

promise in temporarily delaying the worsening of symptoms of AD 13. However, there 

is still an urgent need to develop drugs that directly target the underlying cause of this 

disease.  

The main challenges that faces the development of disease modifying 

therapeutics for AD is the poor understanding of the mechanism by which aggregated 

Aβ interacts with components of the cell to cause the synaptic dysfunction and 
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neurodegeneration associated with this disease. Even when promising AD therapeutics 

are developed, many lack the inherent structural characteristic that allow it to cross the 

restrictive blood-brain barrier (BBB), namely, small (< 400-500 Da), lipophilic, 

hydrophobic, and compact molecules 14. Another factor that has further hampered the 

progression of research in AD is the lack of biomarkers available to accurately 

diagnose and monitor the progression of AD 15. Due to the current obstacles facing the 

advancement of AD research, the overall goals of this thesis is: 1) to identify direct 

and harmful binding interactions between aggregated Aβ peptides and intracellular 

proteins that contribute to the pathogenesis of Alzheimer’s disease (AD), 2) to inhibit 

these destructive interactions using Aβ-targeting small molecules capable of 

generating protein-resistive surface coatings on aggregated Aβ peptides, and 3) to 

develop a general strategy to deliver multifunctional nanoparticles across the BBB for 

diagnostic and therapeutic purposes. 

To identify specific amyloid-protein interactions that contribute to the 

pathogenesis of AD, Aβ-targeting molecular probes were designed and synthesized 

with the following six characteristics: 1) capability of generating protein-resistive 

surface coatings on aggregated Aβ peptides 16-18 (to inhibit protein-amyloid 

interactions in cells), 2) lack of toxicity, 3) cell permeability, 4) capability of 

overlapping in the same subcellular compartments of cells as Aβ, 5) intrinsic 

fluorescence properties (to visualize the intracellular location of the molecules), and 6) 

chemical stability in oxidizing environments. These characteristics were achieved with 

two oligo(ethylene glycol) derivatives of 6-methylbenzothiazole aniline (BTA-EG4 
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and BTA-EG6) shown in Figure 1.3B 17; BTA analogs have well-known, high affinity 

binding properties to both Aβ oligomers and fibrils 19, 20.  These molecules made it 

possible to challenge neuroblastoma cells with Aβ and to evaluate the effects of 

coating aggregated Aβ peptides with a protein-resistive surface on the function of 

specific proteins and viability of cells (Figure 1.3A). From a therapeutic point of view, 

the formation of protein-resistive surface coatings on aggregated forms of amyloid 

proteins introduces an attractive and novel strategy for probing the effect of Aβ on 

cells and potentially for treatment of AD.     

Although the BTA analogs used in this thesis possess inherent structural 

characteristic that enable it to cross the restrictive BBB, only approximately 2% of 

new potential diagnostic and therapeutic small molecules are able to cross the BBB 21. 

The development of general strategy to enable the transport of diagnostic and 

therapeutic molecules across the BBB was, therefore, the focus of the second part of 

this thesis. Multifunctional nanoparticles with appropriate targeting vectors were 

explored as potential “high payload” carrier for the transport therapeutic and 

diagnostic agents across the BBB. Superparamagnetic iron oxide nanoparticles 

(SPIONs) functionalized with transferrin, in particular, were used in this research as 

these nanoparticles possess many advantages in the drug delivery and imaging arenas 

over traditional therapeutic, detection, and diagnostic techniques 22, 23. These 

advantages stem from the use of transferrin, an endogenous peptide that targets a 

specific receptor on the surface of the BBB triggering receptor-mediated endocytosis 2, 

24, 25. The inherent magnetic properties of these NPs is also advantageous as it can act 
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as an magnetic resonance imaging (MRI) contrast agents and be non-invasively 

manipulated by application on an external magnetic field 26.  

 

Figure 1.3. A) Schematic of the binding of aggregated Aβ to cellular proteins 
(pathway 1) and inhibition of binding of Aβ-binding proteins to Aβ aggregates by 
using small molecules (pathway 2). B) Chemical structures of Thioflavin T and two 
derivatives of 2-(4-aminophenyl)benzothiazoles. 

Notes About the Chapter: 

Chapter one, in part, is a reprint (with co-author permission) of the material as 

it appears in the following publication:  Habib, L. K.; Lee, M. T. C.; Yang, J., 

Inhibitors of catalase-amyloid interactions protect cells from β-amyloid-induced 

oxidative stress and toxicity. J Biol Chem 2010, 285 (50), 38933-38943. The author of 

this dissertation is the primary author of this manuscript. 
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2 IDENTIFYING HARMFUL PROTEIN-AMYLOID 

INTERACTIONS IN ALZHEIMER’S DISEASE 

 
2.1 Introduction    

Converging lines of evidence suggest that accumulation of the amyloid beta-

protein (Aβ) plays a central role in the genesis of Alzheimer's disease (AD). This gave 

rise to the “amyloid cascade hypothesis” over 20 years ago, which proposes that the 

aggregation and deposition of Aβ is the primary event in AD pathogenesis 7, 27. Since 

the formulation of this hypothesis, a significant amount of research has been dedicated 

to studying Aβ peptides. Although a substantial amount is known about the pathways 

that produce Aβ 6, 28, significantly less is known about the molecular mechanism by 

which aggregated Aβ peptides are toxic to neurons. One hypothesis explaining the 

pathology of AD relies on the strong correlation between Aβ accumulation and 

oxidative damage (manifested as protein, lipid, and DNA oxidation) in the brains of 

patients afflicted with AD 29-31 and implicates oxidative stress induced by Aβ peptides 

as the cause of the neurodegeneration observed in AD brain. The molecular 

mechanism by which Aβ contributes to oxidative stress is widely debated 32-37. 

Proposed mechanisms for Αβ-induced oxidative damage in cells include: 1) Αβ 

peptides interact directly with cellular anti-oxidant enzymes responsible for 

maintaining low physiological levels of reactive oxygen species (ROS) resulting in the 

accumulation of ROS 38; 2) Αβ peptides interact directly with cellular membranes 

resulting in uncontrolled calcium influx as a consequence of forming transient, ion 
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channel-like pores 39; the resulting disruption of calcium homeostasis can lead to 

mitrochondrial dysfunction, followed by increased H2O2 production and generation of 

high levels of ROS 40, 41; and 3) Αβ peptides interact directly with intracellular 

transition metal ions such as Fe2+ 42, resulting in the catalytic reduction of O2 to H2O2 

in cells 
43. In this thesis, I explore the direct interaction of aggregated Aβ with 

antioxidant enzymes. Two potential outcomes from such pathological protein-amyloid 

interactions are: 1) increased production of ROS, or 2) reduced degradation of ROS 

both of which activates pathological cascades that eventually culminate in neuronal 

degeneration 38. Identification of specific, destructive interactions of Aβ peptides with 

cellular anti-oxidant enzymes would therefore represent an important step towards 

understanding the pathogenicity of Aβ peptides in AD. 

The major ROS in cells are superoxide and the more reactive hydrogen 

peroxide (H2O2)-derived hydroxyl radical 44, 45. Both superoxide and H2O2 are 

primarily produced in the mitochondria 46-48.  Aβ peptides have been shown to 

accumulate in the mitochondria 49, 50, and, therefore, could exert their detrimental 

effects through interaction with mitochondrial proteins 51-55.   Superoxide is produced 

by several enzyme-catalyzed reactions in the mitochondria 45.  Behl et al., however, 

showed that a broad range of inhibitors of these superoxide metabolizing enzymes had 

no effect on Αβ toxicity in clonal and primary neuronal cell cultures 32.  Furthermore, 

Zhang et al. reported that superoxide levels in cells were not substantially elevated 

upon exposure to Αβ 56. These findings suggest that superoxide is not a dominant 

contributor to Αβ toxicity. 
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On the other hand, Αβ-induced cellular increase in H2O2 or its metabolites is 

strongly correlated with Αβ toxicity 32, 33, 57. Two classes of enzymes regulate 

intracellular H2O2 levels: H2O2-producing enzymes and H2O2-degrading enzymes. 

H2O2 is generated by several mitochondrial enzymes including monoamine oxidases, 

superoxide dismutase, and xanthine oxidase 45.  Behl et al., showed that inhibitors of 

monoamine oxidases and xanthine oxidase had no effect on Αβ-induced H2O2 

accumulation or Αβ toxicity 32. Gsell et al. also found that the activity of superoxide 

dismutase was unaltered in the brains of AD patients 58.  Additionally, Rensink et al. 

reported that the Dutch mutation of Αβ peptides (HCHWA-D Αβ) did not bind 

directly to superoxide dismutase 59 and Kaminsky et al. reported only a relatively 

small effect of Αβ on superoxide dismutase activity and H2O2 production upon chronic 

exposure of rat brains to Αβ 60. These results suggest that Αβ peptides do not 

significantly affect production of H2O2 in cells.  Consequently, these findings imply 

that Αβ-induced oxidative stress may arise from reduced degradation of H2O2 in Αβ-

challenged cells.   

Degradation of H2O2 in cells is primarily achieved by the enzymes catalase and 

glutathione peroxidase (GPx), both inside and outside of the mitochondria 45.  Sagara 

et al. found that cells resistant to Αβ toxicity had elevated levels of catalase and GPx 

61.  The activity of both enzymes was reduced in rat brains exposed to Αβ.  In 

particular, Pappolla et al. and Lovell et al. found that catalase was associated with 

senile plaques in human brain sections from patients with AD 29, 62. Several groups 

have shown that transfection of cells with catalase 61 or addition of catalase to the 
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extracellular environment of cultured cells protected cells from Αβ toxicity 32, 59.  This 

cytoprotective effect was attributed to a catalase-induced reduction of the H2O2 

concentration outside and inside the cells, since H2O2 readily diffuses across cell 

membranes 45, 63.  These observations are consistent with the hypothesis that H2O2, or 

its metabolites, but not superoxide, play a dominant role in Αβ-induced oxidative 

stress.  Milton et al. 64 and previous work in the Yang lab 17 also revealed that Aβ 

binds directly to catalase in cell free assays. This binding interaction leads to 

deactivation of the H2O2-degrading activity of catalase in solution 64, providing further 

support of the important role of direct catalase-amyloid interaction in AD. Evidence 

for direct GPx-amyloid interactions and intracellular catalase-amyloid interactions and 

their resulting detrimental effects within living cells, however, has not yet been 

reported. Testing the hypothesis that glutathione peroxidase-Aβ interactions and 

intracellular catalase-Αβ interactions play a significant role in Αβ-induced increases in 

cellular H2O2 may, therefore, provide a critical and missing mechanistic link between 

Αβ accumulation and oxidative stress in AD. Here, I seek to identify the destructive 

interactions of Aβ peptides with cellular H2O2-degrading enzymes. I investigated the 

ability of aggregated Aβ peptides to associate with catalase and GPx in cell-free 

assays and within cells and I studied the effect of these interactions on Aβ-induced 

increases in H2O2 and on the resulting toxicity in live cells.   
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2.2 Experimental Methods  

2.2.1 Preparation of aggregated Aβ(1-42) peptides 

Aggregated Aβ(1-42) from Biopeptide Co., Inc. (San Diego, CA) was prepared 

by incubation in deionized water (100 µM) at 37°C for 72 hours. For cellular 

experiments using aggregated Aβ, a stock solution of aggregated Aβ prepared in 

sterile water was diluted with an equivalent volume of 2X complete culture media to 

create the desired concentration of aggregated Aβ dissolved in 1X complete media. 

Deionized water (with a 18.2 MΩ·cm resistivity) filtered through a NANOpure 

DIamond water purification system from Barnstead (Dubuque, Iowa) was used for all 

experiments. 

2.2.2 Characterization of aggregated Aβ(1-42) peptides 

The aggregation state of Aβ was characterized by native polyacrylamide gel 

electrophoresis (PAGE). Native PAGE was performed according to the 

manufacturer’s protocol (Invitrogen Co.). Briefly, peptide separation was achieved on 

a 8-16% Tris-Glycine Novex gel run under native conditions, where unheated 

aggregated Aβ samples in Tris-Glycine native sample buffer were loaded on the gel 

and separated electrophoretically using native running buffer (Invitrogen Co.).  The 

aggregated Aβ peptides were visualized using a SilverQuest silver staining kit 

(Product No: LC6070, Invitrogen Co.) according to the manufacturers guidelines and 

the molecular weight values were estimated using a NativeMark unstained protein 

standard (Product No: LC0725, Invitrogen Co.). The gel was scanned and the resulting 
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image analyzed with ImageQuant software (Molecular Dynamics Inc., Sunnyvale, 

CA) to estimate the relative percentage of Aβ in each aggregated state. 

2.2.3 Assessment of cell viability in the presence of aggregated Aβ  

Tissue Culture. SH-SY5Y human neuroblastoma cells were maintained in a 

1:1 mixture of Eagle's Minimum Essential Medium (EMEM) (ATCC, Catalog No. 30-

2003) and Ham’s F12 supplemented with 10% Fetal Bovine Serum (FBS) in a 

humidified incubator at 37°C in an atmosphere of 95% air and 5% carbon dioxide. 

The viability of SH-SY5Y cells exposed to solutions of Aβ aggregates was 

measured based on the ability of metabolically active cells to reduce yellow 

tetrazolium MTT to intracellular purple formazan 65, 66. The assay was performed in 

96-well plate format, where cells were plated at a density of 50,000 cells/well (in 100 

µL of complete media consisting of 1:1 mixture of EMEM and Ham’s F12 

supplemented with 10% Fetal Bovine Serum) and incubated overnight before 

treatment with 100 µL of various sample solutions. Cells were exposed to solutions 

containing a final concentration of 25 µM Aβ for 24 hours at 37°C. The MTT reagent 

(20 µL of the solution from the commercial kit) was added and the cells were 

incubated for 3 additional hours. The cells were subsequently solubilized with 

detergent reagent (100 µL of the solution from the commercial kit) and incubated at 

room temperature overnight. The cell viability was determined by measuring the 

absorbance at 570 nm using a Spectramax 190 microplate reader (Molecular Devices).   

All results were expressed as percent reduction of MTT relative to untreated controls 

(defined as 100% viability) and the average absorbance value for each treatment was 
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blanked with the absorbance reading of wells containing only media, MTT reagent, 

and detergent reagent. 

2.2.4 Measurement of hydrogen peroxide release in cells in the 

presence of aggregated Aβ(1-42) 

The Amplex red hydrogen peroxide assay kit (Invitrogen Co.) was used to 

detect hydrogen peroxide release from the SH-SY5Y cells. Hydrogen peroxide release 

from SH-SY5Y cells was measured based on the HRP-catalyzed oxidation of the 10-

acetyl-3,7-dihydroxyphenoxazine (Amplex red reagent) by H2O2 to produce a red 

product (resorufin) with a characteristic absorbance at 560 nm67 The assay was 

performed in sterile, tissue culture treated 96-well plates where SH-SY5Y cells were 

plated in 50 µL Dulbecco's Modified Eagle Medium (DMEM) without phenol red, 

supplemented with 10% FBS and 4 mM L-Glutamine. Cells were incubated overnight 

before dosing with various concentration of Aβ aggregates. The solution of Aβ 

aggregates was incubated with the cells for 24 hours.  Cellular H2O2 release was 

determined by adding 20 µL/well of a solution containing 250 µM Amplex red reagent 

and 0.5 U/mL Horseradish Peroxidase (HRP) dissolved in complete media. The 

absorbance at 560 nm was subsequently measured 30 minutes after addition of the 

Amplex red/HRP solution 67. All absorbance measurements for each treatment were 

measured in triplicate and the average absorbance values of control wells containing 

media alone were subtracted.   
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2.2.5 Evaluation of the association of aggregated Aβ(1-42) to 

Glutathione Peroxidase using an ELISA assay 

The wells of a 96-well plate were coated with aggregated Aβ(1-42) by 

incubating each well with 50 µL of a solution of aggregated Aβ(1-42) (10 µM in 

nanopure water) for 12 hours on a shaker at 4 oC. After removal of the solutions 

containing excess Aβ, wells were washed with 200 µL of PBS buffer. All wells were 

blocked for 2 hours using 200 µL of a solution containing 1% BSA (BSA, fraction V 

from Omni Pur) in PBS buffer to suppress non-specific adsorption of IgGs to the 

wells. Wells were washed with 200 µL of PBS buffer and 50 µL of solutions 

containing various concentrations of glutathione peroxidase (GPx) (Product No: 

G4013 from Sigma-Aldrich) in PBS buffer were added to the well and incubated for 

12 hours. Wells were washed with 200 µL of PBS buffer and blocked for 2 hours 

using 200 µL of a solution containing 1% BSA in PBS buffer. Each well was 

incubated for one hour with 100 µL of a solution containing a monoclonal mouse anti-

GPx IgG (diluted 1:1000 in 1% BSA/PBS) (Product No: ab16736 from Abcam Inc.). 

The amount of bound monoclonal IgGs was quantified by removing the excess 

solution, washing the wells three times with 200 µL of PBS buffer and by incubating 

for one hour with 100 µL of a polyclonal rabbit anti-mouse secondary IgG (diluted 

1:1000 in 1% BSA/PBS) conjugated with alkaline phosphatase, followed by three 

washes with 200 µL of PBS buffer. The relative amount of secondary IgG bound in 

each well was quantified by adding 50 µL of a solution containing p-nitrophenyl 

phosphate (NPP, 2.7 mM, in 0.1 M diethanol amine/ 0.5 mM magnesium chloride, pH 
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9.8) to each well. The concentration of p-nitrophenoxide at 405 nm was quantified 

using a UV-Vis microplate reader (Molecular Devices). Each data point from this 

assay represents the average of three independent measurements. Error bars represent 

standard deviations. 

2.2.6 Assessment of the cellular internalization and localization of 

aggregated Aβ  by fluorescence deconvolution microscopy 

For the fluorescence microscopy experiments, SH-SY5Y cells were plated in 

Dulbecco's Modified Eagle Medium (DMEM) without phenol red (supplemented with 

10% FBS and 4 mM L-Glutamine) on 35 mm glass bottom dishes (MatTek Co., 

Ashland, MA) and incubated overnight. The growth media was removed and solutions 

of pre-aggregated N-terminal fluorescently-labeled Aβ (5 µM dissolved in media) 

(HiLyte Fluor 488-labeled, Product No: 60479-01 from Anaspec, Inc., San Jose, CA) 

were added to the cells and allowed to incubate for 12 hours before imaging.  

