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ABSTRACT
DEVELOPMENT OF MAGNETIC RESONANCE IMAGING BASED DETECTION
METHODS FOR BETA AMYLOIDS VIA SIALIC ACID-FUNCTIONALIZED
MAGNETIC NANOPARTICLES
By
Hovig Kouyoumdjian
The development of a non-invasive method for the detection of Alzheimer’s disease is of
high current interest, which can be critical in early diagnosis and in guiding preventive treatment
of the disease. The aggregates of beta amyloids are a pathological hallmark of Alzheimer’s
disease. Carbohydrates such as sialic acid terminated gangliosides have been shown to play
significant roles in initiation of amyloid aggregation. Herein, we report a biomimetic approach
using sialic acid coated iron oxide superparamagnetic nanoparticles for in vitro detection in
addition to the assessment of the in vivo mouse-BBB (Blood brain barrier) crossing of the BSA
(bovine serum albumin)-modified ones. The sialic acid functionalized dextran nanoparticles
were shown to bind with beta amyloids through several techniques including ELISA (enzyme
linked immunosorbent assay), MRI (magnetic resonance imaging), TEM (transmission electron
microscopy), gel electrophoresis and tyrosine fluorescence assay. The superparamagnetic nature
of the nanoparticles allowed easy detection of the beta amyloids in mouse brains in both in vitro
and ex vivo model by magnetic resonance imaging. Furthermore, the sialic acid nanoparticles
greatly reduced beta amyloid induced cytotoxicity to SH-SYSY neuroblastoma cells,
highlighting the potential of the glyconanoparticles for detection and imaging of beta amyloids.
Silaic acid functionalized BSA (bovine serum albumin) nanoparticles also showed significant
binding to beta amyloids, through ELISA and ex vivo mouse brain MRI experiments.

Alternatively, the BBB crossing was demonstrated by several techniques such as confocal



microscopy, endocytosis, exocytosis assays and were affirmed by nanoparticles transcytosis
assays through bEnd.3 endothelial cells. Finally, the BBB crossing was confirmed by analyzing

the MRI signal of nanoparticle-injected CD-1 mice.
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Chapter 1 Review of Interactions of Sialic Acid Modified Nanoparticles with Beta Amyloid

1.1 Introduction

Nanotechnology is a recent part of science that deals with the fabrication and
functionalization of nanoparticles (1-100nm) to be used in many disciplines including those in
disease detection and therapeutic applications. These advances made synthesizing many
variations of new nano-sized structures with different optical, mechanical, and electrical
properties achievable. One of their most important characteristics is the high surface area-to-
volume ratio. This high ratio is the key in increasing the ligand density on the surface of these
nanoparticles to provide a larger surface for functionalization with different compounds and
macromolecules by way of different surface functional groups (for example, carboxylic and
amino groups). Different nanoparticles were used as basis of new methods for effecting
molecular changes within cells both for diagnostic and investigational purposes. Nanoparticles
such as gold and iron oxide, quantum dots, dendrimers, graphenes, fullerenes, and carbon
nanotubes were successfully integrated in biological applications as diagnostic and therapeutic

tools and in drug-delivery systems.

Alzheimer’s disease (AD) is a progressive, irreversible neurodegenerative disorder
characterized by the destruction of brain cells and neural connections. In 2014, 5.2 million
people in the United States had AD with an estimated cost of $214 billion in medical care.' It is
forecasted that the number of AD patients and medical care cost will triple by 2050.> This

trajectory suggests the urgent need for research into the diagnosis, treatment, and possible



prevention of AD. For early detection of AD before any clinical manifestation, biomarker-
detection based strategies are gaining momentum.

Today, there is no consensus on the root cause or the exact etiology of AD. However the
pathology of AD is consistently characterized by neuronal cell death mainly in the neocortex and
limbic structures by amyloid plaques and neurofibrillary tangles (NFTs).* Research determined
the appearance of neurofibrillary tangles in the limbic system (entorhinal cortex, hippocampus,
dentate gyrus) and their progression to the cortical region directly correlated with neuronal
dysfunction.*

A considerable amount of research has also been directed toward studying the cause and
function of amyloid plaques in AD. According to the Amyloid Cascade Hypothesis, the amyloid-
B peptide (AP) accumulates in the frontal cortex and then spreads over the entire cortical region.’
AP peptide has many forms and it ranges from 36 to 42 amino acids. The length of the peptide is
governed by the cleavage of amyloid protein precursor (APP) in specific patterns. APP is a
transmembrane protein ranging in size from 695 to 770 amino acids and is produced by
proteolytic cleavage of the amyloid precursor protein in the central nervous system by [3-
secretase (also known as BACE) and y-secretase.’

Although A can contain varying numbers of amino acids, the most abundant forms are
APB(1-40) (Figure 1.1) and AB(1—42) (Figure 1.2).” AP is prone to aggregating to form plaques
and the extra two hydrophobic residues in the C-terminus of AB(1—42) render it capable of
aggregating faster than A[3(1—4O).7b The accumulation of the AP is due to an imbalance between
its production and clearance mechanisms.® The production and accumulation of AB is mainly
associated with familial determinants and the early onset of AD,% and the decreased clearance of

AP is associated with the more commonly observed late onset AD.®"
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Figure 1.1: AB (1-40) peptide sequence
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Figure 1.2: AP (1-42) peptide sequence

Although there is a massive debate about the exact cause of AD, one hypothesis presents
the most acceptable explanation.® As previously mentioned, the increased production and
reduced clearance of AP peptides result in aggregation and hence formation of more complex
structures. These structures include oligomers, protofibrils, and fibrils whose formations result in
a cascade of deleterious changes. These cause neuronal death and thus cause AD. This process is
known as the Amyloid Cascade Hypothesis.

The role of AP aggregation as the primary cause of events has been evaluated several
times and it was noted that the AP fibrils were shown to be less important in terms of
pathogenicity. These reevaluations were due to studies that confirmed the load of the AP plaques
do not correlate well with extent of dementia and, additionally, are due to numerous advanced

AD patients showed no plaques in their brains upon post-mortem analysis.’



Moreover, many AD mouse models showed that plaques were observed in the brains long
after the memory was affected.'® This fact was further established by in vivo neuroimaging
where healthy brains clearly showed the occurrence of Ap plaques.'' These results triggered a
new wave of criticism about the hypothesis which in turn led to the possibility that insoluble
fibrils are not the ones involved in triggering the pathological events. Subsequent studies came
up with new findings where the responsible form of the peptide was determined to be the soluble
oligomer. The amphiphilic AP peptides aggregate to form higher order aggregates, namely
oligomers. Several groups isolated those oligomeric AP forms from culture media,'* AD mice,"
and patient brains.'* Oligomers isolated from human AD brains potently inhibited long-term
potentiation and enhanced long-term depression with ICs, values in the picomolar range."
Disruption in memory of a learned behavior in normal rats, was also proved to be caused by
soluble AP from AD-like rat brains. Potential in vivo oligomerization pathways are summarized
in Scheme 1.1. Scheme 1.1A depicts a single linear oligomerization pathway with A} monomers
initially forming low molecular weight soluble aggregates (step 1). In step 2, aggregation into
insoluble protofibrils and fibrils occur. Both soluble and insoluble aggregates are considered to
be cytotoxic. In part B, two distinct pathways were proposed. A pathogenic pathway (step 1) and
a non-pathogenic pathway (step 2). In the first one, the formation of soluble oligomers is
hypothesized to cause the disease. In the latter one, the direct formation of insoluble aggregates
and plaques is proposed. Step 3 indicates the leachy nature of benign insoluble aggregates to

form pathogenic soluble oligomers.'®



(A)

Scheme 1.1: Potential pathways of in vivo AP oligomerization (Adopted from Pimplikar et.
al)"’

Interestingly, circular dichroism spectroscopy (CD), X-ray diffraction (XRD), and
nuclear magnetic resonance (NMR) studies were conducted that observed the time-dependent

secondary structure changes of the two most abundant peptides, Ap (1-40) and AP (1-42),. These



experiments showed that oligomers’ secondary structure transition from random coil to a—helix
to the P—sheet structure and thus concluded that the formation of an oligomeric a-helix-

containing assembly is a key step in A fibrillogenesis.'®

1.2 Role of Carbohydrates in Beta Amyloid Binding

1.2.1 Sialic Acid

Sialic acids (N-Acetylneuraminic acid or Neu5Ac) are a family of sugar units with a
nine-carbon backbone that are typically attached to the terminal ends of these saccharide chains.
This location gives sialic acid the opportunity to influence numerous physiological and
pathological processes. For instance, sialic acids serve as components of binding sites for various
pathogens and toxins."” Examples of these include Human Influenza A, Avian Influenza A,
Human Influenza C, Vibrio cholera, Plasmodium falciparum, Clostridium botulinum, and
Helicobacter pylori.*

There are many important structural and physical roles of sialic acid. For instance,
extended polysialic acid chains play an important role in cell plasticity.”’ Also, due to its
negative charge and hydrophilicity, they can contribute to preventing undesired interaction
between human erythrocytes and other cell types mainly through cell charge repulsion.
Moreover, they are found in abundance in the glomerular basement membrane and were
determined to be critical in maintaining the normal filtering function of the organ.”” It is
noteworthy that the loss of sialic acid on those membranes can be accompanied by naturally

. . .. )
occurring diseases such as ‘minimal change’ nephrosis.*’



Sialic acids play an important role in cell adhesion. They are considered the primary
ligands for the Sialic acid-binding immunoglobulin-type lectins (Siglecs). Mostly found on
immune cell surfaces, the primary function of Siglecs is to bind glycans containing sialic acids.
They are a subset of I-type lectins that are responsible for leukocyte regulation during immune

2
responses. 3

1.2.2 GM1

One of the most abundant gangliosides in the brain is GM1 which constitutes 20% of
brain gangliosides (Figure 1.3).>* GM1 is an acidic glycosphingolipid that is involved in
25

synaptic signaling and transmission and it is abundant in the plasma membrane of neurons.