Subcellular co-localization of Aβ to the lysosomes and the mitochondria was also 

examined using organelle probes, LysoTracker Red DND-99 and MitoTracker Deep 

Red FM, respectively (Molecular probes of Invitrogen Co.), according to the 

manufacturer’s guidelines. The cells were washed with DMEM (without phenol red or 

FBS) immediately prior to imaging with a Delta Vision Deconvolution Microscope 

System (Applied Precision, Issaquah, WA) equipped with a Nikon TE-200 inverted 

light microscope with infinity corrected lenses with a mercury arc lamp as the 

illumination source. The cells were imaged with a 60X/1.4 oil objective using 

appropriate filter sets and excitation wavelengths. The co-localization was determined 
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using softWoRx image analysis software (Applied Precision, Issaquah, WA).  The 

fluorescence of the HiLyte Fluor 488-labeled Aβ (Abs/Em: 503/528) was monitored 

using an Ex/bp: 490/20 nm excitation filter and an Em/bp: 528/38 nm emission filter. 

The fluorescence of LysoTracker Red DND-99 (Abs/Em: 577/590) was monitored 

using an Ex/bp: 555/28 nm excitation filter and an Em/bp: 617/73 nm emission filter.  

The fluorescence of MitoTracker Deep Red FM (Abs/Em: 644/665) was monitored 

using an Ex/bp: 640/20 nm excitation filter and an Em/bp: 685/40 nm emission filter. 

The localization of Aβ in the lysosomes or the mitochondria was assessed in separate 

experiments.  For all cellular experiments, the incubation steps were performed in a 

humidified incubator at 37°C and 5% carbon dioxide unless stated otherwise. 

2.2.7 Assessment of cellular co-localization of aggregated Aβ  and 

catalase by immunofluorescence  

Cellular co-localization of Aβ and catalase or superoxide dismutase by 

fluorescence confocal microscopy. SH-SY5Y cells were cultured on 35 mm glass 

bottom dishes coated with collagen (MatTek Co., Ashland, MA) and incubated 

overnight in a 1:1 mixture of EMEM and Ham’s F12 supplemented with 10% FBS. 

The growth media was removed and solutions of aggregated fluorescently-labeled Aβ 

(5 µM dissolved in media), was added to the dishes.  The cells were incubated for 12 

hours. To visualize co-localization of aggregated Aβ with catalase and superoxide 

dismutase 1 (as a control), the cells were fixed with 4% paraformaldehyde in PBS (pH 

7.4) and permeabalized with 0.25% Triton-X in PBS, followed by incubation with a 

rabbit anti-catalase polyclonal antibody (Product No: ab15834) or rabbit anti-SOD 1 
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polyclonal antibody (Product No: ab16831) from Abcam Inc., on a shaker at 4°C 

overnight.  To detect the primary antibody, an Alexa Fluor 647-labeled goat anti-

rabbit antibody (Product No: A21244 from Invitrogen co.) (diluted 1:1000) was added 

to the dishes and incubated in the dark, on a shaker at room temperature for 2 hours. 

Cover slips were mounted using ProLong Gold antifade reagent (Product No: 

P36930) from Invitrogen Co. according to the manufacturers guidelines and allowed 

to cure overnight in the dark at room temperature before imaging with an Olympus 

FV1000 fluorescence spectral deconvolution confocal system equipped with a 

Olympus IX81 inverted microscope.  The HiLyte Fluor 488-labeled Aβ (Abs/Em: 

503/528 nm) was excited using a 488 nm laser coupled with a 550/50 nm band-pass 

emission filter. The Alexa Fluor 647 goat anti-rabbit antibody (Abs/Em: 650/668) was 

excited using a 633 nm laser coupled with a 695/50 nm band-pass emission filter. The 

co-localization was visualized and Pearson’s correlation coefficient of the entire three-

dimensional volume of the cell was determined using Volocity image analysis software 

(Perkin Elmer Inc.).  The images shown in Figure 2.7. and Figure 2.9 are fluorescence 

micrographs of representative z-slices within cells.  

Cellular co-localization of Aβ and catalase by fluorescence deconvolution 

microscopy. In addition to fluorescence confocal microscopy, the cellular co-

localization of Aβ and catalase was also examined by fluorescence microscopy. In 

these studies, SH-SY5Y cells were cultured on poly-L-lysine coated glass cover slips 

and incubated overnight in a 1:1 mixture of EMEM and Ham’s F12 supplemented 

with 10% FBS. The growth media was removed and solutions of aggregated 
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fluorescently-labeled Aβ (5 µM dissolved in media) were added to the glass cover 

slips.  The cells were incubated for 12 hours. To visualize co-localization of 

aggregated Aβ with catalase, the cells were fixed and permeabalized as described 

above, followed by incubation with a rabbit anti-catalase polyclonal antibody (Product 

No: ab15834 from Abcam Inc.) on a shaker at 4°C overnight.  To detect the primary 

antibody, a fluorescently-labeled goat anti-rabbit antibody (diluted 1:1000) (Product 

No: A21244 from Invitrogen co.) was added to the glass slides and incubated in the 

dark, on a shaker at room temperature for 2 hours. Cover slips were mounted using 

Hydromount mounting medium (Product No HS-106) from National Diagnostics 

(Atlanta, GA) according to the manufacturers guidelines and allowed to dry for 48 

hours in the dark at 4°C before imaging with a Delta Vision Deconvolution 

Microscope System (Applied Precision, Issaquah, WA) equipped with a Nikon TE-

200 inverted light microscope, with infinity corrected lenses, and with a mercury arc 

lamp as the illumination source. The fluorescence of the HiLyte Fluor 488-labeled Aβ 

(Abs/Em: 503/528 nm) (Product No: A21244 from Invitrogen co.) was detected using 

an Ex/bp: 490/20 nm excitation filter and an Em/bp: 528/38 nm emission filter. The 

fluorescence of the Alexa Fluor 647 goat anti-rabbit antibody (Abs/Em: 650/668) was 

monitored using an Ex/bp: 640/20 nm excitation filter and an Em/bp: 685/40 nm 

emission filter. The co-localization was visualized and Pearson’s correlation 

coefficient of the entire three-dimensional volume of the cell was determined using 

softWoRx image analysis software (Applied Precision, Issaquah, WA).  The images 

shown in Fig 2.8. are fluorescence micrographs of representative z-slices within cells. 
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2.2.8 Co-immunoprecipitation of aggregated Aβ(1-42)  with catalase  

SH-SY5Y cells were grown to confluence on 10-cm tissue-culture treated 

dishes. The media was removed and solutions of aggregated Aβ(1-42) (25 µM, in 

media), or fresh media were added to the different dishes and incubated overnight. The 

solutions were removed and the cells were carefully washed 3 times with ice-cold 

PBS. The cells were incubated with 1 mL ice-cold lysis buffer (from Cell Signaling 

Technology, Inc, Danvers, MA, Product No: 9803) containing a protease inhibitor 

cocktail (Sigma-Aldrich, Product No: P2714) and 1 mM phenylmethylsulfonyl 

fluoride and placed on a shaker for 30 minute at 4°C. The cell lysate was collected, 

centrifuged and the supernatant of the sample was pre-cleared with 50 µL protein G 

agarose beads (Roche Diagnostics Co., Indianapolis, IN, Product No: 11719416001) 

to remove proteins that bind non-specifically to protein G. The pre-cleared cell lysate 

was subjected to immunoprecipitation with a goat polyclonal to catalase antibody 

(Abcam Inc., Cambridge, MA, product No: ab50434) or a rabbit anti-SOD polyclonal 

antibody (Abcam Inc., Cambridge, MA, product No: ab16831) and protein G agarose 

beads were used to extract the anti-catalase antibody and catalase or the anti-SOD 

antibody and SOD from the lysate. The samples were subjected to 4-12% SDS-

polyacrylamide gel electrophoresis. Catalase (from human erythrocytes) and synthetic 

aggregated Aβ(1-42) were also separated on the same gel as the immunoprecipitated 

proteins for comparison purposes. Western blot analyses using rabbit polyclonal anti-

catalase antibody (Abcam Inc., Cambridge, MA, product No: ab1877) and 6E10 
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monoclonal anti-Aβ(1-16) antibody (Covance) were performed. Chemiluminescence 

was used to detect proteins. 

2.2.9 Measurement of catalase activity in the presence of aggregated 

Aβ(1-42) 

Development of catalase activity assay. The assay was performed in a 96-well 

plate format (Nalge Nunc International, Rochester, NY), where each sample was 

measured in quadruplicate. The wells of a 96-well plate were charged with 24 µL H2O 

and 15 µL of various concentrations of catalase solution (to give a final concentration 

of 0 – 50 nM catalase) and placed on a shaker for 10 minutes to assure homogeneity of 

the solutions. A 15 µL volume of a solution containing 5 µM HRP, 435 µM AP and 

435 µM DHBS (the colorimetric reagents) was subsequently added to the wells, 

immediately followed by 15 µL of 3 mM H2O2 (in 50 mM sodium phosphate buffer, 

pH 7.4).  Catalase activity was monitored at various time intervals by measuring the 

absorbance at 505 nm. The average absorbance values for each concentration of 

catalase were subtracted with the absorbance value of blanks consisting of 24 µL H2O, 

15 µL of the corresponding concentrations of catalase, 15 µL of the colorimetric 

reagent and 15 µL of 50 mM sodium phosphate buffer (instead of a solution of H2O2).  

The inhibitory effect of increasing concentrations of catalase on the H2O2 dependent 

HRP catalyzed oxidative coupling of AP and DHBS to form a red quinoneimine 

product is shown in Fig 2.12. Absorbance measurements were taken 10 minutes after 

the addition of H2O2. Control experiments also showed that incubating solutions 
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containing 25 µM Aβ (in the absence of catalase), followed by addition of 5 µM HRP, 

435 µM AP, 435 µM DHBS and 3 mM H2O2 did not affect the rate of HRP catalyzed 

conversion of AP, DHBS and H2O2 to quinoneimine.  

Measurement of catalase activity in the presence of aggregated Aβ. The 

catalase-HRP competition assay was employed to investigate the inhibition of catalase 

activity by aggregated Aβ peptides. The activity of catalase incubated with aggregated 

Aβ was measured by incubating 24 µL of various concentrations of aggregated 

Aβ solutions dissolved in water with a 15 µL solution of catalase to give a 25 nM 

concentration of catalase and 0 - 50 µM aggregated Aβ. The mixture was placed on a 

shaker for 2 hours. The activity of catalase was determined by adding 15 µL of a 

solution containing 5 µM HRP, 435 µM 4-aminoantipyrine (AP) and 435 µM 3,5-

dichloro-2-hydroxybenzenesulfonic acid (DHBS) (HRP, AP, and DHBS collectively 

are hereby defined as the colorimetric reagents) to the wells, immediately followed by 

15 µL of 3 mM H2O2 (in 50 mM sodium phosphate buffer, pH 7.4). The average 

absorbance values for each concentration of Aβ were subtracted with the absorbance 

value of blanks consisting of the corresponding concentration of Aβ, 25 nM catalase, 

the colormetric reagent, and 50 mM sodium phosphate buffer (instead of a solution of 

H2O2). The results were expressed relative to absorbance values measured when 

catalase was not exposed to Aβ (defined as 100% catalase activity) and the absorbance 

measured when the assay was run in the absence of catalase (defined as 0% catalase 

activity).  
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2.2.10   Assessment of cell viability in the presence of catalase 

inhibitor 3-amino-1,2,4-triazole (3AT) 

The assay was performed in a 96-well plate format where SH-SY5Y cells were 

plated at a density of 15,000 cells/well (in 50 µL DMEM without phenol red (Product 

No: 31053-028, Invitrogen Co.) supplemented with 10% FBS and 4 mM L-

Glutamine) and incubated overnight before treatment with 50 µL of various sample 

solutions. Cells were exposed to a various concentrations of 3AT (0-1000 mM) for 24 

hours.   The MTT reagent (10 µL of the solution from the commercial kit) was added 

and the cells were incubated for 3 additional hours at 37°C. The cells were 

subsequently solubilized with detergent reagent (100 µL of the solution from the 

commercial kit) and incubated at room temperature overnight. The cell viability was 

determined by measuring the absorbance at 570 nm.   All results were expressed as 

percent reduction of MTT relative to untreated controls (defined as 100% viability) 

and the average absorbance value for each treatment was blanked with the absorbance 

reading of wells containing media, MTT reagent and detergent reagent. 

Statistical Analysis. Independent two-tailed student’s t-tests were performed 

using Origin 7.0 (Microcal Software, Inc., Northhampton, MA) to evaluate the 

statistical significance of the difference between the control and experimental mean 

values. A p-value of < 0.05 was defined as statistically significant. 
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2.3 Results and Discussion 

2.3.1 Characterization of Aggregated Aβ(1-42) Peptides 

AD-diseased brains are characterized by the presence of a heterogeneous 

mixtures of Aβ peptides 68-70. When the amyloid cascade hypothesis originated, Aβ 

plaques were implicated as the causative agent to the synaptic dysfunction and 

neuronal loss associated with AD. However, in recent years, the most lethal form of 

aggregated Aβ peptides has been a topic of much debate, with current opinion 

favoring the smaller oligomeric aggregation state as the most toxic species 7, 27, 71-75. 

Since the identity of the most harmful aggregated form of Aβ remains highly debated, 

a mixture of different species of aggregated Aβ was used in these studies in order to 

increase the likelihood that as many toxic species as possible were included in all of 

our experiments. Aβ aggregation was achieved by incubating this peptide in water at 

37 °C for 3 days. The aggregation state was characterized by native PAGE and the 

relative percentage of Aβ in each aggregated state quantified. This preparation of Aβ 

that resulted in a heterogeneous population of aggregated Aβ species that contained 

~15% small oligomers (MW ~ 15 kDa corresponding to trimers), ~25% medium-sized 

oligomers (MW 20-65 kDa corresponding to 5-15 mers), and ~60% soluble 

protofibrils (MW > 150 kDa corresponding to > 30 mers) (Figure 2.1).  
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Figure 2.1. Characterization of the aggregation state of Aβ(1-42) peptides by native 
PAGE gel analysis. Aβ peptides were incubated in nanopure water at 37 °C for 0 hours 
and 72 hours prior to analysis by native PAGE gel.  The protein was visualized by 
silver staining which showed a mixture of aggregated species.  The table lists the 
approximate relative percentage of Aβ in each aggregated state as determined by 
image intensity analysis of the gel.   

2.3.2 Effect of aggregated Aβ(1-42) on the viability of SH-SY5Y cells 

 Previous reports have shown that neurons in culture exposed to multiple forms 

of aggregated Aβ peptides exhibited a significant reduction in viability 6-8. The effect 

of our preparation of Aβ, consisting of a mixture of heterogeneous aggregated states, 

on the viability 65, 66 of human SH-SY5Y neuroblastoma cells was tested. Exposure of 

SH-SY5Y neuroblastoma cells to 25 µM aggregated Aβ peptides for 24 hours resulted 

in a significant reduction in viability to approximately 27% compared to control cells 

that were cultured in the absence of Aβ (Figure 2.2). These results demonstrate that 

% in each aggregation state  
MW 

(kDa) 

 
# Aβ(1-42) 
monomers 

0 hours 72 hours 

~15 3 ~15 ~15 
~20-65 5-15 ~25 ~25 
> 150 > 30 ~60 ~60 
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our model system consisting of exogenously introduced aggregated Aβ, applied to 

neuroblastoma cells was capable of mimicking in vivo conditions. 

Figure 2.2. Reduction in the viability of SH-SY5Y cells when incubated with 
aggregated Aβ(1-42) peptides for 24 hours. (**P < 0.01 compared to untreated control 
cells). The data are expressed as mean values ± SD, n = 3 for each concentration.  

 
2.3.3 Effect of aggregated Aβ(1-42) on hydrogen peroxide release in 

SH-SY5Y cells  

Since we hypothesized that H2O2 plays a dominant role in Aβ-induced 

oxidative stress and toxicity, I exposed SH-SY5Y cells to 25 µM aggregated Aβ 

peptides for 24 hours and monitored the amount of H2O2 released by SH-SY5Y cells.  

Figure 2.3 demonstrates incubation of cells with 25 µM Aβ for 1 day lead to over a 3-

fold increase in H2O2 compared to control cells that were not exposed to Aβ. As a 
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control, to demonstrate that this assay is capable of detecting increases in H2O2 levels 

due to inhibition of H2O2-degradiong enzymes, I chemically inhibited catalase by a 

known catalase inhibitor (3-amino-1,2,4-triazole, 3AT 45, 76). Figure 2.3 shows that 

similar to the effect of 25 µM Aβ on cells, 20 mM solution of 3AT also caused a 3-

fold increase in H2O2 release by cells compared to untreated control cells. 

 

Figure 2.3. Detection H2O2 release from SH-SY5Y cells. H2O2 release from SH-SY5Y 
increased approximately 3.5 fold when treated with 25 µM aggregated Aβ and 20 mM 
catalase inhibitor 3AT (**P < 0.01 compared to untreated control cells). Results are 
reported relative to the H2O2 concentration released by untreated cells. The data are 
expressed as mean values ± SD, n = 3 for each concentration. 

 
2.3.4 Examination of the binding of Aβ(1-42) to GPx 

Since I demonstrated that exposure of SH-SY5Y cells to exogenously 

introduced aggregated Aβ peptides resulted in an increase in H2O2 release (and 

subsequent decrease in cell viability), I examined the direct binding interaction of 
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aggregated Aβ with key enzymes involved in H2O2 metabolism. H2O2-degrading 

enzymes was the focus of this study since previous research has shown that H2O2, or 

its metabolites, but not superoxide, play a dominant role in Αβ-induced oxidative 

stress. Degradation of H2O2 in cells is primarily achieved by the enzymes catalase and 

glutathione peroxidase (GPx) 45, 57.  Since previous work done in the Yang lab 17 and 

by others 57, 64 supports the direct binding interaction of aggregated Aβ and catalase 

using an standard ELISA assay (inset in Figure 2.4), the binding interaction of Aβ to 

GPx was the focus of this study. Results from the ELISA assay show that no 

significant binding of GPx to aggregated Aβ occurred suggesting that Aβ-induced 

catalase dysfunction may play the dominant role in Αβ-induced oxidative stress. 

 

Figure 2.4. Examination of the binding of Aβ(1-42) to GPx by standard ELISA assay. 
Results from the ELISA assay show that aggregated Aβ does not bind to GPx. For 
comparison, the inset presents results from a similar assay where aggregated Aβ(1-42) 
peptides clearly appear to associate with catalase (taken from reference 17). The x-axes 
are plotted on a logarithmic scale for better visualization of the data. 
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2.3.5 Cellular internalization and localization of aggregated Aβ   

In order to test the hypothesis that intracellular protein-amyloid interactions 

contribute to Αβ-induced oxidative stress and to Αβ toxicity in live cells, I exposed 

SH-SY5Y human neuroblastoma cells to a solution containing N-terminal, 

fluorescently-labeled Αβ peptides. The cellular internalization of Aβ was monitored 

by fluorescence deconvolution microscopy and the internal distribution and 

localization with cellular organelles was examined by staining the lysosomes and 

mitochondria with fluorescent organelle probes. Figure 2.5 and 2.6 illustrate that 

fluorescently-labeled aggregated Aβ readily enter SH-SY5Y cells either through an 

endocytotic lysosomal pathway 5, 77-79 or a non-endocytotic pathway 80. After the 

initial uptake of Aβ, the Aβ peptides distribute to multiple subcellular locations such 

as the lysosome (Fig. 2.5) and mitochondria (Fig 2.6), as well as possibly other 

intracellular compartments and the cytosol. These results demonstrate that it is feasible 

that exogenously introduced Aβ can interact with intracellular stores of catalase within 

the peroxisomes and cytosol. 



 

 

32 

 

Figure 2.5. Internalization of aggregated Aβ(1-42) in SH-SY5Y cells. (A) Brightfield 
image of a cell.  (B-E) Representative fluorescence micrographs of a z-slice through a 
cell showing that fluorescently-labeled aggregated Aβ peptides (green) internalize in 
SH-SY5Y cells and partially accumulate in the lysosomes (red). (D) Merged image of 
(A) and (B). (E) Represents areas of co-localization of Aβ and the lysosomes (yellow).  
Scale bar = 10 µm. 
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Figure 2.6. Internalization of aggregated Aβ(1-42) in SH-SY5Y cells. (A) Brightfield 
image of two cells.  (B-E) Representative fluorescence micrographs of z-slices 
through two cells showing that fluorescently-labeled aggregated Aβ peptides (green) 
internalize in SH-SY5Y cells and partially accumulate in the mitochondria (red). (D) 
Merged image of (A) and (B). (E) Represents areas of co-localization of Aβ and the 
mitochondria (yellow).  Scale bar = 10 µm. 
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2.3.6 Immunofluorescence analysis of the cellular co-localization of 

Aβ  and catalase  

Intracellular co-localization of catalase with Aβ was examined by both 

fluorescence deconvolution confocal microscopy and standard fluorescence 

deconvolution microscopy to assess whether the exogenously introduced aggregated 

Aβ could indeed interact with catalase within cells. Figures 2.7 and 2.8 from the 

confocal microscopy and fluorescence microscopy, respectively, show that a 

significant fraction of the aggregated Aβ(1-42) peptides co-localized with catalase in 

the peroxisomes and in the cytosol 45, 81; this observation has not been reported 

previously in live cells 5, 50, 53, 78, 82-84.  The degree of co-localization was quantified 

within the entire three-dimensional volume of the cell by calculating the Pearson’s 

correlation coefficient 85. The coefficients were similar in both the confocal and 

standard microscopy experiments, with a value of 0.54 and 0.46 respectively, 

suggesting that Αβ can interact directly with catalase inside cells. To provide 

additional evidence supporting the importance of the specific Aβ-catalase interaction 

in Αβ-induced oxidative stress, I examined the intracellular co-localization of Aβ with 

superoxide disumutaes 1 (SOD), an intracellular H2O2 regulating enzyme that is 

concentrated in the cytoplasm and was previously shown not to bind to Aβ 59. Figure 

2.9 shows results from fluorescence confocal imaging experiments revealing a reduced 

degree of overlap of aggregated Aβ and SOD throughout the entire volume of the cell 

(Pearson’s coefficient = 0.27) compared to the overlap between Aβ and catalase 

(Pearson’s coefficient = 0.54) under the same conditions. 



 

 

35 

 

Figure 2.7.  Co-localization studies of aggregated Aβ(1-42) and catalase in SH-SY5Y 
cells by deconvolution confocal fluorescence microscopy. (A-C) Fluorescence 
micrographs of representative z-slices within a cluster of cells. The images highlight 
the location of fluorescently-labeled aggregated Aβ peptides (A, green) and catalase 
(B, red) within these z-slices. (C) Represents a merged image of (A) and (B). Scale bar 
= 10 µm. 
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Figure 2.8. Co-localization of aggregated Aβ(1-42) with catalase in SH-SY5Y cells 
by fluorescence deconvolution microscopy. (A-D) Fluorescence micrographs of 
representative z-slices within a cell show the co-localization of fluorescently-labeled 
aggregated Aβ peptides (A, green) with catalase (B, red). (C) Represents a merged 
image of (A) and (B).  (D) Represents the areas of co-localization of (A) and (B) 
(yellow). Scale bar = 10 µm. 
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Figure 2.9. Examination of the overlap of aggregated Aβ(1-42) and superoxide 
dismutase (SOD) in SH-SY5Y cells by deconvolution confocal fluorescence 
microscopy. (A-C) Fluorescence micrographs of representative z-slices of cells 
highlighting the location of fluorescently-labeled aggregated Aβ peptides (A, green) 
and SOD (B, red). (C) A merged image of (A) and (B). Scale bar = 10 µm. 

 
2.3.7 Co-immunoprecipitation of Aβ  (1-42) with catalase 

The molecular association between Aβ(1-42) peptides and catalase was further 

supported by exposing SH-SY5Y cells to aggregated Aβ(1-42) peptides and 
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immunoprecipitating catalase with an anti-catalase antibody. Western blot analysis 

revealed a protein band of ~4.5 kDa in the lysates (corresponding to the MW or Aβ 

monomers), which was immunoreactive to an anti-Aβ antibody and co-

immunoprecipitated with an anti-catalase antibody (Fig. 2.10). This ~4.5 kDa band 

was not observed in the western blots from control cells that were not treated with Aβ. 

 

Figure 2.10. Co-immunoprecipitation of Aβ (1-42) with catalase. SH-SY5Y cells that 
were treated with 25 mM Aβ (1-42) (lane 1) and control cells that were left untreated 
(lane 2) were immunoprecipitated with were immunoprecipitated with an anti-catalase 
antibody and subjected to Western blot analysis with anti-Aβ and anti-catalase 
antibodies. Pure Aβ(1-42) (lane 3) and catalase from human erythrocytes (lane 4) were 
also separated and stained on the same immunoblot. 

 
Additionally, as a control, SH-SY5Y cells were exposed to aggregated Aβ(1-

42) peptides and immunoprecipitated SOD with an anti-SOD antibody. These 

experiments revealed that SOD does not appear to co-immunoprecipitate with Aβ 

(Figure 2.11), which is in contrast to the observed co-immunoprecipitation of Aβ with 

catalase under the same conditions (Figure 2.11).  These results support that Aβ and 
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SOD do not likely interact significantly within cells and the importance of the specific 

Aβ-catalase interaction in Αβ-induced oxidative stress. 

 

Figure 2.11. Examination of the interaction of Aβ (1-42) and SOD by co-
immunoprecipitation experiments. SH-SY5Y cells that were treated with 25 µM Aβ 
(1-42) (lane 1) and control cells that were left untreated (lane 2) were 
immunoprecipitated with an anti-SOD antibody and subjected to Western blot analysis 
with anti-Aβ and anti-SOD antibodies. SOD (lane 3) and pure Aβ(1-42) (lane 4) were 
also separated and stained on the same immunoblot. 

 
2.3.8 Measurement of catalase activity in the presence of aggregated 

Aβ  

This research has demonstrated that exposure of human neuroblastoma cells to 

cytotoxic preparations of aggregated Aβ peptides results in significant intracellular co-

localization and co-immunoprecipitation of Aβ with catalase and increased cellular 

levels of H2O2. In order to assess the effect of Aβ on the enzymatic activity of 

catalase, I developed an assay for quantifying catalase activity. This assay was 

modified from a two enzyme competition assay 86, where horseradish peroxidase 

(HRP) in combination with 4-aminoantipyrine (AP) and 3,5-dichloro-2-

hydroxybenzenesulfonic acid (DHBS),were used to quantify the activity of catalase in 
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the presence of H2O2. This assay monitors the consumption of H2O2 by catalase in 

competition with HRP, where HRP catalyzes the H2O2 dependent coupling of AP to 

DHBS to form a red quinoneimine product that can be monitored 

spectrophotometrically at 505 nm 86, 87.  Consequently, increased catalase activity is 

reflected by a decrease in absorbance at 505 nm (Figure 2.12).  

  

Figure 2.12. Quantification of catalase activity using a catalase-HRP competition 
assay. All solutions contained the indicated concentrations of catalase (expressed in 
terms of specific activity: 0, 0.41, 0.82, 1.23, 1.64 and 2.46 U/mL) and a constant 
concentration of the following: 5 µM HRP (50 U/mL), 435 µM AP, 435 µM DHBS 
and 3 mM H2O2. Increasing concentrations of catalase resulted in the decrease in HRP 
catalyzed conversion of AP, DHBS and H2O2 to quinoneimine (measured at 505 nm). 
The data are expressed as mean values ± standard deviation (SD), n = 4 for each 
concentration. *P < 0.05 compared to in the absence of catalase. 

 
Figure 2.13 shows that micromolar concentrations of Aβ suppressed catalase 

activity substantially to approximately 25% at 50 µM Aβ, in agreement with previous 

reports 64, suggesting that the binding interaction between catalase and Αβ within cells 
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deactivates catalase inside live cells, leading to decreased degradation of H2O2 (Figure 

2.13) and increased cellular levels of H2O2 (Figure 2.3).  

 

Figure 2.13. Inhibition of catalase activity in the presence of increasing concentrations 
of aggregated Ab. Catalase activity was defined as 100% when no Aβ was present and 
as 0% when no catalase was present in the sample. All data are expressed as mean 
values ± SD, n = 4 for each concentration. 

 
2.3.9 Effect of catalase inhibitor 3-amino-1,2,4-triazole (3AT) on cell 

viability  

Finally, to demonstrate that catalase is an essential anti-oxidant enzyme, 

required to maintain low levels of H2O2 and cellular viability, catalase was deactivated 

using 3AT (a specific inhibitor of catalase) and the effect of catalase deactivation on 

cell viability was measured. SH-SY5Y cells were incubated with increasing 

concentrations of catalase inhibitor 3AT for 24 hours and Figure 2.14 demonstrates 
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that inhibition of catalase activity by 3AT caused a significant reduction in cell 

viability. Moreover, exposure of SH-SY5Y cells to concentrations of 3AT (20 mM) 

that produced a 3-fold increase in H2O2 release (Fig. 2.3), resulted in a significant 

decrease in cell viability, demonstrating that deactivation of catalase by either Aβ or 

3AT leads to a significant reduction in cell viability (Fig. 2.2). 

 

Figure 2.14. Effect of increasing concentrations of catalase inhibitor 3AT on cell 
viability of SH-SY5Y cells (as determined by measurement of MTT reduction). Cells 
were treated with various concentrations of 3AT for 24 hours and their viability was 
compared to untreated cells. (*P < 0.05, **P < 0.01 and ***P < 0.001 compared to 
untreated control cells).  The data are expressed as mean values ± SD, n = 3 for each 
concentration. 

 
2.4 Conclusions 

These findings suggest that Aβ-induced oxidative stress may be the basis for 

Aβ toxicity in AD. Although the results presented here clearly demonstrate that 
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intracellular catalase-amyloid interactions induce elevations in cellular H2O2 levels, an 

important question to address is whether these interactions are relevant to AD 

pathology.  The accumulation of catalase in senile plaques 62 suggests that in vivo 

environments do indeed provide evidence for binding of catalase to Aβ.  We 

hypothesize that these in vivo catalase-amyloid interactions lead to deactivation of 

catalase, resulting in neuronal loss as a consequence of increased levels of H2O2 and 

its metabolites in the brain.  This hypothesis is supported by the strong correlation of 

deactivation of intracellular catalase by either Aβ or by catalase inhibitor 3AT 88  with 

the ensuing increased H2O2 levels (Figure 2.3) as well as with reduced viability 

(Figures 2.2 and 2.14) in cells.   

 

Notes About the Chapter: 

Chapter two, in part, is a reprint (with co-author permission) of the material as 

it appears in the following publication:  Habib, L. K.; Lee, M. T. C.; Yang, J., 

Inhibitors of catalase-amyloid interactions protect cells from β-amyloid-induced 

oxidative stress and toxicity. J Biol Chem 2010, 285 (50), 38933-38943. The author of 

this dissertation is the primary author of this manuscript. 
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3 INHIBITING HARMFUL PROTEIN-AMYLOID 

INTERACTIONS IN ALZHEIMER’S DISEASE 

3.1 Introduction    

Alzheimer’s disease (AD) is widely accepted as a protein misfolding disease, 

with the misfolding and progressive aggregation of otherwise soluble Aβ peptides 

implicated as the cause of the synaptic dysfunction and neuronal loss that accompanies 

this disease 89. However, no disease-modifying drug that directly targets Aβ is 

currently on the market 9. The only FDA approved drugs for the treatment of AD are 

symptomatic drugs (acetylcholine esterase inhibitors and NMDA receptor antagonist) 

that show some promise in temporarily delaying the worsening of symptoms of AD 13. 

Various drugs that directly target the underlying cause of this disease are currently 

being explored. These drugs modulate Aβ production, aggregation, or degradation and 

can be broadly categorized into the following classes: 1) modulators of Aβ production 

(secretase modulators/inhibitors), 2) immunotherapies that promote Aβ clearance, 3) 

Aβ aggregation inhibitors, and 4) amyloid-plaque degradation enhancers 9, 13. 

Although all of these therapeutic strategies show promise in preventing the production 

of Aβ or disfavoring the formation of toxic forms of Aβ, problems have arisen relating 

to the non-specific action of the secretase modulators, inefficient transport of peptide-

based aggregation inhibitors and degradation enhancers across the blood-brain barrier 

(BBB), and autoimmune responses in AD patients immunized with anti-Aβ 
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antibodies9.  These disadvantages may be overcome by the use of small-molecule 

inhibitors of protein-protein interactions. 

The identification and development of small-molecule modulators of protein-

protein interactions has become a very active area of research due to the many 

advantages of small-molecule based drugs over peptide and antibody based drugs. In 

contrast to peptide and antibody based drugs, Aβ-targeting small molecules have low 

molecular weights, can be derivatized to enhance their BBB transport properties, and 

are generally far less expensive and time-consuming to manufacture than antibodies. 

The main challenge facing the development of small molecules that inhibit protein-

protein interaction is the general lack of small molecule starting points for drug design 

90. In this research we propose to inhibit the harmful functional properties of 

aggregated Aβ by using biocompatible small molecules that are capable of binding to 

aggregated Aβ to form a general protein-resistive molecular surface coating on Aβ 16. 

These molecules have the added advantage of targeting pre-existing Aβ deposits and 

not affecting the activity of amyloid precursor protein (APP) processing enzymes, 

which have other vital functions in the body 5, 6, 91. 

The small molecules that were identified to bind and coat aggregated Aβ 

peptides were structurally based on the benzothiazole compound, thioflavin T (ThT) 

17. ThT is a well-known histological staining agent for Aβ aggregates that binds 

various assembly states of aggregated Aβ (oligomers and fibrils) with high affinity 19, 

20. Oligo(ethylene glycol) derivatives of the lipophilic, neutral analog of ThT, 

benzothiazole aniline (BTA) were used in this research, as BTA derivatives exhibits a 
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higher binding affinity to aggregated Aβ and an enhanced ability to cross the BBB 19, 

20, 92 compared to ThT. The BTA parent compound was also conjugated to the FDA 

approved non-toxic, non-immunogenic and nonantigenic oligo(ethylene glycol) 

moieties 17 to enhance the water solubility of the BTA molecules, enhance transport 

across cell membranes 93, and reduce nonspecific protein adsorption 94. Two Ethylene 

glycol (EG) derivatives of BTA were synthesized, containing four (BTA-EG4) and six 

(BTA-EG6) EGs (Figure 3.1). 

 

Figure 3.1. Chemical structures of Thioflavin T and two derivatives of 2-(4-
aminophenyl)benzothiazoles. 

 

Although ThT is widely used to stain Aβ aggregates, little is known about the 

precise binding sites of ThT and its neutral analogs on aggregated Aβ. Several recent 

publications have made progress in identifying different classes of binding sites on the 

Aβ fibril. Experimental fluorescence and radioligand binding studies of ThT and its 

neutral analogs to Aβ have identified at least three types of binding sites that repeat 

along the Aβ fibril; two sites located near each other in the hydrophobic grooves on 
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the β-sheet surface and the third site is believed to be located at the end of the β-sheet 

95. Molecular dynamics simulations of the binding of ThT and BTA derivatives to 

model Aβ(16–22) fibrils provide further support for the presence of the three 

experimentally identified binding sites. However, two additional bindings sites in the 

side grooves of the β-sheet were also observed for the BTA derivative. This result 

suggest that charge removal in BTA derivatives may enhance the hydrophobic 

interaction between the BTA derivatives and Aβ aggregates (relative to ThT), leading 

to additional binding in the side grooves 96.  

Previous work in the Yang lab demonstrated that BTA-EG4 and BTA-EG6 

were capable of binding to aggregated Aβ peptides with high density and was 

effective in preventing the binding interaction of aggregated Aβ with anti-Aβ 

antibodies (IgG) and two biologically relevant cellular proteins, catalase and amyloid-

binding alcohol dehydrogenase 17, using an enzyme-linked immunosorbent (ELISA) 

inhibition assay 16-18. These neutral ethylene glycol containing derivative of ThT 

(BTA-EG4 and BTA-EG6) were also more effective at inhibiting the association of the 

Aβ-binding enzyme catalase to aggregated Aβ compared to ThT 17. 