Additionally, it has been considered to be involved in the pathology of AD.*®
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Figure 1.3: The structure of GM1 ganglioside with sialic acid moiety shown in the box



There is evidence to show that the first step of peptide/cell interaction is the association
of the aggregates to the cell membrane.”’ This association was suggested to be through
membrane gangliosides or glycoproteins containing sialic acid.”® Notably, it was shown that AB
binds to gangliosides on the neuronal membrane forming a GM1-AP moiety, which further acts
as an endogenous seed for amyloid fibril formation.”” The AP -GM1 ganglioside interactions
involved in this process GM1-bound AP (GM1- AB) were discovered in brains of patients with
AD as well as Down syndrome using sucrose density gradient centrifugation and western
blotting techniques.*™ *°

Yanagisawa’s group was the first to discover monosialoganglioside GM1-bound A in
the brains of patients with AD.*® After those early studies indicated a binding pattern between
GM1 and AP, a huge amount of interest in the AD research field was generated. As a result,
researchers demonstrated that gangliosidic micelles stimulated aggregation of AP to form GMI-
AP species.31 This aggregation, which occurs on the cell membrane, plays the role of a seed for
other A peptides to further aggregate and hence induce neuronal cytotoxici'[y.32 It is noteworthy
that the extent of AP aggregation on the neurons was enhanced by the presence of high density

clustering gangliosides or by increased degree of sialylation.zgd’ ¢ 281,33

The acidic character of GM1 can be attributed to the sialic acid moiety, which is believed
to have an imperative role in binding.>* Protein and carbohydrate interactions are usually
mediated by hydrophobic and hydrogen-bonding interactions.” The interactions between the
carbohydrate ring and the two exposed aromatic residues of AP (Phe-4, Tyr-10) in addition to the
hydrogen bonding of carbohydrate hydroxyls with residues such as His-13 are believed to be the

most important interactions.



Using NMR on N'*-labelled AP (1-40) and AP (1-42), Williamson’s group revealed that
the chemical shifts changes of AP (1-40) upon incubation with GM1 confirmed the binding of
AP to GMI1 micelles. AB-peptide’s His-13 residue was significantly involved in binding with
gangliosidic micelles. His-13 has also been identified as having an important role in fibrilization
of AB.18 Upon comparing chemical shift changes in AB (1-40) and Ap (1-42), the binding to
GM1 micelles is located at the N-terminal end. The C-terminal does not play any role in binding,

but is important for oligomerization in solution.”®"

1.3 Proteoglycans and Beta Amyloids

Another aspect of carbohydrate-Ap interaction is the involvement of some proteoglycans
in the binding. Proteoglycans are a diverse family of large molecules that are composed of
glycosaminoglycans (GAGs) bonded to the protein backbone. They are mostly found in the
extracellular matrix (ECM) and on the cell surface. They are mainly responsible for regulatory
and functional processes in the brain.*® Negatively charged GAG chains have different forms:
hyaluronan (HA), heparan sulfate (HS), chondroitin sulfate (CS), keratan sulfate (KS), and
dermatan sulfate (DS). Each one of them is composed of disaccharide units, containing iduronic
and glucuronic acids, glucosamine, N-acetyl-glucosamine, galactose, galactosamine, and N-
acetyl-galactosamine. These repeating disaccharides can also exhibit different O- and N-sulfation

patterns (Scheme 1.2).
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Scheme 1.2: Structure of disaccharide units of different GAGs

GAGs like heparan sulfate, keratan sulfate, or chondroitin sulfates were found to be
associated with amyloid plaques.”’ Several in vitro studies demonstrated that those GAGs
accelerate the aggregation of monomeric A to result in B-sheeted A fibrils.*® Specifically, HS
proteoglycans were shown to be associated with amyloid plaques of the hippocampus in AD
brain .** Evidence shows that, both HS chains and core proteins can bind to the N-terminal

region of AB.*® Moreover, it has been demonstrated that residues 13—16 of the N-terminal region
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play an important role in the HS/AP interaction.”' It is noteworthy that this interaction is pH

sensitive where acidic conditions favor stronger HS/Ap binding.*

1.4 Different NPs Used in AD

It has been demonstrated that nanoparticles constitute a versatile vehicle to interact with
AP peptides. Numerous groups conducted research to study the influence of nanoparticles on
protein folding and aggregation through binding to different forms of AP, namely monomers,
oligomers and fibrils. Inorganic nanoparticles such as gold® and iron oxide™ nanoparticles, in

43b, 45

addition to quantum dots, showed promising therapeutic functions due to their longer

bioavailability and longer shelf lives.

Other types of nanoparticles used to study AP aggregation and binding were polymeric

33g, 47

. . . . 48 . .
nanoparticles. Dendrimers,® ® *® biomolecular and copolymeric™ nanomaterials constitute

multipurpose vehicles in terms of flexibility of the design and ease of surface modification.

In addition studies were conducted to highlight the importance of carbon-based
nanomaterials and their functions in interacting with amyloid fibrils, such as graphenes®,

51
fullerenes™’, and carbon nanotubes”'.
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1.5 Sialic Acid Functionalized Nanoparticles

In this section we will discuss the different sialic acid conjugated nanomaterials that have been
used to detect AP. Silaic acid conjugated nanomaterials such as dendrimers, gold nanoparticles
and sugar polymers showed considerable attenuation of AB-induced cytotoxicity in addition to

significant binding to Ap.

1.5.1 Dendrimers-Sia

Many in vitro studies investigated specific binding of AP peptides to truncated
gangliosides, namely clustered sialic acids to mimic neuronal cell surfaces. Theresa Good’s
group performed pioneering research on AP binding as well as AP-induced cytotoxicity

attenuation by sialic acid-functionalized platforms.*>® >

The approach of mimicking the
clustered-sialic-acid cell surface was achieved by synthesizing sialic acid-conjugated dendrimer
(Scheme 1.3). Radiochemical methods were applied to measure the binding of sialic acid-
conjugated dendrimers to AP, where the dissociation constant (K4) was found to be in the order
of 10®M. Because multivalency plays an important role in binding to Ap, it was demonstrated by

the improved Kp values with increased numbers of sialic acid moieties on differernt generations

of dendrimeric platform, namely second, third and fourth generation dendrimers (Table 1.1).
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Scheme 1.3: Sialic acid-conjugated dendrimer used for AP binding and inhibition

Table 1.1: Equilibrium dissociation constant for AP to different dendrimer generations with
sialic acid modification

Generation Kag (MM)

2.0 0.25+0.02
3.0 0.02 £ 0.01
4.0 0.009 + 0.005

The specificity of binding is another aspect of testing for such constructs. For instance,
isotherms of sialic acid-conjugated third generation dendrimer with radioiodinated A, insulin,
and lysozyme (Figure 1.4) showed high selectivity of AB. The choice of insulin, and lysozyme
was due to the fact that they are known to form amyloid fibrils under some experimental

conditions.

In these dendrimeric systems, the increased multivalency, hence improved AP binding
properties come with a major drawback, which is the intrinsic cytotoxicity of the larger
dendrimeric platforms. It is noteworthy that fourth generation dendrimers showed relatively

high intrinsic toxicity, which is a potential limitation of using this platform for in vivo detection.