In the previous chapter we demonstrated the importance of the specific binding 

interaction between catalase and Αβ within cells leading to deactivation of catalase, 

and Aβ induced increases in cellular levels of H2O2 and cell death. Building upon the 

promising finding that BTA-EG4 and BTA-EG6 could inhibit the binding of 

aggregated Aβ with H2O2-degrading enzyme catalase, herein, we examined whether 

BTA-EG4 and BTA-EG6 are capable of generating protein-resistive surface coatings 
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on aggregated Αβ peptides 16, 18 to: 1) protect the enzymatic activity of catalase by 

preventing the destructive binding of Aβ to catalase, 2) inhibit Aβ-induced increases 

in cellular levels of H2O2, and 3) neutralize of the toxicity of Aβ peptides in cells. The 

ability of the BTA-EGx molecules to cross the blood-brain barrier was also examined 

to demonstrate that this approach of forming biologically-inert, self-assembled 

monolayers 97 of small molecules on disease-related biological aggregates may 

potentially represent a novel and general strategy for treating AD as well as other 

amyloidogenic diseases. 

 
3.2 Experimental Methods  

3.2.1 Preparation of aggregated Aβ(1-42) peptides 

Aggregated Aβ(1-42) from Biopeptide Co., Inc. (San Diego, CA) was prepared 

by incubation in deionized water (100 µM) at 37°C for 72 hours. For cellular 

experiments using aggregated Aβ, a stock solution of aggregated Aβ prepared in 

sterile water was diluted with an equivalent volume of 2X complete culture media to 

create the desired concentration of aggregated Aβ dissolved in 1X complete media. 

Deionized water (with a 18.2 MΩ·cm resistivity) filtered through a NANOpure 

DIamond water purification system from Barnstead (Dubuque, Iowa) was used for all 

experiments. 

3.2.2 Synthesis of BTA-EGx 

1-Iodo-3,6,9,12,15-pentaoxaheptadecanol and 1-iodo-3,6,9-trioxaundecanol 

were prepared according to literature 98. A representative procedure for the synthesis 
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of the oligoethylene glycol derivatives of BTA is as follows: 1-Iodo-3,6,9,12,15-

pentaoxaheptadecanol (0.18 g, 0.45 mmol) was coupled to 2-(p-aminophenyl)-6-

methyl-benzothiazole (0.09 g, 0.38 mmol) with potassium carbonate (0.39 g, 2.8 

mmol) in dry acetone (4 mL) under reflux conditions. The acetone was removed, and 

the residue was taken up into dichloromethane, and separated from an insoluble 

precipitate. After the precipitate was removed by filtration, the solution was washed 

with brine, dried over sodium sulfate, and the solvent was removed under reduced 

pressure. The residue was purified via flash chromatography using 4% methanol in 

ethylacetate as the eluent to yield a yellow oil 17. 

3.2.3 Preparation of BTA-EGx surface coatings on aggregated Aβ  

peptides 

For cellular experiments using aggregated Aβ in the presence of the BTA-EGx 

molecules, aggregated Αβ  (in sterile water) was pre-incubated for 12 hours with 

various concentrations of BTA-EG4 or BTA-EG6, followed by addition of an equal 

volume of 2X media to create a desired solution of aggregated Aβ and BTA-EGx 

dissolved in 1X media. 

3.2.4 Assessment of cell viability in the presence of aggregated Aβ   

pre-incubated with BTA-EGx molecules   

Tissue Culture. SH-SY5Y human neuroblastoma cells were maintained in a 

1:1 mixture of Eagle's Minimum Essential Medium (EMEM) (ATCC, Catalog No. 30-
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2003) and Ham’s F12 supplemented with 10% Fetal Bovine Serum (FBS) in a 

humidified incubator at 37°C in an atmosphere of 95% air and 5% carbon dioxide. 

The assay was performed in sterile, tissue culture treated 96-well plates. SH-

SY5Y cells were plated at a density of 50,000 cells/well in 100 µL of complete media 

consisting of 1:1 mixture of Eagle's Minimum Essential Medium (EMEM) and Ham’s 

F12, supplemented with 10% Fetal Bovine Serum (FBS).  Cells were incubated 

overnight before treatment with 100 µL of various sample solutions. To determine the 

tolerance of cells to the BTA-EGx molecules, cells were exposed to various 

concentrations of the BTA-EGx molecules (0-60 µM) for 24 hours at 37°C. To assess 

the effect of pre-incubating Aβ with BTA-EGx molecules, cells were also exposed to 

solutions containing a final concentration of 25 µM Aβ and various concentrations of 

the BTA-EGx molecules (0-40 µM) for 24 hours at 37°C. The MTT reagent (20 µL of 

the solution from the commercial kit) was added and the cells were incubated for 3 

additional hours. The cells were subsequently solubilized with detergent reagent (100 

µL of the solution from the commercial kit) and incubated at room temperature 

overnight. The cell viability was determined by measuring the absorbance at 570 nm 

using a Spectramax 190 microplate reader (Molecular Devices).   All results were 

expressed as percent reduction of MTT relative to untreated controls (defined as 100% 

viability) and the average absorbance value for each treatment was blanked with the 

absorbance reading of wells containing only media, MTT reagent, and detergent 

reagent. 
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Statistical Analysis. Independent two-tailed student’s t-tests were performed 

using Origin 7.0 (Microcal Software, Inc., Northhampton, MA) to evaluate the 

statistical significance of the difference between the control and experimental mean 

values. A p-value of < 0.05 was defined as statistically significant. 

3.2.5 Measurement of hydrogen peroxide release in cells in the 

presence of aggregated Aβ  pre-incubated with BTA-EGx 

molecules   

The assay was performed in sterile, tissue culture treated 96-well plates. SH-

SY5Y cells were plated in 50 µL Dulbecco's Modified Eagle Medium (DMEM) 

without phenol red, supplemented with 10% FBS and 4 mM L-Glutamine. Cells were 

incubated overnight before dosing with sample solutions. The solutions of Aβ 

aggregates in the presence or in the absence of the BTA-EGx molecules were 

incubated with the cells for 24 hours.  Cellular H2O2 release was determined by adding 

20 µL/well of a solution containing 250 µM Amplex red reagent and 0.5 U/mL 

Horseradish Peroxidase (HRP) dissolved in complete media. The absorbance at 560 

nm was subsequently measured 30 minutes after addition of the Amplex red/HRP 

solution 67. For control experiments, cells were incubated for 24 hours with 40 µM 

BTA-EGx, 20 mM 3AT, or 20 mM 3AT with 40 mM BTA-EGx, followed by 

measurement of H2O2 released. All absorbance measurements for each treatment were 

measured in triplicate and the average absorbance values of control wells containing 

media alone were subtracted. 
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3.2.6 Mass spectrometry analysis of BTA-EGx in Solutions 

containing H2O2 

To verify that BTA-EG4 and BTA-EG6 do not exhibit inherent anti-oxidant 

properties, mass spectrometry was used to compare solutions of BTA-EGx prepared in 

water and BTA-EGx solutions prepared in 3 mM hydrogen peroxide.  Solutions of 100 

µM BTA-EGx (in water or in 3 mM hydrogen peroxide) were prepared and incubated 

for 12 hours in sealed vials at room temperature prior to mass spectrometry analysis.  

3.2.7 Assessment of the cellular internalization of aggregated Aβ  and 

BTA-EGx molecules  

Fluorescence deconvolution microscopy. SH-SY5Y cells were plated in 

DMEM without phenol red (supplemented with 10% FBS and 4 mM L-Glutamine) on 

35 mm glass bottom dishes (MatTek Co., Ashland, MA) and incubated overnight. The 

growth media was removed and solutions of pre-aggregated fluorescently-labeled Aβ 

(5 µM dissolved in media) with or without BTA-EGx (40 µM dissolved in media) 

were added to the cells and allowed to incubate for 12 hours before imaging.  The cells 

were washed with DMEM (without phenol red or FBS) immediately prior to imaging 

with a Delta Vision Deconvolution Microscope System (Applied Precision, Issaquah, 

WA) equipped with a Nikon TE-200 inverted light microscope, with infinity corrected 

lenses, and with a mercury arc lamp as the illumination source. The co-localization 

was determined using softWoRx image analysis software (Applied Precision, 

Issaquah, WA).  The intrinsic fluorescence of the BTA-EGx molecules (Abs/Em: 
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360/440 nm 95) was observed by excitation with bandpass (bp) filtered light (Ex/bp: 

360/40 nm) and the emission monitored at Em/bp: 457/50 nm. The fluorescence of the 

HiLyte Fluor 488-labeled Aβ (Abs/Em: 503/528 nm) was detected using an Ex/bp: 

490/20 nm excitation filter and an Em/bp: 528/38 nm emission filter.  The images 

shown in Fig. 3.5 are fluorescence micrographs of representative z-slices within cells. 

Flow cytometry. SH-SY5Y cells were grown to confluence on 35 mm tissue-

culture treated dishes. The media was removed, and solutions of aggregated 

fluorescently-labeled Aβ (5 µM dissolved in media), fluorescently-labeled Aβ (5 µM) 

that had been pre-incubated with BTA-EGx (40 µM), or fresh media only were added 

to different dishes, and incubated overnight. The solutions were removed and the cells 

were carefully washed with PBS. The cells were dissociated from the tissue-culture 

dishes with solutions of 0.25% trypsin-EDTA, collected, and counted. The dead cells 

in each sample were stained using Live/Dead fixable far red stain (Invitrogen Co., 

Product No: L10120) according to the manufacturer’s protocol and all cell samples 

were fixed with 4% paraformaldehyde in PBS (pH 7.4). The flow cytometry data was 

acquired using a FACSCanto flow cytometer (Becton Dickinson, San Jose, CA) 

equipped with an argon 488 nm laser and a 530/30 band-pass filter to analyze the 

fluorescently-labeled Aβ as well as a helium-neon 633 nm laser and a 660/20 band-

pass filter to analyze the far red dye. FACSDiva software (Becton Dickinson, San 

Jose, CA) was used to control the setup, acquisition, and analysis of flow cytometry 

data from the FACSCanto flow cytometer. The samples were gated to only include 

single cell populations, excluding larger cell aggregates and cellular debris. This 
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population contained more than 95% viable cells (>20,000 cells/sample). The live 

cells were analyzed for the presence of fluorescently-labeled Aβ  and the cellular 

fluorescence from this cell population was presented as histograms.  

3.2.8 Assessment of cellular co-localization of Aβ  pre-incubated with 

BTA-EGx molecules and catalase by immunofluorescence  

Fluorescence deconvolution confocal microscopy. SH-SY5Y cells were 

cultured on 35 mm glass bottom dishes coated with collagen (MatTek Co., Ashland, 

MA) and incubated overnight in a 1:1 mixture of EMEM and Ham’s F12 

supplemented with 10% FBS. The growth media was removed and solutions of 

aggregated fluorescently-labeled Aβ (5 µM dissolved in media), or fluorescently-

labeled Aβ (5 µM) that had been pre-incubated with BTA-EGx (40 µM), were added 

to the different dishes.  The cells were incubated for 12 hours. To visualize co-

localization of aggregated Aβ with catalase and superoxide dismuatse, the cells were 

fixed with 4% paraformaldehyde in PBS (pH 7.4) and permeabalized with 0.25% 

Triton-X in PBS, followed by incubation with a rabbit anti-catalase polyclonal 

antibody (Product No: ab15834) or rabbit anti-SOD 1 polyclonal antibody (Product 

No: ab16831) from Abcam Inc., on a shaker at 4°C overnight.  To detect the primary 

antibody, an Alexa Fluor 647-labeled goat anti-rabbit antibody (diluted 1:1000) was 

added to the dishes and incubated in the dark, on a shaker at room temperature for 2 

hours. Cover slips were mounted using ProLong Gold antifade reagent (Product No: 

P36930) from Invitrogen Co. according to the manufacturers guidelines and allowed 

to cure overnight in the dark at room temperature before imaging with an Olympus 
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FV1000 fluorescent spectral deconvolution confocal system equipped with a Olympus 

IX81 inverted microscope.  The HiLyte Fluor 488-labeled Aβ (Abs/Em: 503/528 nm) 

was excited using a 488 nm laser coupled with a 550/50 nm band-pass emission filter. 

The Alexa Fluor 647 goat anti-rabbit antibody (Abs/Em: 650/668) was excited using a 

633 nm laser coupled with a 695/50 nm band-pass emission filter. The co-localization 

was visualized and Pearson’s correlation coefficient of the entire three-dimensional 

volume of the cell was determined using Volocity image analysis software (Perkin 

Elmer Inc.).  The images shown in Fig. 3.6 and Fig. 3.8 are fluorescence micrographs 

of representative z-slices within cells. 

 Fluorescence deconvolution microscopy. In addition to deconvolution 

confocal microscopy, the cellular co-localization of Aβ and catalase was also 

examined by fluorescent microscopy. SH-SY5Y cells were cultured on poly-L-lysine 

coated glass cover slips and incubated overnight in a 1:1 mixture of EMEM and 

Ham’s F12 supplemented with 10% FBS. The growth media was removed and 

solutions of aggregated fluorescently-labeled Aβ (5 µM dissolved in media), or 

fluorescently-labeled Aβ (5 µM) that had been pre-incubated with BTA-EGx (40 µM), 

were added to the different glass cover slips.  The cells were incubated for 12 hours. 

To visualize co-localization of aggregated Aβ with catalase, the cells were fixed with 

4% paraformaldehyde in PBS (pH 7.4) and permeabalized with 0.25% Triton-X in 

PBS, followed by incubation with a rabbit anti-catalase polyclonal antibody on a 

shaker at 4°C overnight.  To detect the primary antibody, a fluorescently-labeled goat 

anti-rabbit antibody (diluted 1:1000) was added to the glass slides and incubated in the 
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dark, on a shaker at room temperature for 2 hours. Cover slips were mounted using 

Hydromount mounting medium (Product No HS-106) from National Diagnostics 

(Atlanta, GA) according to the manufacturers guidelines and allowed to dry for 48 

hours in the dark at 4°C before imaging with a Delta Vision Deconvolution 

Microscope System (Applied Precision, Issaquah, WA) equipped with a Nikon TE-

200 inverted light microscope, with infinity corrected lenses, and with a mercury arc 

lamp as the illumination source. The fluorescence of the HiLyte Fluor 488-labeled Aβ 

(Abs/Em: 503/528 nm) was detected using an Ex/bp: 490/20 nm excitation filter and 

an Em/bp: 528/38 nm emission filter. The fluorescence of the Alexa Fluor 647 goat 

anti-rabbit antibody (Abs/Em: 650/668) was monitored using an Ex/bp: 640/20 nm 

excitation filter and an Em/bp: 685/40 nm emission filter. The co-localization was 

visualized and Pearson’s correlation coefficient of the entire three-dimensional volume 

of the cell was determined using softWoRx image analysis software (Applied 

Precision, Issaquah, WA).  The images shown in Fig. 3.7 are fluorescence 

micrographs of representative z-slices within cells. 

3.2.9 Co-immunoprecipitation of Aβ  pre-incubated with BTA-EGx 

molecules and catalase  

SH-SY5Y cells were grown to confluence on 10-cm tissue-culture treated 

dishes. The media was removed and solutions of aggregated Aβ(1-42) (25 µM, in 

media), Aβ (25 µM) that had been pre-incubated with BTA-EGx (40 µM), or fresh 

media were added to the different dishes and incubated overnight. The solutions were 

removed and the cells were carefully washed 3 times with ice-cold PBS. The cells 
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were incubated with 1 mL ice-cold lysis buffer (from Cell Signaling Technology, Inc, 

Danvers, MA, Product No: 9803) containing a protease inhibitor cocktail (Sigma-

Aldrich, Product No: P2714) and 1 mM phenylmethylsulfonyl fluoride and placed on 

a shaker for 30 minute at 4°C. The cell lysate was collected, centrifuged and the 

supernatant of the sample was pre-cleared with 50 µL protein G agarose beads (Roche 

Diagnostics Co., Indianapolis, IN, Product No: 11719416001) to remove proteins that 

bind non-specifically to protein G. The pre-cleared cell lysate was subjected to 

immunoprecipitation with a goat polyclonal to catalase antibody (Abcam Inc., 

Cambridge, MA, product No: ab50434) and protein G agarose beads were used to 

extract the anti-catalase antibody and catalase from the lysate. The samples were 

subjected to 4-12% SDS-polyacrylamide gel electrophoresis. Catalase (from human 

erythrocytes) and synthetic aggregated Aβ(1-42) were also separated on the same gel 

as the immunoprecipitated proteins for comparison purposes. Western blot analyses 

using rabbit polyclonal anti-catalase antibody (Abcam Inc., Cambridge, MA, product 

No: ab1877) and 6E10 monoclonal anti-Aβ(1-16) antibody (Covance) were 

performed. Chemiluminescence was used to detect proteins. 

3.2.10  Measurement of catalase activity in the presence of aggregated 

Aβ  pre-incubated with BTA-EGx molecules   

The wells of 96-well plates were charged with 48 µL solutions containing final 

concentrations of 25 µM aggregated Aβ (in water) and 0-100 µM BTA-EGx (in 1% 

DMSO/1% BSA in 50 mM sodium phosphate buffer). After shaking for 12 hours, 15 

µL of a catalase solution was added to give a final concentration of 25 nM catalase. 
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The mixture was placed on a shaker for 2 additional hours. The activity of catalase 

was determined by adding 15 µL of a solution containing 5 µM HRP, 435 µM 4-

aminoantipyrine (AP) and 435 µM 3,5-dichloro-2-hydroxybenzenesulfonic acid 

(DHBS) (HRP, AP, and DHBS collectively are hereby defined as the colorimetric 

reagents) to the wells, immediately followed by 15 µL of 3 mM H2O2 (in 50 mM 

sodium phosphate buffer, pH 7.4). Catalase activity was monitored 10 minutes after 

the addition of H2O2 by measuring the absorbance at 505 nm 86, 87. The average 

absorbance values for each concentration of BTA-EGx were subtracted with the 

absorbance value of blanks consisting of 25 µM Aβ, the corresponding concentration 

of the BTA-EGx molecules, 25 nM catalase, the colorimetric reagents, and 50 mM 

sodium phosphate buffer (instead of a solution of H2O2).  The results were expressed 

relative to absorbance values measured when catalase was not exposed to Aβ (defined 

as 100% catalase activity) and the absorbance measured when the assay was run in the 

absence of catalase (defined as 0% catalase activity).  