13



0.003

A
° 2
= -
£ 0.002 - - -
£ - L 4
L ~="
(o]
a 0.001 /,4’
-8 // (@] o}
g /‘ ¢ [5) EIA
0 20 40 60 80

[Free Protein] (nM)

Figure 1.4: Equilibrium binding isotherms of A (solid diamonds) insulin (open squares) and
lysozyme (open triangles) to sialic acid third generation dendrimer complex.The solid circles
represent the binding isotherm of unmodified dendrimer to A

Assessing cytotoxicity of dendrimeric sialic acid constructs can be performed via
methods like Methyl Thiazolyl Tetrazolium (MTT), and propidium iodide (PI) assay. In
dendrimer studies, the cytoxicity was assessed by performing PI assay, on SH-SYS5Y
neuroblastoma cells. As indicated in Figure 1.5, the attenuation of the sialic acid-conjugated and
unconjugated dendrimers’ toxicity of AP were studied. After treating all cells with a constant
concentration of AR (50uM) for 24 hours (Dashed line in Figure 1.5), only 60% of the cells were
alive. At that point the cell viability was assessed by varying concentration of dendrimers.
Figure 1.5 demonstrates the varying protective effects of dendrimers on the cells. For instance,
this data indicates that second generation sialic acid dendrimers showed better protective effect

than the third generation ones. However the fourth generation protective effect increased up to

14



1.5 uM then decreases quickly. As established above, the phenomenon of decreased protection
ability of the higher generation dendrimers can be explained by the intrinsic toxicity of those

higher order dendrimers.
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Figure 1.5: Normalized cell viability upon treatment of SH-SYSY cells with sialic acid
conjugated dendrimers (filled diamonds) and unmodified dendrimers (open diamonds) when
treated with AB. (A) 2.0 (B) 3.0 (C) 4.0 generation dendrimers
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1.5.2 Au-Nanoshells-Sia
Gold nanoparticles have been extensively used in nanoresearch due to their versatility to

be used in various detection methods. Its metallic properties and the large surface area make
those platforms an attractive choice. For instance, carbohydrate-immobilized gold nanoparticles

were used as large glycol-clusters that are shown to be useful several analytical methods.>

The method of Surface-Enhanced Raman Spectroscopy (SERS) was one of the analytical
methods utilized to detect AR by monitoring the signal from the Congo Red dye (CR) bound to
aggregated beta amyloids.”* The platform involved depositing a monolayer of Si-core and Au-
shell nanoshells that are optimized for excitation laser wavelengths, with a specific chemistry for
AP binding. It is noteworthy that the multivancy in this case was achieved by using the gold
nanoshell film due to its easily modifiable surface with the direct conjugating of the thiol
functional groups. To facilitate the binding between these nanoshells and AP, nanoshells were

functionalized with thiol-terminated sialic acid (Scheme 1.4).
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|
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Scheme 1.4: Scheme showing the self-assembled monolayer bound to the nanoshells. By
functionalizing the nanoshells with sialic acid, a platform was created for the selective binding of
AP with limited interactions with other nonspecific proteins
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The use of Raman spectroscopy is an alternative technique that employs an optical
fingerprint of the desired molecules. Surface-Enhanced Raman Spectroscopy (SERS) is a
powerful method for detection of trace concentrations. This is due to its ability to provide
significant enhancement of the Raman intensity on the order of 10° to 10" times through
electromagnetic field enhancement and chemical enhancement.”

The sialic acid coated nanoshell and AP binding was tested by performing equilibrium-
binding isotherms using 125-1 radio-iodinated AP via lodoBead catalyst. The equilibrium
dissociation constant of the AP with the surfaces was found to be 14+£8 nM (Figure 1.6). This
value was comparable to the affinity values obtained in sialic acid-conjugated dendrimer

study.” d
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Figure 1.6: Equilibrium binding isotherm of I-125-labeled AP bound to the sialic acid SAM.

The equilibrium dissociation constant of Ap was determined to be 14+8 nM, and the maximum
amount of AP bound to the surface was 0.7+0.3 pmol/cm2 of nanoshell covered area.
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Furthermore, the SERS experiments confirmed the sialic acid-nanoshells binding to Af
via CR signals. Figure 1.6 shows the spectra generated by the CR signal corresponding to
several concentrations of AB. The lowest concentration of AP that was detected by CR was

found in a remarkably small picomolar range (1 pM) (Figure 1.7).
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Figure 1.7: Congo red spectra showing the intensity dependence on concentration of AP applied
to the nanoshells. The concentration of 1 pM of AP plus Congo red showed some spectral
features.

Gold (Au) nanoparticles were also used in the electrochemical sensing of saccharide—
protein interaction.® This analytical method involved depositing densely-packed glyco-

functionalized gold nanoparticles on a carbon electrode to measure electric responses for AP
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recognition purposes. Sialic acid moieties were conjugated to a self-assembled monolayer
(SAM) of gold nanoparticles via click chemistry (Figure 1.8). Those nanoparticles were

electrochemically deposited on the carbon screen (Scheme 1.5).
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Figure 1.8: Click chemistry-linked sialic acid functionalization of the Au nanoparticles

Beta amyloids

Gold nanoparticles
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Scheme 1.5: Sialic acid-conjugated gold nanoparticles used for AP binding.

Upon subsequent introduction of the AP peptide, the attachment to the sialic acid layer
was confirmed by atomic force microscopy. A slight roughness was observed on the Au

substrate after modification with sialic acid (Figure 1.9B). However, upon incubation of AP with
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the surface electrode surface, an increased roughness was noticed, signifying the successful

attachment to the sialic-acid conjugated gold-monolayer (Figure 1.9C and D).

Figure 1.9: AFM images of the bare gold substrate (A); after sialic acid conjugation (B); the
attachment of AP after incubation; AB(1-40) (C) and AB(1-42) (D).

Those atomic force microscopic images indicate that the sensitivity for AP detection was
further improved by the sialic acid modification on screen-printed Au strip (SPGS) based on the
sugar-Af interaction. This result is in agreement with the literature where GM1-Af interaction
and the effect of acidic group immobilized substrate on AP aggregation is well established.”” To

test the detection specificity of this binding, the electric response of the tyrosine (Tyr) oxidation

21



signal was measured. The obtained signal showed strong affinity of AP for the sialic acid
modified Au electrode. However, other proteins like insulin, showed no oxidation signal. This
indicates that the insulin-sialic acid interaction was too weak to be detected, despite insulin’s

four Tyr residues (Figure 1.10).

Current 10 nA
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Potential (V)

Figure 1.10: Electric responses of the AP sensor applied the ABs. AB(1-40) (a), AB(1-42) (b),
insulin (c) from 5 uM solutions, and PBS only (d) (A).

1.5.3 Polysaccharides-Sia

The cationic polysaccharide, chitosan is another nanoplatform that was used to detect
beta amyloid. Due to its excellent biodegradability, biocompatibility, and biosecurity, and overall

nontoxic characteristics,”® chitosan has been used as a conjugation vehicle for sialic acid analogs.
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The approach proposed by Dhavale et. al. demonstrated the ability of sialic-acid-analog
conjugated chitosan polysaccharides to attenuate AP toxicity.”*® The sialic acid (N-
acetylneuraminic acid) and four other analogs: keto-deoxynonulosonic acid (KDN), D(+)-
galacturonic acid (GA), tetrahydropyran-2-carboxylic acid (Pyran), and cyclohexanecarboxylic
acid (CHC) were conjugated on chitosan via EDC chemistry.”*®*® These analogs were

substructures of sialic acid (Scheme 1.6).
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Scheme 1.6: The sialic acid in red and four other analogs; Cyclohexanecarboxylic acid (CHC),
Tetrahydropyran-2-carboxylic  acid  (Pyran), D(+)-Galacturonic acid (GA), Keto-
deoxynonulosonic acid (KDN) chitosan-conjugated complexes in blue.
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Upon assessing the toxicity of the pure (free) sugar analogues and sugar/chitosan
complexes, most analogues and complexes, except the CHC ones, showed intrinsic toxicity.
However Pyran analog and complex was an outlier in terms of toxicity, which suggested the role
of the ring oxygen in the process (Figure 1.11).
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Figure 1.11: Toxicity of (a) pure sugars analogs, and (b) sugar/chitosan complexes. Dashed line
represents the normalized control viability with no analog or complex in the system
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Figure 1.12: Attenuation of AP toxicity by pure sugar analogs. Pure sugar analogs incubated
with 50 uM AB. Pure GA, square; pure Pyran, diamond; pure KDN, triangle; and pure CHC,
circle; dashed line represents the normalized control viability with no analog/complex.
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The AP toxicity attenuation assays are designed to assess the protective role that those
analogues (pure or complexed) exhibit. The importance of sialic acid clustering was
demonstrated when most of pure sugar analogs did not show significant levels of AP toxicity
attenuation on human neuroblastoma SH-SYSY cells (Figure 1.12). It was noticeable that KDN
was able to moderately attenuate the toxicity. These findings support previous research focusing
on the significant role the clustering of sugars in AP binding.

On the other hand, chitosan conjugated analogs (complexes) showed pronounced
attenuation of AP toxicity on the SH-SYSY cells but mostly at lower concentration. The
increased attenuation of A toxicity by the chitosan conjugates is indicative of stronger AP
binding. This can be especially observed in the case of the KDN analogs. This is the only analog,
besides sialic acid, that has the multi-OH tail that is known for its role Ap binding (Figure 1.13).
That being said, Pyran, which showed a considerably lower toxicity in the direct toxicity assays,
showed contradicting behavior in the AP toxicity attenuation assays. These observations led to
hypothesis that the oxygen ring substitution allows for either cellular or AP binding in a
competitive, and interfering manner. It is noteworthy that the observed A toxicity attenuation
effects or the sialic acid analogs were rather small, which may pose a challenge in terms of using

those analogs in an in vivo set up.
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Figure 1.13: Attenuation of AP toxicity by sugar-chitosan complexes. Complexes incubated
with 50 uMAB. GA complex, square; Pyran complex, diamond; KDN complex, triangle; and
CHC complex, circle; dashed line represents the normalized control viability
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Chapter 2 Glyconanoparticle Aided Detection of Beta Amyloid by Magnetic Resonance
Imaging and Attenuation of f-Amyloid Induced Cytotoxicity

2.1 Introduction

Traditional diagnostic approaches towards AD rely on the analysis of cognitive abilities
and behavior of patients, which are non-specific and prone to false results. Neuroimaging using
magnetic resonance imaging (MRI),”” single photon emission computed tomography (SPECT) or
positron emission tomography (PET) has become an important tool to aid in AD detection.®
These techniques can provide important information on morphological and functional changes of
brain, which are more suitable towards imaging advanced stages of AD.