Control experiments were also performed to determine if the BTA-EGx 

molecules or Aβ affects the rate of formation of the colored quinoneimine product 

when compared with the absorbance measured when the assay was run in the absence 

of these molecules. To determine if BTA-EGx interfered with this assay, solutions of 

100 µM BTA-EGx (dissolved in 1% DMSO/1% BSA in 50 mM sodium phosphate 

buffer, pH 7.4), 25 nM catalase, 5 µM HRP, 435 µM AP, 435 µM DHBS and 3 mM 

H2O2 were incubated and the absorbance measured at 505 nm after 10 minutes of 

incubation. To determine if Aβ interfered with this assay, solutions containing 25 µM 
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Aβ or 25 µM Aβ solutions with 100 µM BTA-EGx (in the absence of catalase), 5 µM 

HRP, 435 µM AP, 435 µM DHBS and 3 mM H2O2 were incubated and the absorbance 

measured at 505 nm after 10 minutes of incubation. 

3.2.11  Assessment of hydrodynamic radius of aggregated Aβ(1-42) 

pre-incubated with BTA-EGx molecules   

A Malvern Zetasizer Nano ZS90 (Worcestershire, UK) was used characterize 

the aggregation state of Aβ peptides by measuring the average diffusion coefficient of 

the Aβ aggregates. The aggregates were assumed to be spherical and each aggregate 

size was expressed as the radius of a sphere with an identical diffusion coefficient 

(hydrodynamic radius). The Aβ samples were prepared in dPBS without calcium or 

magnesium that had been filtered through a 0.22 µm membrane prior to use (100 µΜ, 

pH 7.4) and incubated for 3 days at 37°C. To assess whether the BTA molecules have 

the ability to disrupt the aggregation of Aβ peptides, the 100 µM aged Aβ sample was 

diluted to produce 3 samples: 1) 50 µM Aβ and 40 µM BTA-EG4 2) 50 µM Aβ and 40 

µM BTA-EG6 and 3) 50 µM Aβ and allowed to incubate further at 37°C for 24 hours. 

The Aβ peptides solutions (with and without BTA-EGx) were then transferred into a 

quartz cuvette, placed in the sample holder of the Zetasizer Nano instrument and the 

hydrodynamic radius calculated using the DTS software (Malvern Instrument Ltd., 

Worcestershire, UK). To obtain a sample of monomeric Aβ peptides, vanillin was 

added to a solution of freshly prepared Aβ (50 µM Aβ and 100 µM vanillin) and the 

hydrodynamic radius measured immediately.   
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3.2.12  Assessment of the tolerance of BTA-EG4 in wild-type mice 

Male and female CD-1 wild-type mice were administered single intraveous 

(IV) dosages of increasing concentrations of BTA-EG4 (up to 100 mg/kg in 

10%DMSO/90%PBS, n = 3) and the mice were weighed over the course of 16 days at 

time points 0, 5, 8, 11, 14, and 16 days.  

3.2.13  Assessment of cerebrovascular permeability and 

pharmacokinetics of BTA-EG4 in wild-type mice 

The transfer of BTA-EG4 between plasma and brain was studied in male CD-1 

mice. The mice were dosed with 10 mg/kg (in 10%DMSO/90%PBS) intravenously  

and the concentration of BTA-EG4 in the plasma and brain was measured over time (n 

= 2 per time point).  Blood was collected via cardiac puncture and was pooled in 

EDTA tubes, centrifuged, and the plasma isolated. The brain was collected from each 

mouse, snap frozen, and homogenized in 2 mL PBS. The concentration of BTA-EG4 

in the plasma and brain at each time point was determined by LC/MS/MS and the 

concentrations of BTA-EG4 in the plasma and brain were plotted as a function of time. 

Pharmacokinetic parameters for the plasma and brain profile of BTA-EG4 were also 

calculated: half-life for BTA-EG4 in the plasma and brain (t1/2), the maximum 

concentration (Cmax) of BTA-EG4 in the plasma and brain, the area under the 

concentration-time curve (AUC), the brain-to-plasma ratio (BB), and the logarithmic 

brain-to-plasma ratio (Log BB). All in vivo animal work was conducted by Vivisource 

Laboratories, Inc. (Waltham, MA). 
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3.3 Results and Discussion 

3.3.1 BTA-EGx molecules reduce the toxicity of Αβ  peptides 

We hypothesized that small molecules (BTA-EGx, Fig. 3.3A) with the 

capability of forming protein-resistive surface coatings on aggregated Αβ peptides 17 

could protect cells from Αβ toxicity.  To test this hypothesis, we determined the 

viability 65, 66 of human SH-SY5Y neuroblastoma cells after exposure to aggregated 

Aβ peptides in the presence or in the absence of these small molecules.  For these 

experiments, we mimicked the heterogeneous population of aggregated Aβ species in 

AD brains 68-70 by using a preparation of Αβ peptides that contained ~15% small 

oligomers (MW ~ 15 kDa corresponding to trimers), ~25% medium-sized oligomers 

(MW 20-65 kDa corresponding to 5-15 mers), and ~60% soluble protofibrils (MW > 

150 kDa corresponding to > 30 mers) (Figure 2.1 from chapter 2). Figure 3.3B (and 

Figure 2.2 from chapter 2) show that exposure of cells to 25 µM concentrations of this 

Aβ preparation reduced their viability to approximately 27% compared to control cells 

that were cultured in the absence of Aβ.  

Before exploring the effect of the BTA-EGx molecules on reducing the 

cytotoxicity of Aβ, we tested the tolerance of cells to the BTA-EGx molecules by 

themselves.   These experiments revealed that the BTA-EGx molecules were not toxic 

at concentrations up to 60 µM (Figure 3.2).  Remarkably, the BTA-EGx molecules 

were, however, capable of reducing the toxicity of aggregated Aβ, causing an increase 

in cell viability to ~72% (Figure 3.3C). Since we used a mixture of aggregated Aβ 
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species in these experiments, the results shown in Fig. 3.3C suggest that the BTA-EGx 

molecules could simultaneously protect cells from several potentially toxic forms of 

aggregated Aβ peptides that are present in this mixture 7, 27, 71-75. In all of the work 

shown here, we describe results using both of the structurally-related BTA-EG4 and 

BTA-EG6 molecules since testing two molecules provides two-fold evidence that this 

class of molecules can protect cells from Aβ-related injury.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Effect of increasing concentrations of BTA-EGx on cell viability of SH-
SY5Y cells (as determined by measurement of MTT reduction). Cells were treated 
with various concentrations of BTA-EGx for 24 hours and their viability was 
compared to untreated cells. The data are expressed as mean values ± SD, n = 3 for 
each concentration. The P-value is > 0.05 for all concentrations of BTA-EGx 
compared to untreated control cells, indicating no statistically significant difference in 
viability between treated and untreated cells. 

Interestingly, when SH-SY5Y cells are pre-incubated with the BTA-EGx 

molecules for 24 hours prior to challenging cells with untreated aggregated Aβ 

peptides (i.e., aggregated Aβ that was not pre-incubated with BTA-EGx), we did not 

observe significant inhibition of Aβ-induced toxicity in the cells. Since the effect of 
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the BTA-EGx molecules on protection of Aβ-induced toxicity in cells depended on 

whether they were pre-incubated with the aggregated Aβ prior to exposure of the 

peptides to the cells, we hypothesize that distribution of the BTA-EGx molecules in 

cells may be different depending on whether they are introduced to cells alone (i.e., in 

the absence of Aβ) or whether the BTA-EGx molecules are pre-incubated and 

introduced to cells together with Aβ peptides.  Pre-incubation with Aβ may, therefore, 

improve internalization of the BTA-EGx molecules and facilitate, enhance, or stabilize 

intracellular interactions between BTA-EGx and Aβ. 

 
Figure 3.3. Effect of aggregated Aβ(1-42) on the viability of SH-SY5Y cells and the 
cytoprotective effects of BTA-EGx against Aβ toxicity.  A) Structures of BTA-EG4 
and BTA-EG6. (B) Viability of cells in the presence of 25 µM aggregated Aβ or 40 
µM BTA-EGx compared to untreated cells (**P < 0.01 compared to untreated control 
cells). Cells were exposed to Aβ or BTA-EGx for 24 hours. (C) Protection of cell 
viability in the presence of 25 µM aggregated Aβ that was pre-incubated with various 
concentrations of BTA-EGx. The data are expressed as mean values ± SD, n = 3 for 
each concentration.  *P < 0.05 or **P < 0.01 compared to cells incubated with 25 µM 
Aβ alone (i.e., in the absence of small molecules).    



 

 

65 

 
3.3.2 BTA-EGx molecules inhibit Αβ-induced increases in cellular 

H2O2 levels 

In order to assess whether the BTA-EGx molecules can minimize Aβ-induced 

increases in cellular H2O2 levels, we measured the amount of H2O2 released by SH-

SY5Y cells in the presence of aggregated Aβ peptides.  Figure 3.4A  (and Figure 2.3 

from chapter 2) demonstrates that cells incubated with 25 µM Aβ for 1 day released 3-

fold more H2O2 than control cells that were not exposed to Aβ.  Moreover, Fig. 3.4B 

shows that concentrations of BTA-EGx above 10 µΜ significantly inhibited Aβ-

induced elevations in H2O2 levels in these cells.  The presence of the BTA-EGx 

molecules together with Aβ resulted in low H2O2 levels that were indistinguishable 

from control cells.  Additional control experiments showed that 40 µM solutions of the 

BTA-EGx molecules by themselves (i.e., in the absence of Aβ) did not affect cellular 

H2O2 levels compared to cells that were not exposed to these small molecules (Fig. 

3.4A). 

To evaluate if the BTA-EGx molecules exerted their action by either 

specifically inhibiting Aβ-induced increases in cellular H2O2 levels or by reacting 

chemically with H2O2 or other ROS, we inhibited catalase with a known inhibitor (3-

amino-1,2,4-triazole, 3AT 45, 76).  We expected this treatment to increase cellular levels 

of H2O2. Fig. 3.4A shows that a 20 mM solution of 3AT caused a 3-fold increase in 

H2O2 released by cells compared to untreated control cells.  This increase in H2O2 

levels was not affected by incubating cells with 3AT in the presence of 40 µM BTA-
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EGx (Fig. 3.4A), demonstrating that the anti-oxidant properties of the BTA-EGx 

molecules are specific to Aβ-mediated oxidative stress. Mass spectrometry analysis 

showed that there was no change in the mass of BTA-EGx incubated in 3 mM 

hydrogen peroxide compared BTA-EGx incubated in water, suggesting that the BTA-

EGx molecules, did not react with hydrogen peroxide to form oxidized products. The 

BTA-EGx molecules, therefore, exerted their activity by a mechanism that is different 

from a chemical anti-oxidant mechanism. 

 

BTA-EG4: 

Prepared in water: MS (ESI-positive): m/z 417.31 [M+H]+ and 455.18 [M+K]+ 

(calculated mass: 416.18).  

Incubated in 3 mM H2O2 for 12 hours: MS (ESI-positive): m/z 439.42 [M+Na]+ and 

455.26 [M+K]+. 

BTA-EG6: 

Prepared in water: MS (ESI-positive): m/z 505.42 [M+H]+ (calculated mass:  504.23) 

Incubated in 3 mM H2O2 for 12 hours: MS (ESI-positive): m/z 543.22 [M+K]+. 
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Figure 3.4. Detection of Aβ-induced increase in release of H2O2 from SH-SY5Y cells. 
(A) H2O2 release from SH-SY5Y cells alone, or treated with BTA-EGx aggregated 
Aβ, catalase inhibitor 3AT, or a combination of 3AT and BTA-EGx (**P < 0.01 
compared to untreated control cells). (B) H2O2 release from SH-SY5Y cells treated 
with aggregated Aβ peptides that were pre-incubated with 1-40 µM concentrations of 
BTA-EGx. Results are reported relative to the H2O2 concentration released by 
untreated cells. (*P < 0.05 or **P < 0.01 compared to cells treated with 25 µM Aβ 
alone). The data are expressed as mean values ± SD, n = 3 for each concentration. 

 
3.3.3 Aggregated Aβ(1-42) and BTA-EGx molecules internalize in 

cells and co-localize  

In the previous chapter we provided evidence demonstrating aggregated Αβ 

peptides can enter cells, access intracellular H2O2-degrading enzymes, and that these 

destructive interactions contribute to Αβ-induced increases in H2O2 levels and toxicity 

in live cells. We also demonstrated that pre-incubating aggregated Aβ with the BTA-

EGx resulted in a reduction in Aβ toxicity and cellular H2O2 release. To assess whether 

the BTA-EGx molecules exerted its protective effects by forming protein-resistive 

surface coatings on aggregated Αβ peptides, we examined the intracellular co-
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localization of Aβ and BTA-EGx. Figure 3.5A-F shows that the intrinsically 

fluorescent 95 BTA-EGx molecules distributed throughout the cells and occupied 

overlapping subcellular regions of the cells that are also occupied by Αβ. Additionally, 

Fig. 3.5G shows results from flow cytometry experiments demonstrating that the 

BTA-EGx molecules (especially BTA-EG4) do not significantly affect the uptake of 

the aggregated Aβ peptides in the cells. These results are consistent with the 

possibility that the BTA-EGx molecules were capable of entering cells and could, 

hence, interact with intracellular pools of Aβ peptides. We hypothesize that this 

interaction between the BTA-EGx molecules and Aβ protected cells from harmful 

protein-amyloid interactions by forming protein-resistive molecular surface coatings 

on Αβ 17.  
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Figure 3.5. Internalization of aggregated Aβ(1-42) and BTA-EGx molecules by SH-
SY5Y cells. (A-C) Fluorescence micrographs of representative z-slices within a cell 
showing that BTA-EG4 (A, blue) and fluorescently-labeled aggregated Aβ peptides 
(B, green) internalize in SH-SY5Y cells. (C) Represents areas of co-localization of Aβ 
with BTA-EG4 (yellow).  (D-F) Fluorescence micrographs of representative z-slices 
within a cell showing that BTA-EG6 (D, blue) and fluorescently-labeled aggregated 
Aβ peptides (E, green) internalize in SH-SY5Y cells. (F) Represents areas of co-
localization of Aβ with BTA-EG6 (yellow).  Scale bar = 10 µm. (G) Effect of BTA-
EGx molecules on the cellular uptake of aggregated, fluorescently-labeled Aβ(1-42) in 
SH-SY5Y cells.  The histograms show the number of SH-SY5Y cells as a function of 
their total fluorescence intensity that were incubated with: i) 5 µM Aβ (red curve) ii) 5 
µM Aβ pre-incubated with 40 µM BTA-EG4 (green curve), or iii) 5 µM Aβ pre-
incubated with 40 µM BTA-EG6 (blue curve) for 24 hours.  The data was generated by 
flow cytometry analysis of individual cells (> 20,000 cells per sample).  Statistical 
analysis of the data revealed that there was no significant difference in the cellular 
uptake of Aβ(1-42) incubated with or without the BTA-EGx molecules. 
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3.3.4 BTA-EGx molecules readily internalize in cells and reduce the 

intracellular co-localization of Aβ  and catalase 

In the previous chapter, we provided evidence supporting the importance of the 

specific intracellular catalase-Aβ interactions in Aβ-induced increase in H2O2 levels 

by examining the intracellular co-localization of catalase with Aβ by both fluorescent 

deconvolution confocal microscopy and standard fluorescence deconvolution 

microscopy. To assess whether BTA-EGx can inhibit harmful Aβ-catalase interactions 

by forming protein-resistive molecular surface coatings on Αβ 17 within cells, we 

quantified the co-localizatoin of catalase and Aβ in the absence and presence of BTA-

EG4 and BTA-EG6.  Results from both the confocal and standard fluorescence 

microscopy images show that BTA-EG4 (Figure 3.6F and Figure 3.7H) and BTA-EG6 

(Figure 3.6I and Figure 3.7L) significantly reduced the intracellular co-localization of 

Aβ and catalase. Although Fig. 3.6 and Fig. 3.7 shows only representative z-slice 

fluorescence micrographs of these cells, we quantified the degree of co-localization of 

Aβ and catalase within the entire three-dimensional volume of cells with the Pearson’s 

correlation coefficient. In the confocal fluorescence microscopy, before addition of the 

BTA-EGx molecules, this coefficient was 0.54, whereas it was 0.26 or 0.38 when cells 

were introduced to Aβ together with BTA-EG4 and BTA-EG6, respectively. A similar 

result was observed in the standard fluorescence microscopy experiment, where the 

Pearson’s correlation coefficient was 0.46 before addition of the BTA-EGx molecules 

and was reduced to 0.10 or 0.29 when cells were introduced to Aβ together with BTA-
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EG4 and BTA-EG6, respectively. 

As a control for the fluorescence microscopy co-localization experiment, we 

examined whether the presence of the BTA-EGx molecules would affect the degree of 

overlap of Aβ and superoxide dismutase (SOD), an enzyme that exhibited a reduced 

degree of overlap with Aβ (Pearson’s coefficient = 0.27) compared to the overlap of 

Aβ and catalase (Pearson’s coefficient = 0.54).  The Pearson’s coefficient was 

calculated to be 0.30 for both BTA-EGx molecules (Figure 3.8) compared with cells 

that were treated with Aβ alone. These results along with the lack of co-

immunoprecipitation of Aβ with SOD (Figure 2.11 from chapter 2) provide additional 

evidence that Aβ and SOD do not likely interact significantly within cells and support 

the importance of the specific Aβ-catalase interaction in Aβ-induced oxidative stress. 

 
Figure 3.6.  Co-localization studies of Aβ(1-42) and catalase in SH-SY5Y cells by 
confocal microscopy. (A-C) Fluorescence micrographs of representative z-slices 
within a cluster of cells. Fluorescently-labeled Aβ peptides (A, green) and catalase (B, 
red) are evident within these z-slices. (C) Represents a merged image of (A) and (B). 
(D-F) and (G-I) Fluorescence micrographs illustrating the reduced co-localization of 
Aβ and catalase in the presence the BTA-EGx molecules. Scale bar = 10 µm. 
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Figure 3.7.  Co-localization of aggregated Aβ(1-42) with catalase in SH-SY5Y cells 
by deconvolution fluorescence microscopy. (A-D) Fluorescence micrographs of 
representative z-slices within a cell show the co-localization of fluorescently-labeled 
aggregated Aβ peptides (A, green) with catalase (B, red). (C) Represents a merged 
image of (A) and (B).  (D) Represents the areas of co-localization of (A) and (B) 
(yellow). (E-H) and (I-L) Fluorescence micrographs of representative z-slices within a 
cell illustrating the reduced co-localization of Αβ peptides and catalase in the presence 
the BTA-EGx molecules.  Scale bar = 10 µm. 
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Figure 3.8. Examination of the overlap of aggregated Aβ(1-42) and superoxide 
dismutase (SOD) in SH-SY5Y cells by deconvolution confocal fluorescence 
microscopy. (A-C) Fluorescence micrographs of representative z-slices of cells 
highlighting the location of fluorescently-labeled aggregated Aβ peptides (A, green) 
and SOD (B, red). (C) A merged image of (A) and (B). (D-F) and (G-I) Fluorescence 
micrographs of representative z-slices of cells illustrating that the BTA-EGx molecules 
do not affect the overlap of Aβ peptides and SOD in the cells.  Scale bar = 10 µm. 