For early detection of AD before any clinical manifestation, biomarker-detection based
strategies are gaining momentum. Although the etiology of AD is not yet well understood, A
peptide, the major constituent of amyloid plaques, is one of the most prominent pathological
hallmarks of AD.” AP peptide is produced by proteolytic cleavage of the amyloid precursor
protein in the central nervous system by 3 and y-secretases. Although AP can contain varying
numbers of amino acids ranging from 36 to 42, the most abundant forms are the AP (1-40) and
the AP (1-42).”* AP is prone to aggregation to form plaques and the extra two hydrophobic
residues in the C-terminus of AP (1-42) render it aggregate faster than Ap (1-40).°'

Due to its important role in AD, AP imaging has been actively pursued in vivo using non-
invasive techniques including PET,** MRI® and near IR fluorescence imaging.* Multiple PET
reagents that can selectively bind with AP have been developed for determination of plaque

burden in human patients with several undergoing late stage clinical trials.®> Although PET can
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give high sensitivities, MRI is a complementary approach due to its high spatial and temporal
resolution. Furthermore, MRI does not require ionizing radiation thus is suitable for longitudinal
studies. To better detect Af by MRI, MRI contrast agents have been developed using full length

or fragments of AP as targeting ligands.****

As AP has the inherent affinity with amyloid
plaques, these targeted agents could selectively bind with amyloid plaques, thus enhancing the
contrast from surrounding tissues and enabling plaque visualization by MRI. In addition to the
usage of AP peptide, ground breaking '’F-MRI studies have been performed using a fluorine-
containing Congo red derivative to image amyloid plaques in mice.”® Besides these targeted
versions of contrast agents, a non-specific commercially available gadolinium based agent was
explored for AP imaging by intracerebroventricular injection.*® Presumably due to the
hydrophobicity of the AP plaques, the hydrophilic gadolinium agent avoided AP plaques while
staining the rest of the brain well, thus enhancing the contrast between AP plaques and
surrounding tissues. These innovative studies have revealed the potential power of MRI for A}
imaging and continual development of contrast agents is necessary to realize the full potential of
this technique.

Due to the ubiquitous existence of carbohydrates, they can influence AP aggregation.
Glyco-conjugates including gangliosides and anionic glyco-polymers (e.g., glycosaminoglycans
and nucleic acids) have been reported to bind AB.®> Gangliosides such as GM1 (a sialic acid

containing glycosphingolipid)*®™ ¢

are abundant in neuronal plasma membranes and involved in
synaptic signaling and transmission.”> GMI-bound AP has been found in the brains of AD
patients,”®® with GM1 shown to serve as nucleation sites on neuronal cell membrane for Ap

aggregation.66b The negatively charged sialic acid moiety of GM1 is critical for A interactions®’

through hydrogen bonding with His13 and clustering of sialic acid can significantly enhance the
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binding with AB.*** ¢ *® 78 Based on these findings, we became interested in exploring

whether carbohydrates can be utilized for AP detection and imaging.

Nanotechnology has been introduced to AP research with the majority of the studies
focusing on the effects of nanoparticles on AB aggregation.* ® The nanoparticle platform is
very useful for our study, as it can display multiple copies of ligands that can potentially interact
with AP leading to enhanced avidity. Herein, we report the development of magnetic
glyconanoparticles, where the magnetic cores of the nanoparticles are coated with carbohydrates.
The glyconanoparticles can selectively bind with AP and the magnetic properties of these
nanoparticles enable the AP detection in vitro and ex vivo by MRI. Furthermore, these

nanoparticles can expedite the aggregation of Ap and mitigate AP induced cellular toxicity.

2.2 The Preparation and Characterization of NP-Sia.

Our study started from the synthesis of magnetic glyconanoparticles with magnetite
(Fe30q4) cores. The superparamagnetic magnetite nanoparticles (SPIONs) were prepared by co-
precipitating ferric chloride and ferrous sulfate under basic condition in the presence of the
polysaccharide dextran (Figure 2.1a).”’ Dextran coats the external surface of the nanoparticles
forming a stable colloidal suspension. Dextran coating was crosslinked with epi-chlorohydrin,
which was followed by ammonia treatment to introduce amine groups (SPION-NH,). Sialic acid
methyl ester derivative 1" was partially deprotected under the Zemplén condition producing

sialic acid 2, which was subsequently linked to SPION-NH; via amide coupling mediated by 1-
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ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (Figure 2.1b). The methyl ester of sialic

acid was removed by saponification leading to sialic acid coated NPs (NP-Sia).
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) NH4OH, dextran 1) u\jplchlorohydrm HN 226 NH,
75 - 85°C cl '
2FeCl; + FeSO, NaOH H2N @ NH;
> A X
H,N NH
OH 2) NH,OH 2 NH, 2
b) SPION SPION-NH,
OAc NaOCH OH
AcO OAc  GOLCHs 0 dry CH onHo OH  CO.CH; 0
OH — =T 5 OH
AcHN L7 ~0" ™" N)W 96% AGHNSZ0 O/\/\H)W
AcO o} HO o)
Sialic ester 1 Sialic acid 2
1) EDC, carbonate buffer HO OHOH CO,Na
SPION-NH, _
2) NaOH - AcHN Q70N

y=14334x+4.9331
R*=0.9964

(1/T2%)*1000 (1/s)
N
o

0.00 0.05 0.10 0.15 0.20 0.25
[Fe] mM

Figure 2.1: Synthesis of a) SPION and b) NP-Sia. ¢) TEM (The scale bar is 10 nm) and d) T2*
relaxivity characterization of NP-Sia

NP-Sia was characterized via a variety of techniques, including transmission electron

microscopy (TEM), high-resolution magic angle spinning nuclear magnetic resonance (HRMAS
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NMR), thermogravimetric analysis (TGA), zeta potential, dynamic light scattering (DLS),
thiobarbituric acid assay (TBA), and MRI (Figure 2.1and Figure 2.2). TEM images indicated
that the diameters of NP core were around 5 nm (Figure 2.1¢). Both SPIONs and NP-Sia have
close to neutral zeta potentials in PBS buffer (-1.8 mV and 2.5 mV respectively). The total
carbohydrate content represented 80% weight of NP-Sia as determined by TGA (Figure 2.2a).
To analyze the amount of sialic acid on NPs, sialic acid was selectively cleaved under a mild
acidic condition and the amount of sialic acid was quantified by TBA showing that sialic acid
accounted for 4% weight of the NPs (Figure 2.2b). This suggested on average there were 98
copies of sialic acid on each NP. The presence of dextran and sialic acid was also confirmed by
HRMAS NMR with their characteristic chemical shifts observed in 'H-NMR spectrum of the
NP-Sia (Figure 2.2¢). The NP-Sia was an excellent contrast agent with high magnetic relaxivity
(The R2* magnetic relaxation rate (R2* = 1/T2*) of NP-Sia was measured to be 143 mM ' s ' at
3T Figure 2.1d. The R1 and R2 values for NP-Sia were 3.5 and 198 mM ' s respectively as

shown in Figure 2.2d,e).
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Figure 2.2: Characterization of NP-Sia a) thermogravimetric analysis; b) thiobarbituric acid
assay; c) high-resolution magic angle spinning nuclear magnetic resonance; d) T1 and e) T2
relaxivity characterization of NP-Sia

32



2.3 Assessment of NP-Sia Binding with AP via ELISA and Prussian Blue Staining

In order to study NP interactions with AP, we selected AP (1-42) since it is a major
component of amyloid peptides in the senile plaques in AD brains’? and considered as the most
toxic AP forms.”” The AP peptide was dissolved in 10 mM NaOH solution, which was diluted in
PBS buffer to the desired final concentration. The AP monomer solution was incubated at 37 °C
for 48 hours without stirring to form fibrils. To check the quality of the fibrils, thioflavin (ThT)
binding assay was performed. ThT is a cationic benzothiazole salt, which displays enhanced
fluorescence and a characteristic red shift of its emission maximum when bound with -sheet
structures.”*  Upon incubation of AP fibrils with ThT, significant enhancement of ThT
fluorescence and red shift of its emission (489 nm) were observed suggesting that good quality
B-sheet rich AP fibrils were obtained (Figure 2.3a).”” TEM imaging also showed fibrillar
structures of AP (Figure 2.3b). In order to visualize AP in TEM, 2% uranyl acetate stain on the

fibril was needed to provide contrast from the background.
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Figure 2.3: a) Enhancement of ThT fluorescence (excitation 440 nm and emission at 489 nm)
upon binding to B-sheet rich AP fibrils; b) TEM images of AP fibrils with 2% uranyl acetate
staining

The interactions between NP-Sia and AP fibril were investigated first using ELISA. A
solution of NP-Sia was added to a microtiter plate. After overnight incubation, NPs adhered to
the bottom of the wells. AP solutions were added to the NP-Sia coated wells followed by
thorough washing and addition of an anti-Af IgG primary antibody. The amount of Af bound
was quantified by the absorbance change of each well upon incubation with an anti-IgG
secondary antibody linked with horse radish peroxidase (HRP). As shown in Figure 2.4a, a dose
dependent increase in absorbance was observed with increasing AP concentration (apparent Ky =
0.7 uM). The immobilization of NP-Sia on the plate was important for AP binding, as without
NP coating, the absorbance of AP on naked plates was much lower after washing (Figure 2.4a).
Although the dextran coated SPION could be recognized by AP presumably due to its negative
surface charges,’® the addition of sialic acid onto the dextran NP (NP-Sia) enhanced NP binding

with AP (Figure 2.5a). To further ascertain the role of sialic acid, a competitive ELISA was
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performed when fixed amount of AP was added to NP-Sia coated plates together with free sialic
acid. As free sialic acid should compete with NP-Sia for AP binding, the amount of AP
remained on the plate should decrease with increasing amount of sialic acid. This was observed
experimentally (Figure 2.4b), supporting the notion that sialic acid plays a considerable role in

mediating AP binding.”’
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Figure 2.4: (a) ELISA curve for AP binding to immobilized NP-Sia); (b) ELISA curve of AP
(0.5 uM) binding to immobilized NP Sia in the presence of increasing concentration of free sialic
acid (blue circle).