 
3.3.5 BTA-EGx molecules reduce the intracellular co-

immunoprecipitation of Αβ(1-42) with catalase 

In addition to the fluorescence microscopy studies, the molecular association 

between Aβ(1-42) peptides and catalase was also established by co-

immunoprecipitation of Aβ with catalase (Figure 2.10 from chapter 2). To examine 

whether the BTA-EGx molecules could inhibit co-immunoprecipitation of Aβ with 

catalase, cells were also exposed to Aβ that was pre-incubated with BTA-EGx. 
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Western blot analysis revealed a protein band of ~4.5 kDa in cell that were treated 

with Aβ (Figure 3.9) (MW of Aβ monomers), which was immunoreactive to an anti-

Aβ antibody and co-immunoprecipitated with an anti-catalase antibody. This ~4.5 kDa 

band was not observed in the western blots from control cells that were not treated 

with Aβ.  Additionally, immunoprecipitation of catalase in the presence of the BTA-

EGx molecules reduced the co-immunoprecipitation of Aβ peptides with the catalase 

from the cell lysate (Fig. 3.9).  Interestingly, the fluorescence microscopy experiments 

and the co-immunoprecipitation experiments revealed a consistent trend for the 

slightly better performance of BTA-EG4 for reducing the interaction of Aβ with 

catalase in cells compared to the BTA-EG6.  We attribute this apparent enhanced 

performance of BTA-EG4 to its increased lipophilicity compared to BTA-EG6 17, 

which may facilitate internalization in cells.  

 

 
Figure 3.9. Co-immunoprecipitation of Aβ (1-42) with catalase in the presence or 
absence of the BTA-EGx molecules. SH-SY5Y cells that were treated with: i) 25 µM 
Aβ (1-42) (lane 1), ii) neither Aβ (1-42) nor the BTA-EGx molecules (lane 2), iii) 25 
µM Aβ pre-incubated with 40 µM BTA-EG4 (lane 3), and iv) 25 µM Aβ pre-
incubated with 40 µM BTA-EG6 (lane 4).  All cells were immunoprecipitated with an 
anti-catalase antibody and subjected to Western blot analysis with anti-Aβ and anti-
catalase antibodies. Catalase from human erythrocytes (lane 5) and pure Aβ(1-42) 
(lane 6) were also separated and stained on the same immunoblot. 
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3.3.6 BTA-EGx molecules protect the H2O2-degrading activity of 

catalase in the presence of Aβ  

We reported previously that BTA-EG4 and BTA-EG6 could inhibit catalase-Aβ 

binding interactions in solution by forming protein-resistive surface coatings on 

aggregated Aβ(1-42) peptides 17.  In order to determine whether these molecules could 

also protect the enzymatic activity of catalase in an Aβ-rich environment, the assay 

that was developed to quantify catalase activity (Figure 2.12 from chapter 2) was 

tested for compatibility with the BTA-EGx molecules and aggregated Aβ peptides in 

solution. Figure 3.10 shows that the BTA-EGx molecules do not interfere with the 

readout of the assay. Fig. 3.11A shows that Aβ reduced the H2O2 degrading activity of 

catalse in a dose dependent manner, where micromolar concentrations of Aβ 

suppressed catalase activity substantially 64.  Importantly, Fig. 3.11B,C shows that the 

presence of BTA-EGx molecules preserved 80-90% of catalase activity despite the 

presence of Aβ. The concentration of BTA-EGx molecule that resulted in half-

maximal preservation of catalase activity was ~8 nM for BTA-EG4 and ~40 nM for 

BTA-EG6. Repeating these experiments revealed variation of roughly an order of 

magnitude in the estimation of IC50 values for BTA-EGx, suggesting there is no 

significant difference in the potency between BTA-EG4 and BTA-EG6 in this cell-free 

assay. The differences in required concentrations of BTA-EGx, either to protect 

catalase activity in cell-free assays or to inhibit Aβ-induced increases in H2O2 

concentrations in cellular assays may be attributed to the numerous proteins, 
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metabolites, and cellular components that may interfere with the binding of the BTA-

EGx molecules to Aβ in the cell assays. These differences may translate into the 

apparent requirement of a higher concentration of the BTA-EGx molecules in the cell 

experiments in order to exert the same protective effects on catalase activity as seen in 

the cell-free enzymatic assay.  Additionally, the precise intracellular concentration of 

catalase is not known. Differences in intracellular concentration of catalase and the 

concentration of catalase used in the enzymatic assay (25 nM) would make it difficult 

to directly and quantitatively compare the results between the cellular and cell-free 

experiments.  Qualitatively, however, the results from the cellular and cell-free 

experiments are consistent with one another. These results are consistent with the 

hypothesis that the BTA-EGx molecules protect cells from Αβ-induced increases in 

H2O2 levels and from Αβ toxicity through a mechanism involving the formation of 

protein-resistive molecular coatings on aggregated Aβ. 
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Figure 3.10. Control experiments showing the effect of BTA-EGx or Aβ on catalase 
activity using a catalase-HRP competition assay. (A) Absorbance readings of solutions 
containing 100 µM BTA-EGx, 25 nM catalase, 5 µM HRP, 435 µM AP, 435 µM 
DHBS, and 3 mM H2O2. The rate of color formation (measured at 505 nm) was 
compared to solutions that did not contain BTA-EGx.  The results show that the BTA-
EGx molecules do not interfere with the readout of the assay. (B) Absorbance readings 
of solutions containing 25 µM Aβ (or 25 µM Aβ incubated with 100 µM BTA-EGx 
for 12 hours prior to evaluation), 25 nM catalase, 5 µM HRP, 435 µM AP, 435 µM 
DHBS, and 3 mM H2O2. The rate of color formation (measured at 505 nm) was 
compared to solutions that did not contain BTA-EGx.  The results demonstrate that 
Aβ or Aβ co-incubated with BTA-EGx do not interfere with the readout of the assay.  
The data are expressed as mean values ± standard deviation (SD), n = 4 for each 
concentration. 
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Figure 3.11. Inhibition of catalase activity by Aβ and preservation of catalase activity 
by BTA-EGx molecules in Αβ-rich solutions. (A) Catalase activity in the presence of 
increasing concentrations of aggregated Aβ. The results are expressed relative to 
activity of catalase in the absence of Aβ. (B,C) Catalase activity in the presence of 
presence of 25 µM aggregated Aβ and increasing concentrations of BTA-EG4 (B) or 
BTA-EG6 (C). Catalase activity was defined as 100% when no Aβ was present and as 
0% when no catalase was present in the sample. All data are expressed as mean values 
± SD, n = 4 for each concentration. 
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3.3.7 BTA-EGx molecules do not affect the aggregation state of Aβ  

In order to consider another possible mechanism by which the BTA-EGx 

molecules could affect Aβ-catalase interactions—for instance, by affecting the 

aggregation state of Aβ—we performed dynamic light scattering experiments of Aβ 

preparations 99.  We carried out these experiments in the presence and in the absence 

of the BTA-EGx molecules and found that the aggregation states of Aβ were not 

altered significantly due to the presence of the BTA-EGx molecules (Figure 3.12). In 

contrast, incubation of aggregated Aβ peptides with vanillin, a molecule known to 

inhibit Aβ aggregation 100, resulted in a population of  Aβ monomers. 

 
Figure 3.12. Distribution of hydrodynamic radii of aggregated Aβ(1-42) as revealed 
by dynamic light scattering measurements. The data is expressed as the average 
volume fraction that is occupied by each Αβ species of the respective hydrodynamic 
radius (Rh).  The sample containing Aβ alone (black) contained 3 major species with 
mean Rh values of ~35, ~340, and ~2800 nm, while samples containing BTA-EGx 
incubated with Aβ contained similarly sized aggregates with mean Rh values of ~30, 
~340 and ~2800 nm for BTA-EG4  (red) and ~20, ~200 and ~2400 nm for BTA-EG6 
(green).  Samples containing vanillin and Aβ consisted of monomeric Αβ peptides 
with an Rh value of ~0.6 nm. 
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3.3.8 Tolerance of BTA-EG4 in wild-type mice 

In this chapter, the BTA-EGx molecules demonstrated their capability of 

inhibiting Aβ induced oxidative stress and toxicity in neuronal cells. To further probe 

the BTA-EGx molecules potential use as a novel therapeutic strategy in AD, the in 

vivo tolerance of BTA in wild-type mice and in vivo permeability of BTA across the 

restrictive BBB was measured. BTA-EG4 was selected for these studies as they 

demonstrated a slightly better performance in reducing Aβ-catalase interactions 

compared to BTA-EG6. Single dose IV injections of BTA-EG4 (≤ 50 mg/kg) were 

well tolerated in wild-type mice for 16 days (Figure 3.13), and necropsy revealed no 

adverse effects on major organs (data not shown).  

 

 
Figure 3.13. Tolerance of BTA-EG4 in wild-type mice. Male and female wild-type 
mice that were administered single IV dosages of increasing concentrations of BTA-
EG4 (up to 100 mg/kg, n = 3) exhibited no noticeable adverse effects at concentrations 
≤ 50 mg/kg over the course of 16 days. Tolerance was demonstrated by the increase in 
mice weight of over time, comparable to that of untreated mice. 
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3.3.9 Cerebrovascular permeability and pharmacokinetics of BTA-

EG4 in wild-type mice 

The cerebrovascular permeability of the BTA-EG4 across the BBB was also 

examined in male CD-1 mice. The mice were administered single dose IV injections 

of BTA-EG4 (10 mg/kg) and the concentration of BTA-EG4 in the brain and plasma 

was measured over time. Figure 3.14 shows that BTA-EG4 rapidly distributes to the 

brain with a logarithmic brain-to-plasma ratio Log (BB) value of 0.63 and brain half-

life (t1/2) of 14 minutes. The level of BTA-EG4 in the brain was higher than the plasma 

at all time points possibly due to the higher affinity of the brain tissue for the 

lipophilic BTA-EG4 molecule. These results suggest that the BTA-EG4 molecule 

undergoes significant uptake into the brain. Other pharmacokinetic parameters for the 

plasma and brain profile of BTA-EG4 were also calculated: half-life for BTA-EG4 in 

the plasma and concentration (Cmax) of BTA-EG4 in the plasma, and the area under the 

concentration-time curve (AUC) (Table 3.1) 101, 102.  

Table 3.1. Pharmacokinetic parameters for the plasma and brain profile of BTA-EG4.  
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Figure 3.14. Time-dependent plasma and brain concentrations of BTA-EG4 in wild-
type mice that were injected with 10 mg/kg (IV, n = 2 per time point).  
 
 
3.4 Conclusions 

Figure 3.15 summarizes the results presented in this chapter in a graphical 

illustration that describes the proposed deactivation of catalase as a contributor of Aβ-

induced oxidative stress.   Since we found a significant fraction of Αβ co-localized 

with catalase in the peroxisomes and in the cytosol 45, 81 (Fig. 3.6 and Fig. 3.7) and co-

immunoprecipitated with catalase (Fig. 3.9), it is apparent that Αβ interacts directly 

with catalase inside of live cells (Fig. 3.15, Pathway 1).  Moreover, addition of small 

molecule inhibitors of catalase-Αβ interactions significantly reduced co-localization of 

Αβ and catalase inside the cells (Fig. 3.6F,I, Fig. 3.7H,L and Fig. 3.15, Pathway 2) 

without affecting significantly the uptake of Aβ in cells (Fig. 3.5G). 
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The results presented here provide clear evidence for an important role for 

catalase-amyloid interactions in Aβ-induced oxidative stress in cells, as outlined in 

Fig. 3.13. The results, however, do not rule out the possibility that amyloid 

interactions with proteins other than catalase could also contribute to cellular injury.  

We previously reported that BTA-EG4 and BTA-EG6 are capable of inhibiting several 

different Aβ-binding proteins from associating with aggregated Aβ peptides 17. It is, 

therefore, likely that the BTA-EGx molecules in cells also attenuate harmful effects of 

Aβ on proteins other than catalase. From a therapeutic point of view, this is, of course, 

an attractive characteristic.  Furthermore, these BTA-EGx molecules exhibit desirable 

drug-like characteristics 14, 103 because they are: 1) non-toxic and cell permeable; 2) 

small (MW of BTA-EG4 = 418 and MW of BTA-EG6 = 504) and have beneficial 

topological polar surface areas 104, 105; 3) low in the number of H-bond donors (i.e., 

less than 5); 4) low in the number of H-bond acceptors (i.e., less than 10); and 5) 

capable of crossing the BBB.  Most importantly, as revealed in this work, these 

molecules inhibit catalase-Αβ interactions, reduce the extent of co-localization of Αβ 

and catalase in cells, protect the activity of catalase in Αβ-rich environments, inhibit 

Αβ-induced increases in cellular H2O2 levels, and reduce Αβ toxicity.  In conclusion, 

the formation of protein-resistive surface coatings on aggregated forms of amyloid 

proteins introduces an attractive and novel strategy for probing the effect of Aβ on 

cells and potentially for treatment of AD.     
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Figure 3.15. Schematic diagram of the proposed deactivation of catalase as a 
contributor of Aβ-induced oxidative stress.  Cellular internalization of Aβ peptides via 
endocytotic and/or non-endocytotic pathways result in accumulation of Aβ within 
cells. The internalized Aβ can interact with proteins such as catalase present in the 
cytosol, peroxisomes, and other cellular organelles.  The diagram of the expanded 
region illustrates the deactivation of the H2O2-degrading activity of catalase in the 
cytosol or peroxisomes (Pathway 1).  The BTA-EGx molecules, however, protect the 
activity of catalase by forming protein-resistive surface coatings on aggregated Aβ and 
inhibiting harmful intracellular catalase-amyloid interactions (Pathway 2).  
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Notes About the Chapter: 

Chapter three, in part, is a reprint (with co-author permission) of the material 

as it appears in the following publication:  Habib, L. K.; Lee, M. T. C.; Yang, J., 

Inhibitors of catalase-amyloid interactions protect cells from β-amyloid-induced 

oxidative stress and toxicity. J Biol Chem 2010, 285 (50), 38933-38943. The author of 

this dissertation is the primary author of this manuscript. 
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4 EVALUATING RECEPTOR-MEDIATED 

TRANSPORT OF TRANSFERRIN CONJUGATED 

SUPERPARAMAGNETIC IRON OXIDE 

NANOPARTICLES ACROSS AN IN VITRO BLOOD-

BRAIN BARRIER 

4.1 Introduction    

The transport of molecules across the restrictive blood-brain barrier (BBB) 

represents a major hurdle in the development of drugs and imaging agents that target 

the central nervous system (CNS) 106, 107. Approximately only 2% of new potential 

diagnostic and therapeutic small molecules (such as the BTA-EG4 molecule) are able 

to cross the BBB 21. The BBB is a unique, selective barrier formed by endothelial cells 

(ECs) that line the inner lumen of the cerebral capillaries that perfuse the brain, along 

with perivascular elements such as closely associated astrocytic end-feet processes, 

perivascular neurons, and pericytes (Figure 4.1a) 108. The function of the BBB is to 

supply the brain with essential nutrients, mediate efflux of waste products, and restrict 

ionic and fluid movement between the blood and the brain to provide an optimal 

medium for neuronal function 109. The BBB ECs differ from ECs in peripheral 

capillaries in four majors aspects that contribute to its highly selective nature: 1) 

expression of complex tight junctions between adjacent ECs due to the interaction of 

transmembrane proteins (occludin, claudins, and junctional adhesion molecules) that 
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restrict intercellular spaces (to ~ 1 nm 110), sealing paracellular diffusion to small 

hydrophilic molecules and significantly restricting the movement of small ions so that 

transendothelial electrical resistance, can be >1,000 Ω.cm2 in brain endothelium 109, 2) 

fewer endocytotic and transcytotic vessels than peripheral ECs, limiting transcellular 

flux through the BBB, 3) significant protein-mediated efflux systems (P-glycoprotein 

(P-gp) and the multidrug resistance-associated protein family (MRP)), and 4) the 

presence intracellular (monoamine oxidase (MAO) and cytochrome P450) and 

extracellular enzymes (peptidases and nucleotidases) that provides a ‘metabolic 

barrier’ capable of metabolizing peptides and ATP and inactivating many neuroactive 

and toxic compounds (Figure 4.1b). 
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Figure 4.1. The blood–brain barrier is formed by brain endothelial cells in the cerebral 
capillaries. a) These endothelial cells interact with perivascular elements such as basal 
lamina and closely associated astrocytic end-feet processes, perivascular neurons and 
pericytes to form a functional BBB. b) The BBB contain numerous transport systems 
that enhance the permeability of specific molecules, in addition to efflux systems and 
enzymes that prevent the entry of neurotoxic molecules. Figure taken from reference 
108. 

Due to the restrictive nature of the BBB, there are a very limited number of 

mechanisms by which substances can cross the BBB. The 5 main endogenous 

pathways for molecular transport across the BBB (Figure 4.2) are: a) restricted 

paracellular transport of hydrophilic compounds between adjacent endothelial cells, b) 
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transcellular diffusion of small lipophilic molecules across the lipid membrane of the 

endothelium, c) carrier-mediated endocytosis of glucose, amino acids, purine bases, 

nucleosides, choline and other substance via transport proteins, d) receptor-mediated 

endocytosis and transcytosis of certain proteins, such as insulin and transferrin, and e) 

limited adsorptive-mediated endocytosis and transcytosis of positively-charged native 

plasma proteins such as albumin 108.  

 Currently, most molecules that target the brain possess inherent structural 

characteristic that enable it to passively diffuse across the lipid membrane, such as the 

BTA-EG4 molecule discussed in previous chapters. These molecules are typically 

small (< 400-500 Da), lipophilic, hydrophobic, and compact 14. Unfortunately, there 

are only a few CNS diseases that consistently respond to this category of small 

molecules 111. For molecules that do not possess the structural characteristics that will 

enable it to cross, the traditional approaches to enable BBB permeability is 

craniotomy-based drug delivery, where drugs are implanted into either the brain 

directly via an intra-cerebral implant, or into the cerebrospinal fluid via an intra-

cerebroventricular infusion. This approach is invasive, expensive, and due to the 

limitations of drug diffusion, very low concentration of drug actually reaches the 

target site 112. Transient disruption of the BBB by the intra-carotid arterial infusion of 

either hyper-osmolar solutions or vasoactive drugs is also occasionally employed to 

enhance BBB transport. The problem with this approach is that it is indiscriminate in 

what it permits entry into the brain, potentially allowing neurotoxins access to the 

brain 106, 113. 
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Figure 4.2. Pathways across the BBB a) restricted paracellular transport of 
hydrophilic compounds, b) transcellular diffusion of small lipophilic molecules across 
the lipid membrane of the endothelium, c) transport of glucose, amino acids, purine 
bases, nucleosides, choline and other substance via transport proteins (carrier-
mediated endocytosis), d) receptor-mediated endocytosis and transcytosis of certain 
proteins, such as insulin and transferrin, and e) adsorptive-mediated endocytosis and 
transcytosis of positively-charged native plasma proteins. Taken from reference 111. 

 
Researchers have developed novel technologies that use the endogenous 

transport systems of the BBB to enable transport of larger molecules across the BBB. 

Receptor-mediated transcytosis (RMT) is an especially attractive strategy due to its 

high specificity in ligand-receptor binding, unrestricted cargo size, and evasion of 

efflux transporters in the BBB 24. In this technology, brain-targeting vectors are 

coupled to therapeutic or diagnostic agents that are non-permeable to the BBB on their 

own. Once the transport vector is recognized by its receptor on the BBB, a clathrin-

coated pit forms and invaginates to encapsulate the vector along with the therapeutic 
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or diagnostic agent in a cytoplasmic vesicle (endosome). The vector along with the 

drug undergoes receptor-mediated transcytosis and is transported to the abluminal side 

of the BBB. In addition to enabling the transport of larger molecules across the BBB, 

brain transport vectors also accelerate permeation of drugs across the BBB by 

typically 1 to 2 orders of magnitudes compared to compounds that cross the BBB via 

passive diffusion 23. Since the Transferrin receptor (TfR) is known to be densely 

populated on the luminal side of brain capillary endothelium 114, Transferrin (Tf) has 

been explored as a potential brain targeting vector for the transport of molecules 

across the BBB. Tf is an 80 kDa single polypeptide glycoprotein that controls the level 

of free iron (Fe3+) in biological fluids and plays an important role in iron transport. Tf 

contains 2 specific high-affinity Fe3+ binding sites, with an extremely high affinity for 

Fe3+ (1023 M−1 at pH 7.4) 115. Once Tf is loaded with iron (Holo Tf), it can bind to the 

transferrin receptors on the luminal side of the BBB to induce the blood-to-brain 

receptor-mediated pathway to transport iron to the brain 25. Once holo Tf proteins are 

inside endosomes, the acidic environment favors dissociation of iron from the 

transferrin–receptor complex. Following the release of iron, the apotransferrin (apo 

Tf) is recycled to the plasma membrane on the abluminal side, where it is released 

from its receptor to scavenge more iron 116. Some examples of drugs delivered by this 

pathway include anticancer agents (paclitaxel and daunorubicin) 117, 118 and anti-

malarial medications (quinine dihydrochloride and artemisinin) 119, 120. 

Despite the many advantages of using the endogenous transport systems of the 

BBB to enhance molecule transport, one of the major drawbacks of this method is 
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failure of the drug to reach target cells in adequate quantities. Therefore, in recent 

years, the use of multifunctional nanoparticles has been explored as a “high payload” 

carrier for the transport therapeutic and diagnostic agents across the BBB. 

Nanoparticles (NPs) are colloidal drug carriers ranging in size from 1 to 1000 nm and 

are comprised of a material within which a high payload of therapeutic and/or 

diagnostic agents can be adsorbed, entrapped, or covalently attached 121. NPs are 

typically composed of a biocompatible core that can be functionalized to contain: 1) a 

biocompatible coating or polymers that improve nanoparticles pharmacokinetics (such 

as Dextran or polyethylene glycol), 2) targeting vector (endogenous peptides, 

modified proteins, and antibodies) that target specific receptor/transport systems of the 

brain capillary endothelium, and 3) the therapeutic and/or diagnostic cargo. Ideally, 

NPs should be biodegradable, biocompatible, non-immunogenic, and physically stable 

in the blood, in addition to being able to efficiently penetrate the BBB, selectively 

target the tissue of interest, and promote controlled and sustained drug release 113. 

Nanoparticles made of inorganic materials (such as iron oxide, silica, or alumina) 

possess many of properties listed above and offer several advantages over polymer or 

lipid-based structures in that their method of preparation is relatively simple and 

affords good control over size, shape and porosity 22. The use of superparamagnetic 

iron oxide NPs (SPIONs), in particular, for biomedical applications has presented 

many advantages in the drug delivery and imaging arenas over traditional therapeutic, 

detection, and diagnostic techniques. These advantages stem from the inherent 

magnetic properties of these NPs, specifically, their ability to act as an magnetic 
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resonance imaging (MRI) contrast agent by enhancing T2* relaxation times and their 

ability to be non-invasively manipulated by application on an external magnetic field 

26. Due to these properties, SPIONs with appropriate targeting vectors have previously 

been exploited for multiple diagnostic and therapeutic applications such as MRI of 

tumors, site-specific drug delivery 26, 122-125, and hyperthermia treatment of malignant 

cells 26, 122, 125. Iron-based nanoparticles at sizes below ~25 nm are especially useful as 

they become superparamagnetic, with a null overall magnetic moment in solution 

when no external magnetic field is applied. SPIONs have the ability to behave 

similarly to paramagnets when an external magnetic field is applied, where the 

magnetic moments of all the iron oxide crystals in the SPIONs align with the magnetic 

field. This property allows the SPIONs to be non-invasively manipulated by 

application of an external magnetic field. Additionally, removal of the field will not 

cause SPION aggregation or occlusion of smaller diameter blood vessels because 

SPIONs do not exhibit magnetic remanence 26. The key features that must be taken 

into consideration for the optimal design of magnetically susceptible brain-targeting 

nanoparticles are: 1) surface chemistry, 2) size, and 3) magnetic properties of the 

particle.  Herein, we examined the ability of 20 nm SPIONs coated with a 

biocompatible, neutral layer (dextran), and conjugated to Tf to cross an in vitro BBB.  

Although in vivo measurements of BBB transport (e.g. intravenous injection 

and brain sampling in animal models) represent fully physiological conditions that 

takes into account carrier-mediated uptake, receptor-mediated transport, and active 

efflux, this technique is very time consuming and costly 101. An in vitro BBB model 
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was used in this research because it can be produced in large quantities providing an 

easier, faster, less expensive, and reproducible method to study the blood–brain 

barrier. Additionally, well-characterized in vitro BBB cell models also have the added 

benefit of providing a better tool for studying mechanistic aspects of transport due to 

the complexity of the in vivo system 114.  In vitro BBB models are typically composed 

of endothelial cells isolated from brain capillaries that have been seeded onto a porous 

membrane to form an endothelial monolayer. The EC monolayer in some in vitro 

models have displayed complex tight junctions, high transendothelial electrical 

resistance (TEER), adequate expression of BBB phenotypic transporters and 

transcytotic activity, and reproducible permeability of reference compounds. 

In this research, we utilize an in vitro BBB co-culture model that was 

previously developed and characterized by others 108, 126-129 that consists of primary 

brain capillary endothelial cells and primary astrocytes. This in vitro model has been 

extensively used in the pharmaceutical industry to estimate BBB permeability. Bovine 

brain microvascular endothelial cells (BBEC) were cultured on a permeable support 

with primary rat astrocytes on the bottom of the well in which the membrane is 

inserted (figure 4.3). This co-culture setup enabled media to be shared between the 

ECs and astrocytes and it has been hypothesized that cell-cell interactions between 

BBEC and rat astrocytes are necessary to retain many BBB endothelial cell 

characteristics 108.  Researchers have previously shown that this co-culture system 

leads to elevated cyclic adenosine monophosphate (cAMP) levels that potentiate the 

reduction in BBB permeability. These studies suggest that cAMP may act as a second 
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messenger, activating protein kinases to phosphorylate tight-junction associated 

proteins important for BBB permeability 130. This co-culture system demonstrated 

many BBB endothelial cells characteristics such as expression and localization of tight 

junction proteins, high TEER, and expression of efflux transporters such as P-gp and 

MRP.  The drug permeability of this in vitro BBB model also showed strong 

correlations (r =0.93–0.95) with in vivo data 129. Culot et al. further demonstrated that 

exposing BBEC cells to astrocytic input in the form of condition media harvested from 

astrocyte-BBEC co-cultures also gave rise to a confluent monolayer of ECs that 

exhibited many BBB characteristics in a much shorter time. In this study, we evaluate 

the integrity of this in vitro BBB model by 1) examining the restrictiveness and 

integrity of cell monolayers by measuring their transendothelial electrical resistance, 

as an indicator of ion permeability, across the BBBs and 2) measuring their selective 

permeability to molecules that should not cross the BBB (Lucifer Yellow).   Once the 

validity of this in vitro BBB model was examined, this BBB was used to study the 

receptor-mediated transcytosis of holo and apo-conjugated dextran-coated SPIONs 

across the BBB. 

 
4.2 Experimental Methods  

4.2.1 Preparation of Tf-SPIONs 

Carboxylated, dextran-coated superparamagnetic iron oxide nanoparticles (20 

nm, Product No. 79-02-201) were purchased from Micromod GmbH (Germany). Iron 

free (apo) and diferric (holo) Transferrin (human, Sigma-Aldrich Inc.) were 
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conjugated to the SPIONs using 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 

hydrochloride (EDC) as a crosslinking agent to couple the carboxyl groups on the 

SPIONs to the primary amines of the lysines in transferrin. A solution containing 20 

nm SPION (5 mg/ml, 4 ml), EDC (4.8 mg), and N-hydroxysuccinimide (NHS, 9.6 

mg) was incubated at room temperature under continuous mixing for 1 hour in 800 µL 

2-(4-morpholino) ethanesulphonic acid (MES) buffer (0.5 M, pH 6.3) to allow EDC to 

convert the carboxyl groups on the SPIONs to amine-reactive Sulfo-NHS esters. This 

mixture was then filtered with a magnetic column (Miltenyi Biotec) to remove excess 

crosslinker and washed with HEPES buffer (0.1 M, pH 8.0). The amine-reactive 

SPIONs were resuspended in HEPES buffer (0.1 M, pH 8.0) containing holo Tf or apo 

Tf (1 mg/ml) and incubated at room temperature with continuous mixing for at least 3 

hours. Unreacted Sulfo-NHS esters were quenched by adding 25 mM glycine in PBS 

and incubating this suspension at room temperature for 30 minutes. This mixture was 

then filtered with a magnetic column (Miltenyi Biotec) to remove excess transferrin 

and glycine, washed with PBS buffer (pH 7.4), and resuspended in PBS. Control 

experiments were carried out similarly without the addition of the coupling agent. 

4.2.2 Characterization of SPIONs 

Dynamic Light Scattering. A Malvern Zetasizer Nano ZS90 (Worcestershire, 

UK) was used to characterize the size (hydrodynamic diameter) and zeta potential of 

holo Tf-SPIONs, apo Tf-SPIONs, holo Tf-SPION and apo Tf SPION controls (where 

Tf and SPIONs were mixed without a coupling agent), and unreacted 20 nm SPIONs. 

The samples were measured in PBS buffer (pH 7.4). The hydrodynamic diameter and 
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zeta potential of the samples were calculated using DTS software (Malvern Instrument 

Ltd., Worcestershire, UK) and data represents an average of 3 measurements ± 

standard deviations. 

Polyacrylamide Gel Electrophoresis. Sodium Dodecyl Sulfate (SDS) PAGE 

was performed according to the manufacturer’s protocol (Invitrogen Co.) to determine 

if the conjugation of Tf to the SPIONs was successful. In order to load Tf-SPION 

samples containing equal amounts of SPION onto the gel, the amount of iron in each 

sample was determined using a Prussian blue assay. Briefly, nanoparticle suspensions 

were mineralized in an equal volume of 5 N HCl overnight at 37oC. The solutions 

were then mixed with 5% potassium ferrocyanide and incubated at room temperature 

for 15 minutes. Potassium ferrocyanide reacts with ferric iron to form ferric 

ferrocyanide, a blue colloidal complex known as Prussian blue. The amount of 

SPIONs in each samples was quantified by measuring the absorbance at 630 nm 131 

using a Spectramax 190 microplate reader (Molecular Devices) and comparing with 

standard curves of SPIONs. The concentration of each sample was subsequently 

adjusted so that all samples contain equal SPION concentrations. Reduced and heated 

SPION samples were then separated on a 4-12% Bis-Tris gel (Invitrogen Co.) run 

under reducing condition using MOPS running buffer (Invitrogen Co.). Holo and apo 

transferrin (5 µg) were also separated on the same gel as the SPION samples for 

comparison purposes. Transferrin was visualized using a SilverQuest silver staining 

kit (Product No: LC6070, Invitrogen Co.) according to the manufacturers guidelines. 

The molecular weight value of transferrin was estimated using Novex sharp pre-
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stained protein standards (Invitrogen Co.). 

Quantifying the binding of transferrin to SPIONs. To quantify the binding of 

transferrin to the SPION samples, a Prussian blue assay (as described in above) and a 

standard Bradford assay 132 were performed to determine the concentration of SPIONs 

and transferrin in each sample, respectively. The Bradford assay was performed 

according to the manufacturers protocol (Product No: 500-0002, Bio-Rad, Hercules, 

CA). Briefly, the dye reagent was prepared by diluting 1 part Dye Reagent 

Concentrate in 4 parts HEPES buffered Ringer’s solution, dilutions of a BSA 

standards were prepared and 160 µl of each standard and Tf-SPION sample solution 

were pipetted into separate wells of a 96-well plate. 40 µl of dye reagent was then 

added to each well, mixed, and incubated for 5 min. The absorbance was measured at 

595 nm. Data represents the number of Tf proteins per SPION and is an average of 3 

measurements ± standard deviations. 

4.2.3 Cell culture 

BBEC Cells. Bovine Brain Microvascular Endothelial Cells (BBEC) (Product 

No: AC-2509) and Rat Brain Cortex Astrocytes (Product No: R-CXAS-520) were 

purchased from Lonza Group (Basel, Switzerland). The BBEC cells were seeded onto 

gelatin-coated Petri dishes and cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM) supplemented with 10% heat inactivated newborn calf serum and 10% heat 

inactivated horse serum, 2 mM L-glutamine, 50 µg/ml gentamicin and 1 ng/ml basic 

fibroblast growth factor (bFGF) in a humidified cell culture incubator at 37 oC and 

with 5% CO2/95% air. Confluent cells were trypsinized and subcultured. Cells at third 
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passage were stored in liquid nitrogen for future use. For BBB experiments, cells were 

rapidly thawed at 37 oC and seeded onto gelatin-coated dishes. Once confluent, cells 

were used in BBB models and BBEC subcultured up to passage eight were used in 

BBB models. Rat cortical astrocytes were seeded onto poly-lysine-coated dishes 

(5,000 cells/cm2) and cultured in DMEM supplemented with 10% fetal calf serum. 

The medium was changed every other day until the cultures reached approximately 

50% confluency and everyday thereafter until approximately 80% confluent and ready 

for use in the BBB models 

4.2.4 Establishing an in vitro blood-brain barrier  

Bovine brain capillary endothelial cells and rat astrocytes were initially co-

cultured to obtain “BBB-inducing medium”. This was achieved by seeding rat 

astrocytes at a concentration of 2.5x105 cells/mL (2.5 mL) on the bottom of poly-

lysine coated 6-well plates. The rat astrocyte cultures were incubated in a cell culture 

incubator for 3 weeks to allow cultures to stabilize and the media was changed twice a 

week. The upper side of polyethylene terephthalate 6-well filters (Millicell, 0.4 µm 

pore size, 30 mm, Product No: PIHT30R48 from Millipore Corporation, Billerica, 

MA) were coated with 150 µL of a 1.5 mg/mL solution of rat-tail collagen I (Product 

No: 354236 from BD biosciences, Bedford, MA) containing 10-fold concentrated 

DMEM and 0.3 M sodium hydroxide (NaOH). The filters were incubated at 37 oC for 

1 hour and the coating was rinsed with water and HEPES buffered Ringer’s solution 

(150 mM NaCl, 5.2 mM KCl, 2.2 mM CaCl , 0.2 mM MgCl , 6 mM NaHCO , 2.8 mM 

glucose, 5 mM HEPES, pH 7.4). BBEC were seeded on the upper side of the filters at 
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a concentration of 4x105 cells/mL (1.5 mL) and each filter was placed in the 6-well 

plate containing the rat astrocytes on the bottom (Figure 4.3). The BBEC and rat 

astrocyte co-culture was incubated in a cell culture incubator and the co-culture 

medium was changed every other day and replaced with BBEC media. Conditioned 

medium from the BBEC and astrocyte co-culture, harvested 48 hours after refreshing 

the co-culture system medium was collected and “BBB-inducing medium” containing 

1% conditioned medium was prepared. The remaining conditioned medium was 

frozen for future use.  

The BBEC model used in these studies was prepared by seeding 6x105 BBEC 

cells/mL (0.4 mL) on the upper side of polycarbonate 24-well plate filters (Millicell, 

0.4 µm pore size, 12 mm, Product No: PIHP01250 from Millipore Corporation, 

Billerica, MA) previously coated with rat-tail collagen. The seeded filters were placed 

in 24-well plates and 0.8 mL BBEC medium were also added to the lower 

compartments. After 3 days, the medium was replaced with “BBB-inducing medium” 

and the transport experiment was carried out 24 hours later 127. 
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Figure 4.3. Schematic representation of the procedure to form BBEC BBB 
monolayer. Taken from reference 128. 