In ELISA, blocking agents such as bovine serum albumin (BSA) is commonly employed
to reduce the non-specific adsorption of proteins on the microtiter plate, including some for AP

28b, 77

binding studies. However, in our assays, we observed a considerable difference between

the BSA-blocked and unblocked wells, where the wells incubated with BSA showed
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significantly higher AP binding even without any NP present compared to those not containing
BSA (Figure 2.5b). Varying the amount of BSA (0.1% - 5%) as well as using milk as the
blocking agent did not resolve this problem. We attributed this to the adsorption of A by BSA
or milk proteins. This outcome was in agreement with a report showing the strong affinities of

plasma proteins such as albumin with AB,” suggesting the importance of protein free blocking in

ELISA for AP detection.
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Figure 2.5: a) Absorbance of AP binding to wells containing NP-Sia, SPION and bare wells
suggesting the importance of sialic acid in AP recognition; b) Bare ELISA wells showed
significantly less AP binding compared to wells incubated with 1% BSA

To further prove the binding between AP and NP-Sia, we performed Prussian blue
staining, which is a staining method specific for iron. NP-Sia by itself could bind to the 24 well
cell culture plate, which was evident from the bright blue color when Prussian blue reagent was
added to wells incubated with NP-Sia (Figure 2.6a). If AP binds with free NP-Sia, the AB/NP-

Sia complex should have reduced adhesion to the microtiter plate due to shielding of NP-Sia by
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AB. Indeed, when NP-Sia was pre-incubated with A fibril (25 pM) and then added to the plate
followed by washing, much reduced blue color was observed with Prussian blue staining (Figure
2.6b). Higher concentration of AP (100 uM) further decreased the level of Prussian blue (Figure
2.6¢). AP by itself did not bind much with the wells under the experimental condition. These

observations support the conclusion that NP-Sia can bind with AP.

AB 25uM AB 100pM AP 100pM
NP 200ug/mL NP 200ug/mL NP 200pg/mL

Figure 2.6: Pictures of 24 well cell culture plates after incubation with a) NP-Sia (200 pg/mL);
b) NP-Sia (200 pg/mL) with AB (25 uM); ¢) NP-Sia (200 pg/mL) with AB (100 uM); and d) AP
(100 uM). After washing, the wells were treated with Prussian blue

2.4 Confirmation of Ap and NP-Sia Binding by Tyrosine Fluorescence Measurement and
TEM

AP contains a tyrosine residue (Tyr10), the intrinsic fluorescence of which can be used to
monitor binding.28b AB monomer (30 uM) was incubated with various concentrations of NP-Sia
(0.02, 0.2, and 2 mg/mL) at room temperature. After 24 hours, the solution was centrifuged and
the tyrosine fluorescence of the supernatant was recorded (Figure 2.7a). Centrifugation of A or

NP-Sia alone at 10,000 g did not produce any pellets or fluorescence changes. However,
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incubation of AP with NP-Sia followed by centrifugation showed a dose dependent decrease of
supernatant fluorescence. The fluorescence intensity dropped to baseline levels with 2 mg/mL
NP-Sia suggesting complete removal of AP from the solution. A pellet was observed at the
bottom in tubes where NP-Sia was incubated with A, indicating that NP-Sia formed aggregates
with AB. The binding between NP-Sia and AP was confirmed by TEM of the pellets (Figure
2.7b-d). Unlike free AP, it was not necessary to add uranyl acetate to stain AP since the NP
bound provided sufficient contrast in TEM. Extensive aggregates were evident from TEM

images with higher concentrations of NP-Sia (Figure 2.7b-d).
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Figure 2.7: a) Emission spectra of supernatants upon incubation of A with NP-Sia followed by
centrifugation (excitation A=280 nm). TEM images of the pellets obtained by incubating Ap with
b) 0.02 mg/mL, c¢) 0.2 mg/mL, and d) 2 mg/mL of NP-Sia after centrifugation

2.5 NP-AP binding Detected by MRI

79

nanoparticles is that their transverse relaxivities can be significantly enhanced when they form
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larger clusters due to target binding.”'* *

This magnetic relaxation switching phenomenon has
been utilized for biological detections.”'®*" As supported by our tyrosine fluorescence and TEM
studies discussed above, we envision the multivalent binding of NP-Sia with AB should lead to
the formation of NP clusters. These clusters can create larger local magnetic field

inhomogeneities thus are more efficient in dephasing the spins of surrounding water protons and

lowering T2* relaxation time.

The binding of AP fibril with NP-Sia was examined by MRI. After incubation of AP
with NP-Sia (0.1 mg/mL) overnight at room temperature, T2* weighted MR images were
acquired. The presence of AP led to many more darkened spots compared to NP-Sia alone
enabling the detection of AP (Figure 2.8a vs Figure 2.8c). Quantification of the images
demonstrated that the T2* relaxation time of NP-Sia (0.1 mg/mL) was 23 ms, which was reduced
to 16 ms in the presence of AP (Figure 2.8e). Addition of 0.1 M free sialic acid during
incubation significantly reduced the number of dark spots in T2* weighted images presumably
due to the competitive binding of free sialic acid to AP (Figure 2.8b,e). This was corroborated
by the increase in T2* relaxation time (20 ms). Similar phenomena were observed when AP

monomer was incubated with NP-Sia (Figure 2.9).
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Figure 2.8: T2* weighted MR images of (a)-(d) incubation of NP-Sia with A fibrils and their
controls. (e) Quantification of T2* (ms) of images in (a)—(d). (f) Changes of T2* relaxation time
(ms) in the presence of increasing concentrations of Ap.
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In another experiment, increasing concentrations of A} were incubated with fixed amount
of NP-Sia (0.1 mg/mL). Higher AP concentration should lead to more extensive NP-Sia
aggregation and reduction of T2* relaxation time, which was observed experimentally (Figure

2.8f). The limit of detection was 0.05 uM A in this experiment.
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Figure 2.9: MRI generated T2* values of NP-Sia/AP binding. NP-Sia (0.1 mg/mL) incubated
with AR monomers (30 uM) and also in the presence of free sialic acid (0.1 M). The error bars
represent the standard deviation of three measurements

2.6 Ex vivo Detection of Ap by NP-Sia Aided MRI

To test the selectivity of NP-Sia in tissue binding and lay the foundation for future in vivo

applications, we examined ex vivo detection of Ap by NP-Sia in a mouse brain. Brains were
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harvested from C57BL6 mice and incubated in a solution of AP fibril for 48 hours. AP was
absorbed on the surface of the brains and the unbound AP was removed by thorough washing.
The AP containing brains were then treated with NP-Sia followed by removal of unbound
particles. T2* weighted MR images were acquired, and dark spots were observed on the surface
of AP brains incubated with NP-Sia (Figure 2.10a). The dark spots on the surface disappeared
when free sialic acid was added during incubation to compete with NP-Sia binding (Figure
2.10b). As a control, normal mouse brain was incubated with NP and A brains were imaged
using the same MRI protocol. No darkening of brain surface was observed in these cases
(Figure 2.10c, d). Furthermore, Prussian blue staining showed that only AP brains incubated
with NP-Sia exhibited the characteristic blue color due to the presence of iron (Figure 2.10e),
whereas the other brains (A brain + NP-Sia + free sialic acid, normal brain + NP-Sia, A brain)
showed little blue coloration (Figure 2.10f,g,h), thus supporting MRI results. These
observations suggest that NP-Sia did not non-specifically bind with brain components and A

could be detected by NP-Sia aided MRI in this ex vivo model.
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Figure 2.10: T2* weighted MR images of (a) Ap mouse brain incubated with NP-Sia; (b) AP
brain incubated with NP-Sia in the presence of free sialic acid; (c) brain incubated with NP-Sia;
and (d) AP brain; Prussian blue staining of the previous mouse brains