 
4.2.5 Evaluating the integrity of the blood-brain barrier  

Measurement of Transendothelial Electrical Resistance (TEER). The TEER of 

the in vitro BBB models, which reflects the paracellular ion permeability of the 

endothelial layer, were recorded using an Endohm chamber connected to an EVOM2 

resistance meter (World Precision Inst. Inc., Sarasota, FL). The TEER of each BBB 

model was calculated after subtracting the TEER of the blank filters and reported as Ω 

cm2. 
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Measurement of Lucifer Yellow permeability across the BBB. The integrity of 

the BBB was monitored by measuring the permeability of Lucifer Yellow (Product 

No: L453 from Invitrogen Co.), a paracellular permeable fluorescent dye, across the 

BBB over time.  In these transport experiments, HEPES buffered Ringer’s solution 

was added to empty wells of 24-well plates (0.8 mL) and filters containing the BBEC 

confluent monolayers were placed in 24-well plates. A solution containing 100 µM 

Lucifer Yellow (dissolved in HEPES buffered Ringer’s solution) was subsequently 

added to the cell monolayer (0.4 mL) and the plates placed on an orbital shaker and 

incubated at 37 oC. The filters containing the BBB model were transferred to another 

well of the 24-well plate containing fresh buffer every 15 min after addition of Lucifer 

Yellow. To quantify the concentration of Lucifer Yellow transported over time, 

aliquots from the lower receiver compartment was collected every 15 min for at least 

60 min (and up to 2 hour). The transport of Lucifer yellow across blank filters without 

cells was also monitored over time. Additionally, aliquots from the donor 

compartment were taken at the beginning and at the end of the transport experiments. 

A calibration curve of Lucifer Yellow was made to determine the amount of Lucifer 

Yellow in these aliquots by measuring the fluorescence of Lucifer Yellow using a 

Spectramax EM microplate spectrofluorometer (Molecular Devices Co., Sunnyvale, 

CA) at 428 nm of excitation and 536 nm of emission. The permeability coefficient was 

calculated by determining the cleared volume. This was achieved by dividing the 

amount of compound in the receiver compartment at each time point (X) by the 

concentration in the donor compartment (Cd) to obtain a concentration-independent 



 

 

104 

transport parameter.  The total cleared volume at each time point is calculated by 

summing the incremental cleared volumes up to the given time point 128: 

Clearance volume (mL)=Cl (mL)= X/Cd 

The incremental clearance volume was plotted as a function of time and the slope of 

the clearance volume vs. time curves for the filters containing the BBB and the control 

filters coated only with collagen represents the permeability × surface area product 

(mL/min), denoted as PSt and PSf respectively. The PS value for the endothelial 

monolayer (PSe) is calculated from: 

 1/PSe=1/PSt−1/PSf 

The PSe values were divided by the surface area of the filter (0.6 cm2 for BBEC filter) 

to calculate the endothelial permeability coefficient (Pe, cm min-1). 

4.2.6 Evaluating transendothelial transport of SPIONs across the 

BBB                                         

To evaluate the transport of Tf conjugated SPIONs samples across the BBB, 

the BBEC in vitro BBB model was cultured as described in sections 4.2.3 and 4.2.3. 

Transendothelial transport experiments of the SPIONs were performed by diluting 

SPION samples in HEPES buffered Ringer’s solution. HEPES buffered Ringer’s 

solution was added to empty wells of 24-well plates (0.8 mL per well) and filters 

containing the BBEC confluent monolayers were then placed in 24-well plates. The 

Tf-SPION samples were added to the cell monolayer (0.4 mL for the BBEC BBB) and 

the plates placed on an orbital shaker and incubated at 37 oC. The filters containing the 

BBB model were transferred to another well of the 24-well plate containing fresh 



 

 

105 

buffer every 15 min after addition of SPIONs. The concentration of SPIONs 

transported over time was determined by collecting aliquots from the lower receiver 

compartment every 15 min for at least 60 min (and up to 2 hour). The transport of 

SPIONs across blank filters without cells was also monitored over time. Additionally, 

aliquots from the donor solution were taken at the beginning and at the end of the 

transport experiments. The concentration of SPIONs in the aliquots was determined 

based on iron content using a Prussian blue assay (as described in section 4.2.2). To 

assess whether SPION transport occurred through a Tf-receptor mediated endocytosis 

pathway, filters with the endothelial cell monolayer were pre-incubated excess holo Tf 

(200 µg/mL, 0.4 mL) for 2 hours and washed with buffer prior to the addition of the 

different SPION samples. The transport of SPIONs over time was determined as 

described above.  

The permeability of holo Tf conjugated SPIONs across the BBB was also 

compared with fluorescently-labeled holo Tf from human serum, (Alexa Fluor 488 

conjugated, Product No: T13342, from Invitrogen Co.). Tf receptors were also 

saturated with holo Tf (200 µg/ml, 0.4 ml) by pre-incubating the BBB with excess 

holo Tf for 2 hours to assess whether Tf transport occurred through a Tf-receptor 

mediated endocytosis pathway. The transport of Tf across blank filters without cells 

was also monitored over time. 

The permeability coefficient was calculated by determining the cleared volume 

as described in section 4.2.5. To assess possible adsorption to filters, non-specific 

binding to cells, or non-receptor mediated endocytosis, the % recovery of the different 



 

 

106 

SPION samples was calculated from the amount of compound recovered in both 

compartments at the end of the experiment divided by the total amount added in the 

donor compartment at 0 min.  

4.3 Results and Discussion 

4.3.1 Characterization of SPIONs 

The coupling of primary amines in the lysines in holo and apo Tf to the 

carboxyl groups on the surface of the SPIONs using an EDC/NHS crosslinker was 

investigated and compared to un-modified SPIONs. The DLS measurements of 

unmodified SPIONs and Tf-conjugated SPIONs (Table 4.1) demonstrate that the size 

of the Tf-conjugated SPIONs was significantly larger than unmodified SPION, where 

the hydrodynamic diameter of holo and apo-conjugated SPIONs were 94 ± 4 and 75 ± 

1. nm, respectively, compared to 59 ± 8 nm for unmodified SPION. The polydispersity 

of all formulations showed a narrow size distribution (<0.27). The larger size of the Tf 

modified SPIONs suggest that some degree of protein attachment to NPs was 

achieved. The smaller size of apo Tf-SPION compared to holo Tf-SPION (75 ± 1 nm 

vs. 94 ± 4 nm respectively) may be attributed to differential loading of Tf to the 

nanoparticle. Bradford and Prussian Blue assays were performed to quantify the 

amount of proteins and iron in each sample and the number of Tf proteins per SPION 

was calculated to be approximately 4 holo Tf per SPION and 3 apo Tf per SPION. 

Therefore, the difference in Tf-SPION size is likely due to greater number of holo Tf 

attached per SPION. Since an equal concentration of holo and apo Tf was used to 

prepare Tf-conjugated SPIONs, the discrepancy in Tf loading may be attributed to 
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either experimental error or the potential difference in the available solvent exposed 

lysines for NP attachment between holo and apo Tf, as iron binding to Tf induces a 

conformational change in the Tf structure 133, 134. The zeta potential of all SPIONs 

were negative and not significantly different (Table 4.1). The net negative charge in all 

cases was expected as the unmodified SPIONs were carboxy-terminated and holo and 

apo Tf possess a net negative charge at pH 7.4 as their isoelectric points are 

approximately 5.2 135. 

Table 4.1. Characterization of unmodified and Tf-modified SPIONs by DLS (samples 
measured in PBS at pH 7.4). Data are represented as means ± standard deviations (n = 
3). 

     Formulation Size (nm) Polydispersity Zeta potential (mV) 
  SPION 59 ± 8 0.25 ± 0.13 -12 ± 1.2 
  Holo Tf-SPION 94 ± 4 0.27 ± 0.02 -10 ± 1.0 
  Apo Tf-SPION 75 ± 1 0.24 ± 0.01 -12 ± 1.1 
 

SDS Polyacrylamide gel electrophoresis (PAGE) was also used to characterize 

the loading of Tf onto SPIONs. In these experiments, reduced and heated samples 

containing holo and apo Tf coupled nanoparticles, in addition to control SPIONs 

where holo and apo Tf were mixed with SPION without the addition of the coupling 

agents, were separated on a 4-12% Bis-Tris SDS PAGE gel. Reduced and heated 

samples containing 5 µg holo Tf (lane 6) and apo Tf (lane 7) were also separated on 

the same gel for comparison purposes (Figure 4.4). In figure 4.4, lanes 6 and 7, the 

free holo and apo Tf protein bands appeared at its theoretical molecular weight of ~ 80 

kDa. For SPION samples that were mixed with holo Tf (lane 1) and apo Tf (lane 3) 

without the coupling reagent, no protein band was observed at ~80 kDa, suggesting 
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that no coupling occurred between the Tf protein and SPIONs. However, in the case 

where the SPIONs were chemically coupled with holo Tf (lane 2) and apo Tf (lane 4), 

a Tf band is evident at ~ 80 kDa. The Tf bands for samples where holo Tf and apo Tf 

were chemically conjugated to SPIONs were expected to be significantly larger than 

the molecular weight of the individual Tf protein. The appearance of these bands at 

~80 kDa may be attributed to the dissociation of a fraction of the Tf from the iron 

oxide NP core during heating (and potential degradation) of the particle. Additionally, 

covalently bound Tf to SPIONs may be too large to enter the gel. Although the PAGE 

experiment does not conclusively demonstrate that Tf is covalently bound to the 

SPIONs, it does show that Tf is loaded onto the SPIONs, whether it is covalently 

bound or physisorped.  

 

Figure 4.4. SDS PAGE electrophoretic characterization of: 1) mixture of holo Tf with 
SPION (no coupling reagent), 2) holo Tf-SPION conjugate, 3) mixture of apo Tf with 
SPION (no coupling reagent), 4) apo Tf-SPION conjugate, 5) empty lane, 6) holo Tf, 
and 7) apo Tf. 

 
4.3.2 Characterization of BBEC BBB model 

Experiments were performed to examine the integrity of the in vitro BBB model 

by 1) examining the restrictiveness of cell monolayers by measuring their 

transendothelial electrical resistance (TEER) across the BBB and 2) measuring the 

BBB’s permeability to molecules that should not cross the BBB (Lucifer Yellow). The 

TEER of the BBEC BBB model was measured over the course of 4 days. The 
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confluence of the cellular monolayer is determined by a sharp increase in TEER 

indicating formation of tight junction proteins that restricts paracellular permeability 

of ions. The TEER measurements exhibited a gradual increase in its resistance value 

over time (Figure 4.5) and exhibited a maximum TEER value of 13.3 ± 1.0 Ω cm2 

after 3 days of growth (n=3). These values are significantly lower than the reported in 

vitro TEER of BBEC monolayers (416 ± 57) 126 and much smaller than the in vivo 

value for rat cerebral microvessels (~1800 Ω cm2) 136.  Since primary or first passage 

brain ECs lose their differentiated phenotype with cell passage 137, the low TEER 

observed in these experiments may be explained by the use of commercially available 

BBEC instead of freshly isolated from bovine brains EC 108, 126-129. These results 

suggest that this in vitro BBB model may not be ideal for studying transcellular ion 

permeability. 

 

Figure 4.5. Increases in BBEC monolayer TEER over 4 days. Data are represented as 
means ± standard deviations (n = 3). 
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Measurement of TEER, however, is not the only predictor of the restrictiveness 

of the paracellular pathway to solute transport 137. The integrity of the in vitro BBB 

was also examined by measuring the permeability of the BBB to Lucifer Yellow, a 

small hydrophilic, paracellular permeable fluorescent dye.  The average permeability 

of Lucifer Yellow across the BBEC BBB was measured over time and gave 

permeability coefficient (Pe) of 2.03 x10-3 ± 1.8 x10-3 cm min-1 (n>4). Figure 4.6 

shows a representative experiment of the transport of Lucifer Yellow across the BBB, 

where the incremental clearance volume of filters containing the BBB (black line) and 

the control filters (red line) was plotted as a function of time to give a Pe (BBEC) = 

2.19x10-3 cm min-1. This values was close to the reported Pe values of Lucifer yellow 

measured in a BBEC/astrocyte co-culture system (0.42 x10-3 ± 0.11 x10-3 cm min-1) 

127. 

Although in vitro BBB models generally do not provide a sufficiently 

restrictive paracellular barrier for transport permeability investigations of ions and 

small molecules when compared to in vivo measurements, in vitro BBB models have 

been shown to possess a range of relevant transporter systems such efflux transporters 

(P-gp and MRP1), L-amino acid and GLUT-1 transporters, in addition to the receptors 

involved in receptor-mediated and adsorptive endocytosis (low density lipoprotein, 

insulin, and transferrin) 108, 114, 128, 137, 138. In vitro models may therefore represent 

appropriate cell models to study the uptake of larger molecules that undergo active 

uptake such as the Tf-conjugated SPIONs used in this study. 
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Figure 4.6. Time dependent passage of Lucifer Yellow across the BBEC BBB (Pe = 
2.19x10-3 cm/min). Data are means ± standard deviations (n = 3). 

 

4.3.3 Transendothelial transport of Tf-SPIONs across the BBEC 

BBB model 

One of the main advantages of using an in vitro BBB cell model for the study 

of receptor-mediated transcytosis (RMT) of molecules across the BBB is that this 

model system provides a better tool for studying fundamental, mechanistic aspects of 

transport. In contrast to holo Tf, apo Tf has a low affinity for the Tf receptor 114, using 

this in vitro BBB model, we are able to compare the transport of holo versus apo Tf 

conjugated SPIONs, as excess iron was eliminated from the media. This scenario 
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would not be possible if an in vivo system was used.  The permeability study was 

carried out by examining the transport of holo Tf-SPION and apo Tf-SPION from the 

apical to basolateral side of the BBEC monolayer over the course of 2 hours. The 

permeability coefficient of apo Tf-SPION was 0.26x10-3 ± 0.11 x10-3 cm min-1, while 

the permeability coefficient of holo Tf-SPION was measured to be almost 3 times that 

of apo Tf-SPION (1.11 x10-3 ± 0.02x10-3 cm min-1), suggesting that the presence of 

holo Tf on the surface of these nanoparticles enables enhanced BBB transcytosis. The 

permeability of these SPION conjugates were also measure when the BBB EC 

monolayer was pre-incubated with excess holo Tf (200 mg/ml for 2 hours) to saturate 

Tf receptors and provides additional evidence for specific receptor-mediated 

transcytosis of holo Tf. For both the holo and apo Tf SPION, the permeability 

coefficient was significantly reduced to 0.23 x10-3 ± 0.11x10-3 and 0.34 x10-3 ± 

0.31x10-3 cm min-1, respectively (Figure 4.7). The reduction in the permeability 

coefficient of the holo Tf-SPION sample when the BBB Tf receptors are saturated 

with free holo Tf supports that the transport of holo Tf-SPION across the BBB occurs 

through a receptor mediated mechanism. 
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Figure 4.7. Permeability of holo Tf-SPION and apo Tf-SPION in the presence and 
absence of excess holo Tf. Data are means ± standard deviations (n > 4). 

 

Samples were also collected from the apical and boslateral compartments at the 

end of each BBB transport experiment and the % recovery of SPIONs was measured 

(based on iron content using a Prussian Blue assay) to ensure that no significant 

absorption of SPIONs to the filters occurred and to verify that SPIONs were not 

sequestered within the EC monolayer. Figure 4.8 demonstrates that no significant 

absorption of Tf samples to the filter or sequestration of sample within cells occurred. 
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Figure 4.8. % Recovery of holo Tf-SPION and apo Tf-SPION in the presence and 
absence of excess holo Tf. Data are means ± standard deviations (n > 4). 

 

To examine whether the size of the cargo attached to Tf affected its ability to 

undergo RMT across the BBB, we also measured the ability of Tf to transport a 

fluorescent small molecule (Alexa Fluor 488 conjugated, Product No: T13342, from 

Invitrogen Co.) across the BBB. The permeability of Alexa Fluor 488-conjugated Tf 

was calculated to be 1.11x10-3 ± 0.01 x10-3 cm min-1 and 0.41x10-3 ± 0.36 x10-3 cm 

min-1 when the BBB was pre-incubated with excess holo Tf (Figure 4.9). These 

permeability values were comparable to the permeability coefficient of holo Tf-

SPION in the presence and absence of excess holo Tf (1.11 x10-3 ± 0.02x10-3 cm min-1 
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and to 0.23 x10-3 ± 0.11x10-3 cm min-1, respectively). These results suggest that free Tf 

protein can undergo RMT at a similar rate when both small molecules and Tf-

conjugated 20 nm SPIONs are attached to it. It should be noted, however, that there is 

a limit to the size of the particle that can be delivered by Tf across the BBB. Holo and 

apo Tf conjugated to 100 nm SPIONs were also prepared (size by DLS: 150 ± 3 and 

155 ± 3 nm, –respectively) and holo Tf SPION was tested for enhanced permeability 

across the BBB compared to apo Tf SPION. Both the larger holo and apo Tf-SPIONs 

samples were essentially impermeable to the BBB with a calculated permeability 

coefficient of 0.67 x10-3 cm min-1. This is likely due to the large size of the particle, 

where the size of these NPs may prevent binding of Tf on the surface of the SPION to 

the BBB Tf receptors or RMT to occur.  

 

Figure 4.9. Permeability of Alexa Fluor 488 conjugated Tf in the presence and 
absence of excess holo Tf. Data are means ± standard deviations (n > 4). 
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4.4 Conclusions 

Collectively, the results in this chapter demonstrate the potential utility of 

using endogenous peptides (such as holo-Tf) as a brain-targeting vector for the 

delivery of diagnostic and/or therapeutic agents across an in vitro BBB by receptor-

mediated transcytosis. The inherent magnetic properties of magnetic nanoparticles 

make it an especially promising delivery system, as it can not only be used as scaffold 

for the attachment of brain-targeting agents and therapeutic payloads, but can also be 

remotely manipulated by the application of an external magnetic field. Brain-targeting 

SPIONs can be useful for multiple biomedical applications such as sensitive in vivo 

detection and early diagnosis of numerous neurological disorders by MRI, site-specific 

drug delivery 26, 122-125 and local heating of SPIONs for hyperthermia treatment of 

malignant cells 26, 122, 125 and non-invasive remote cleavage of a heat-labile bond to 

release drug payloads 139. 

 
Notes About the Chapter: 

Chapter four is being prepared for publication: Habib, L.K. and Yang, J., 

“Transferrin conjugated iron oxide nanoparticles undergo receptor mediated 

transcytosis across an in vitro blood-brain barrier”, Manuscript in Preparation. The 

author of this dissertation is the primary author of this manuscript. 
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