2.7 Effect of NP-Sia on AP Aggregation

After demonstrating AP can bind with NP-Sia, we assessed the effects of NP on AP
aggregation and fibril growth via native gel electrophoresis. Native PAGE gels can preserve the
fibrillar and protofibrillar integrity of AP and prevent the potential fibril deaggregation in the
presence of detergent such as sodium dodecyl sulfate.”® AP monomers were incubated with NP-
Sia at 25 °C followed by native-PAGE gel electrophoresis. At room temperature, A
aggregation was slower with significant amounts of oligomers observed after 24 hours (Figure
2.11, Lane 1). With increasing concentrations of NP-Sia (0.02 to 2 mg/mL), the oligomers of A

disappeared with concomitant increase in fibrils formed (Lanes 2-4 of Figure 2.11, and
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Figure 2.12). This indicates that NP-Sia can reduce the amount of the AP oligomers in solution

presumably by expediting the formation of AP fibrils.
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Figure 2.11: PAGE gel of AB. AP only (Lane 1); AP incubated with 0.02 mg/mL (Lane 2); 0.2
mg/mL (Lane 3); and 2 mg/mL (Lane 4) of NP-Sia
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Figure 2.12: Quantification of the intensities of various bands of the PAGE gel. Ap only (Lane
1); AP incubated with 0.02mg/mL (Lane 2); 0.2mg/mL (Lane 3); and 2mg/mL (Lane 4) of NP-
Sia. 5 kDa are the AP monomer. 14 kDa and 19 kDa are oligomers. 250 kDa are fibrils

2.8 NP-Sia Effect on Ap-Induced Cytotoxicity

For potential applications in AP detection and AD diagnosis, it is crucial that the contrast
agents do not cause toxicities to the neuronal cells. To evaluate this, cell viability MTS assays
were performed using SH-SY5Y neuroblastoma cells. The MTS assay is a colorimetric assay
measuring the metabolic activities of mitochondria. AP exhibited significant cytotoxicities
(Figure 2.13a) with 1Csy value about 2 uM. NP-Sia (250 pg/mL) was found to be non-toxic to
the cells, suggesting the high bio-compatibility of the NPs. To confirm the MTS assay results,

another cell viability assay, i.e., LIVE/DEAD assay, was utilized. The LIVE/DEAD assay
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determines cell viability based on plasma membrane integrity and esterase activity, which is
complementary to MTS. Consistent with the MTS assay results, the LIVE/DEAD assay gave

similar ICsy values for AP induced cytotoxicity (Figure 2.14).
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Figure 2.13: a) Viability of SH-SYS5Y neuroblastoma cells decreased with increasing
concentration of AP as determined by a MTS cell viability assay. b) Addition of NP-Sia to SH-
SYSY neuroblastoma cells incubated with AP (2 uM) reduced AP induced cytotoxicity

Although there is ongoing debate regarding the cause of AD, it is generally accepted that
the aggregation state of AP is crucial in determining its degree of neurotoxicity and the soluble
AP oligomeric form may be the key effectors of cytotoxicity in AD.”*'* #'  As NP-Sia can
sequester AP and reduce the amounts of oligomers in solution, we envision that NP-Sia can
potentially protect cells from AP induced cytotoxicities. To test this possibility, SH-SYSY cells
were treated with fixed concentration of AP (2 uM) in the presence of variable amounts of NP-

Sia (0.0001, 0.001, 0.1, and 0.5 mg/mL). Without NP-Sia, approximately 50% of the cells
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remained viable after 24 hour incubation. A dose dependent increase in cell viability was
observed with increasing concentrations of NP-Sia in both MTS and LIVE/DEAD assays, where
0.5 mg/mL of NP-Sia was able to increase the viability of the cell cells to 80% (Figure 2.13b).
This suggests that NP-Sia can mitigate the toxicity of AP, presumably by segregating A in the
fibril form on the NP. The full impact of NP-Sia and NP-Sia/AP complex on brain as well as the

clearance of NP-Sia/AB complex in vivo will need to be established through further studies.
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Figure 2.14: a) Viability of SH-SYS5Y neuroblastoma cells decreased with increasing
concentration of AP as determined by a LIVE/DEAD cell viability assay. b) Addition of NP-Sia
to SH-SYSY cells incubated with AP protected cells from AP induced cytotoxicity

Compared to literature reports of Ap molecular imaging,” our approach is unique in that
we take advantage of the interactions between AP and carbohydrates. While the results are
promising, further studies are necessary to demonstrate the sensitivity and the selectivity of NP-

Sia in transgenic mice and humans and compare with those of other probes.

For future AP plaque imaging in vivo, it will be crucial that the contrast agent can access

the plaques in the brain. To bypass the BBB, contrast agents can be injected directly into the
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brain.”® A less invasive method is to administer the contrast agent in combination with agents
such as mannitol to temporarily open up the tight junctions in the BBB.®* Alternatively, cell-
penetrating peptides® can be immobilized onto the nanoparticles to facilitate crossing of the
BBB.¥ With its large surface area, NP-Sia is amenable to further modification to enhance its
ability to cross the BBB. The implications of these suggested modifications will be further

discussed and tested in the next chapter.

2.9 Conclusion

We demonstrated that glyconanoparticles could selectively bind AB. The protein free
blocking was important in ELISA assays to avoid the non-specific absorption A to plates. The
superparamagnetic nature of the glyconanoparticles enabled the detection of A by MRI both in
vitro and ex vivo on mouse brains. NP-Sia expedited the formation of AP fibril, thus converting
AP to its less toxic form and protecting the cells from AP induced cytotoxicities. Other
carbohydrates such as full structure of GM1 and glycosaminoglycans can be utilized to further
enhance AP binding selectivity and specificity. These attributes coupled with the high
biocompatibility, magnetic relaxivity and large surface area bode well for potential in vivo

application of glyconanoparticles for Ap detection and imaging.
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2.10 Experimental Section

Materials and Instrumentation

Unless otherwise indicated, all starting materials, reagents and solvents were obtained
from commercial suppliers and used as supplied without further purifications. Iron(III) chloride
hexahydrate (FeCl;-6H,0) was purchased from Honeywell Riedel-de Haen, Iron(Il) chloride
tetrahydrate (FeCl,-4H,0), dextran (9—11 kDa), epichlorohydrin, bovine serum albumin (BSA),
dimethylsulfoxide (DMSO), ethyl-(3,3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC), bovine serum albumin (BSA), and sodium chloride were purchased from Sigma-Aldrich.
Ammonium hydroxide (NH4OH, 28—30%) and hydrogen peroxide (30%) were purchased from
CCI. Amberlite IR 120 hydrogen form (Amberlite H+) was purchased from Fluka. 1,1,1,3,3,3-
Hexafluoro-2-propanol 99.9% was purchased from Acros. Buffered 10% formalin solution was
purchased from Azer Scientific. Potassium ferrocyanide K4Fe(CN)g trihydrate was purchased
from Mallinckrodt. 3,3',5,5'-tetramethylbenzidine (TMB) was purchased from Acros Organics.
Thioflavin T (ThT), UltraPure Grade was purchased from AnaSpec. Beta amyloid (1-42) was
purchased from GL Biochem. (Shanghai) Ltd. (No. 52487). SH-SYSY cells were purchased from
American Type Culture Collection (ATCC). Phosphate buffered saline (PBS), Dulbecco’s
modified Eagle medium (DMEM), sodium pyruvate (100 mM), glutamine,
penicillin—streptomycin (Pen Strep) mixture, the Af 1-16 (6E10) monoclonal antibody, SIG-
39320 was purchased from Covance, and goat anti-mouse HRP-conjugated secondary antibody,

was purchased from BioRad. Tween 20 was purchased from BioRad. CellTiter 96 Aqueous One
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solution containing 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-methoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) was purchased from Promega. Ultrathin-carbon type A, 400
mesh copper grids for TEM were purchased form Ted Pella, Inc. Ultrafiltration membranes and
centrifugal filters were purchased from Millipore, while dialysis tubings were obtained from
BioDesign Inc. SH-SYSY cells were cultured in DMEM. All cell culture media was
supplemented with 10% inactivated FBS, 1% Pen-Strep mixture, glutamine (2 mM), and sodium
pyruvate (I mM). Dynamic light scattering (DLS) and zeta potential measurements were
performed on a Zetasizer Nano zs apparatus (Malvern, U.K.). Transmission electron microscopy
(TEM) images were collected on a JEM-2200FS operating at 200 kV using Gatan multiscan
CCD camera with Digital Micrograph imaging software. Thermogravimetric analysis (TGA) was
carried on a Thermal Advantage (TA-Instruments-Waters LLC) TGA-Q500 series and the
samples were burned under nitrogen. Fluorescence emission spectra were recorded on a
HITACHI F-4500 Fluorescence. Native-PAGE gel analysis was performed via Imagel] 1.42q
(NIH). Spectrometer provided with a continuous (CW) high power Xe lamp as the excitation
source. FACS experiments were conducted on a BD Vantage SE flow cytometer. HRMAS NMR
experiments were carried out on a Varian Inova-500 NMR spectrometer equipped with a 4 mm

gHXNanoprobe.

Synthesis of SPION

To a solution of dextran (10 g) in 0.22 um filter filtered deionized water (23 mL), an

aqueous solution of (0.7g, 2.6 mmol) FeCls.6H,O (1 mL) was added, and the mixture was cooled
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in an ice bath (ice/water). To improve the magnetic properties of the iron oxide nanoparticles, the
mixture was stirred under Argon gas for 2 hours to eliminate oxygen from the reaction flask. A
freshly prepared 0.22 pum filtered aqueous solution containing FeCl,.4H,0 (0.28 g, 1.4 mmol) in
water (I mL) was added to the cooled solution. Chilled 30% NH4sOH (I mL) was added
dropwise while stirring rapidly. The black suspension was brought to 70-80 °C over a 1 hour
period, and maintained at this temperature for additional 90 min. After being cooled to room
temperature, the suspension was dialyzed (MWCO 14,000) against distilled water (20 L bucket,
4 changes). The excess ammonium hydroxide, ammonium chloride, and dextran were further
removed by ultrafiltration (MWCO 100,000). After 4 washes, the suspension was concentrated
to ~ 75 mL, collected and centrifuged to remove any large particulates. Cross-linking the dextran
coating on the surface of DSPION was achieved by adding an aqueous sodium hydroxide
solution (5 M, 20 mL) and epichlorohydrin (10 mL). The mixture was stirred rapidly for 24 hr at
room temperature. The excess epichlorohydrin was removed by dialysis against distilled water
(MWCO 14,000) in a 20 L bucket (6 changes). The solution was concentrated to ~ 100 mL by
ultrafiltration. The introduction of primary amino groups to the surface of the cross-linked
dextran coated DSPION was achieved by adding 30% NH4OH (20 mL) and stirring the mixture
at 37 °C for 36 hours. The colloidal solution was dialyzed (MWCO 14,000) against distilled
water (20 L bucket, 4 changes), and then concentrated to 50 mL by ultrafiltration (MWCO

100,000 to yield DSPION-NH2.
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Synthesis of NP-Sia

An aqueous solution of sialic acid 271° (100 mg, 0.208 mmol) and EDC (150 mg, 0.78
mmol) in water (10 mL) was stirred for 30 minutes at room temperature. NP-NH, (100 mg in 15
mL of pH 8.5 carbonate buffer) was added and stirred for 12 hours at room temperature. The
reaction mixture was centrifuged through 100,000 MWCO Amicon centrifugal filters. The
supernatant was collected and an aqueous solution of 0.01 M sodium hydroxide was added till
the pH value reached 12. The reaction mixture was stirred at room temperature for 15 minutes
and the solution was neutralized by careful addition of 0.01 M hydrochloric acid. The reaction
mixture was centrifuged through 100,000 MWCO Amicon centrifugal filters. The supernatant

was diluted with water and centrifuged again. This process was repeated three times.

High-Resolution Magic Angle Spinning NMR

HRMAS NMR experiments were carried out on a Varian Inova- 500 NMR spectrometer
equipped with a 4 mm gHXNanoprobe (Variannmr Inc., Palo Alto, CA) available at the
University of Tennessee Health Science Center (Memphis, TN). The HR-MAS probe with
internal lock is capable of performing either direct or indirect (inverse) detection experiments.
Magic angle spinning (MAS) experiments were performed at spinning rates of up to 2.5 kHz
using a 40 pL glass rotor. NP-Sia was dissolved in D,O solvent and was further diluted at
different concentrations with D,O to find out the concentration limit to the NMR signal

broadening. HRMAS 1H-NMR spectra were obtained using 100-600 scans for each experiment.
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The sample temperature was regulated with an accuracy of + 0.1 °C.

Thiobarbituric Acid Assay

NP-Sia was treated with 0.2% sodium dodecylsulfate (SDS) in 0.1 N H,SOy4 to the final
concentration of 2.86 mg/mL at 85°C for 60 minutes to hydrolyze the sialic acid from the
nanoparticle. It was then incubated at 37 °C for 30 minutes, and then treated with 50 pL periodic
acid (25mM HsIO¢ in 125mM HCI) for 30 min at 37 °C. The excess periodic acid was
inactivated with 40 uL sodium meta-arsenite (2% NaAsO, in 500mM HCI). When the resulting
yellow-brownish color (color of the liberated iodine) disappeared, 200 uL of thiobarbituric acid
(0.1M 4,6- dihydroxypyrimidine-2-thiol, pH 9) (pH adjusted with 0.1 mol/LL NaOH) was added.
The reaction tubes were incubated in a boiling water bath for 10 min. The tubes were transferred
to an ice-water bath for 2 min followed by 2-min incubation at 37 °C. (The latter incubation
improves the extent and increases the rate of chromophore extraction.) The colored complex was
extracted by adding 500 pL butanol/HCI solution (n-butanol containing 5.7% of 10.5M HCI)
with vigorous agitation. The two phases were separated by centrifugation for 5 minutes. 250 pL
of the upper phase was placed into a 96-well flat-bottomed microtiter plate and the absorbance

was determined at 550nm using a microplate spectrophotometer. 1, 2
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Deaggregation and Preparation of Af

Synthetic AP (1-42) peptide (1 mg) was dissolved in spectroscopy grade 99.9%
1,1,1,3,3,3-hexafluoro-2-propanol (3 mL), sonicated for 15 minutes and lyophilized for 72 hours.
The thin peptide film was dissolved in 0.22 pum filtered solution of 10 mM NaOH solution (0.25
mL) followed by dilution with deionized water (0.625 mL) and PBS buffer (0.625 mL) to the
desired final volume of 1.5 mL (The stock AP solution concentration is 147.7 uM). For
experiments requiring fibril formation, the previous solution was incubated for 48 hours at 37

°C.

ThT Assay

ThT fluorescence measurements were performed in a clear bottom black 96-well
fluorescence plate (COSTAR 3695-96) on a FLUOstar OPTIMA (BMG Labtechnologies). The
control solutions were 250 pL of tris buffer, 250 pL of 20 uM AB (AP (20 uM)), and 250 pL of
20 uM ThT. 50 pL of AB (20 uM) solutions were added to 200 pL of different concentrations of
(10, 20, and 50 uM) ThT solutions. ThT fluorescence measurements were performed with Aex =

440 nm (10 nm bandpass) and Aem = 489 nm (10 nm bandpass).
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ELISA assay

To a well in a Nunc MaxiSorp 96-well ELISA plate was added 50 pL of NP-Sia solution
(0.5 mg/mL), which was incubated at 37 'C overnight. After washing the wells with 3 x 300 mL
PBST, 50 pL of AP solutions with various concentrations were added to the wells (0.34, 1.38,
5.53,22.1, 88.5 uM) and incubated at 22 'C for 12 hours. The plates were washed with 3 x 300
mL PBST and the anti-AB (1-16) IgG (6E10) monoclonal antibody, SIG-39320 (50 uL per well,
0.137nM, 1:24000 in 1% (w/v) BSA containing PBS) was added, which in turn was incubated at
22 °C for 1 hour. After washing with 3 x 300 pL PBST, the solution was discarded and the wells
were washed three times with 300 uL PBST and incubated for 1 hour with 50 puL of the goat
anti-mouse HRP-conjugated secondary antibody (1.7 nM, 1:18000 in 1% (w/v) BSA in PBS).
The solution was discarded, and the wells were washed three times with 300 pL. PBST. To a
freshly prepared 3,3°,5,5 -tetramethylbenzidine (TMB) solution (5 mg of TMB was dissolved in
2 mL of DMSO and then diluted to 20 mL with citrate phosphate buffer), 20 uL of H,O, was
added. This mixture (150 pL) was immediately added to the ELISA wells. Blue color was
allowed to develop for 10-20 minutes. The reaction was quenched (yellow color) by addition of
0.5 M H,SO4 (50 pL/well) and the absorbance was measured at 450 nm on an iMark™

Microplate Reader.

For sialic acid inhibition assay, a solution of NP-Sia (0.5 mg/mL, 50 uL) was incubated
in a 96-well plate at 37 C overnight. After washing the wells with PBST (3 x 300 pL), AB (0.5
uM, 50 pL) was added to the wells immediately followed addition 50 pL of different dilutions of
pH 7.4 sialic acid solution (0.00048, 0.0019, 0.0078, 0.031, 0.125, 0.5 M). The plate was
incubated at 22 'C for 12 hours. The previous protocols were then followed for antibody

incubation and color development.
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Intrinsic Tyrosine Fluorescence Assay

An A solution in 10 mM NaOH (443 uM, 13.5 pL) was added to a solution of NP-Sia
with different concentrations 0.02, 0.2, and 2 mg/mL NP-Sia to a final volume of 200 uL in
eppendorf” tubes. The tubes were gently mixed and incubated at room temperature for 24 hours.
After incubation, the samples were centrifuged for 20 minutes at 10,000 x g to sediment fibrils
and aggregates. The tyrosine fluorescence of the supernatant was measured via HITACHI F-

4500 Fluorometer (excitation wavelength at 280 nm).

AB/NP-Sia Binding MRI Experiments

Six eppendorf tubes containing nanoparticles and AP were incubated in PBS buffer (total
volume 750 pL) for 24 hours at room temperature. The final concentration of NP-Sia was 0.33
mg/mL and final concentration for A was 10 uM. For sialic acid competition experiments, free
sialic acid (0.1 M) was added. The composition of the tubes was as follows: only Af, only NP-
Sia, fibrillar AB+NP-Sia, fibrillar AB+NP-Sia+0.1 M free sialic acid, monomeric AB+NP-Sia,
and monomeric AB+NP-Sia+0.1 M free sialic acid (each tube had a total volume of 750 uL in
PBS buffer). Following incubation, 2% agarose gel (1.75 mL) was added to the incubated
samples to make the final volume of 2.5 mL in 5 mL-polystyrene round-bottom FACS tubes (BD

Falcon). The tubes were placed at room temperature for 5 min and then at 4 °C till the time of
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MRI. To evaluate the T2* characteristics of the nanoparticles in phantoms, the following
parameters were used: head coil, 3D fast spoiled gradient recalled echo sequence, flip angle =
15°, 16 echo times (TEs) = 2.1 ms, 4.6 ms, 7.0 ms, 9.4 ms, 11.8 ms, 14.3 ms, 16.7 ms, 19.1 ms,
21.5 ms, 24.0 ms, 26.4 ms, 28.8 ms, 31.2 ms, 33.7 ms, 36.1 ms, and 38.5 ms, time of repetition =
41.9 ms, receiver bandwidth = + 62.5 kHz, field of view = 16 cm, slice thickness = 1.5 mm,

number of slices = 16, acquisition matrix = 256 x 256, and number of excitation = 1.

Binding Assessment via TEM

Similar sample preparation protocol to intrinsic tyrosine fluorescence was used for TEM
imaging. 10 pL of the samples were deposited on ultrathin-carbon type A, 400 mesh copper grids
(Ted Pella, Inc.) and let to evaporate under the hood. Once dry, 1% solution of uranyl acetate
was added for 10 seconds and the solution was wicked away with filter paper. The grids were

then washed with water, and dried for 15 min at room temperature.

AP and NP-Sia Binding Using Prussian Blue Staining

AP solutions (0.5 mL, 25 and 100 uM) were added to two eppendorf tubes containing
solutions of NP-Sia (0.5 mL, 200 pg/mL) respectively. Control solutions were prepared by
addition of PBS buffer (0.25 mL) into two eppendorf tubes containing NP-Sia (0.25 mL, 200

pg/mL) or AB (0.25 mL, 100 uM). All samples were rotated on a tube rotator overnight at room
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temperature then incubated for 1 hour at 37 °C. NP-Sia/Af mixtures and control solutions (0.5
mL each) were pipetted to 24-well Costar cell culture, flat-bottomed plate and then incubated for
4 hours at 37 °C. After thoroughly washing the wells with PBS (5 x 0.5 mL), the Gomori’s
modified Prussian blue solution (0.5 mL) was added to each well and incubated for 10-15
minutes. Blue color was developed in wells containing NP-Sia. (Gomori’s modified Prussian

blue preparation: 2 mL of 10% K4Fe[CN]g solution mixed with 2 mL of 20 % v/v HCl solution.)

Native-PAGE

Samples preparation was conducted exactly as described for the intrinsic tyrosine
fluorescence experimental procedure. 13.5 pL of AP in 10 mM NaOH (443 uM) was added to
200 pL pf NP-Sia (0.02, 0.2, and 2 mg/mL) in eppendorf® tubes. The tubes were gently mixed
and incubated at room temperature for 24 hours. After incubation, 20 pL of the mixture was
added to 5 mL of non-SDS sample buffer and was subjected to electrophoresis (200 V) on an
18% native-PAGE gel. The gels were then stained with Coomassie (for AP characterization) and

silver staining (for AB/NP-Sia binding).
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MRI Experiments

All MRI experiments were carried out on a GE 3T Signa® HDx MR scanner (GE

Healthcare, Waukesha, WI).

NP-Sia Relaxivity Measurements

Seven different dilutions of the NP-Sia (0.00001, 0.0001, 0.001, 0.0125, 0.05, 0.1
mg/mL) were prepared to a final volume of 5 mL in 15 mL-centrifuge tubes (Corning). The
tubes were placed on a polystyrene tube holder. To evaluate the R2 characteristics of the
nanoparticles in phantoms, the following parameters were used: Head coil, 2D fast spin echo,
flip angle = 90°, eight echo times (TEs) = 8.0 ms, 16.0 ms, 23.9 ms, 31.9 ms, 39.9 ms, 47.9 ms,
55.8 ms and 63.8 ms, time of repetition (TR) = 500 ms, receiver bandwidth (rBW) =4 31.2 kHz,
field of view (FOV) = 16 cm, slice thickness = 3 mm, number of slices = 2, acquisition matrix =
256 x 256 and number of excitation (NEX) = 1. To evaluate the R1 characteristics of the
nanoparticles in phantoms, the following parameters were used: Head coil, 2D inversion
recovery spin echo, flip angle = 90°, echo time = 15 ms, time of repetition = 2500 ms, inversion
time = 50 ms, 100 ms, 400 ms, 700 ms and 1000 ms, receiver bandwidth = + 15.6 kHz, field of
view = 16 cm, slice thickness = 3 mm, number of slices = 1, acquisition matrix = 256 % 128 and

number of excitation = 1. The R1 was estimated based on the spin recovery curve after inversion.

61



Determination of Detection Limit of AP

Eight 15 mL centrifuge tubes of constant concentration of nanoparticles and variable
concentration of AP were incubated in PBS buffer (total volume of 3 mL/each) for 24 hours at
room temperature. The final concentration of NP-Sia was 0.083 mg/mL and final concentration
for series of AP solutions were 0.033, 0.130, 0.521, 2.083, 8.333, 33.333 uM. The remaining two
tubes were considered blanks (contained 3 mL of NP-Sia with a final concentration of 0.083
mg/mL only). To evaluate the T2* characteristics of the nanoparticles in phantoms, the following
parameters were used: head coil, 3D fast spoiled gradient recalled echo sequence, flip angle =
15°, 16 echo times (TEs) = 2.1 ms, 4.6 ms, 7.0 ms, 9.4 ms, 11.8 ms, 14.3 ms, 16.7 ms, 19.1 ms,
21.5 ms, 24.0 ms, 26.4 ms, 28.8 ms, 31.2 ms, 33.7 ms, 36.1 ms, and 38.5 ms, time of repetition =
41.9 ms, receiver bandwidth = + 62.5 kHz, field of view = 16 cm, slice thickness = 1.5 mm,

number of slices = 16, acquisition matrix = 256 x 256, and number of excitation = 1.

Ex-vivo Brain ApB/NP-Sia Binding MRI Experiments

The brains of C57BL6 mice were harvested and fixed in buffered 10% formalin solution
for 48 hours. After washing with deionized water, brains were incubated with 22 uM AP (4 mL)
for 48 hours at 4 °C. The AP treated brains were incubated with NP-Sia (0.6 mg/mL, 4 mL) for
24 hours at 37 °C after washing with deionized water. After incubation, the brains were washed
thoroughly and placed in a 6-well plate (Costar 3516, Corning) in water. For the sialic acid
competition experiment, 0.1 M free sialic acid was added with NP-Sia (4 mL). The brains were

imaged with the following parameters (T2* weighted sequence): Wrist coil, 3D fast spoiled
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gradient recalled echo sequence, flip angle = 15°, echo times = 9.8 ms, time of repetition = 20
ms, receiver bandwidth = + 7.8 kHz, field of view = 8 cm, slice thickness = 0.5 mm, number of

slices = 48, acquisition matrix =256 x 256, and number of excitation = 3.

Prussian Blue Staining of Mice Brains

The same brains used in ex-vivo APB/NP-Sia MRI binding experiment were stained
directly after imaging. Brains were soaked in 10% K4Fe[CN]s solution and incubated for 10
min, then transferred to a vial containing a mixture of 10 wt % K4Fe[CN]¢ /20 wt % HCI with a
volume ratio of 1:1 for 10 min (Gomori’s modified Prussian blue). The tissues were washed
with water for four times. A blue color was observed on the areas bearing iron oxide

nanoparticles.

MTS Cytotoxicity Assay:
SH-SY5Y cells were plated into 96-well plates at a density of 4 x 10* cells per well in

10% DMEM cell culture media for 24 hours at 37 °C and 5% CO,. The culture medium was
replaced with 2% serum solution of different concentrations of Ap (0.001. 0.0092, 0.085, 0.75, 2,
5.5, 66 uM, 100 pL/well). After 24 hour incubation at 37 °C, the medium was replaced with
MTS solution (20 pL in 200 pL) in culture medium and incubated for 6 hours at 37 °C. The
developed brown color in the wells was an indication of live cells. The absorption of the plate

was measured at 490 nm on iMark™ Microplate Reader (BioRad). Wells without cells (blanks)
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were subtracted as background from each sample. To test the effect of NP-Sia on AP induced
cytotoxicity, cells were incubated with AP (2 uM). Various concentrations of NP-Sia (0.0001,
0.001, 0.1, and 0.5 mg/mL) were added. The cell viabilities were evaluated in a similar manner

as described above.

LIVE/DEAD® Cytotoxicity Assay

SH-SYS5Y cells were plated into 24-well plates at a density of 1 x 10* cells per well in
cell culture medium for 24 hours at 37 °C and 5% CO,. Then the culture medium was replaced
with non-serum DMEM media of 0.78, 3.125, 6.25, 12.5, 25, and 50 uM AP solution (100
uL/well). After 24 hour incubation at 37 °C and 5% CO,, the supernatant was carefully collected
(but not discarded due to the fact that it might contain dead cells). To detach cells 200 pL trypsin
was added to each well. Then 500 pL of serum containing DMEM media was added. Cells from
each well were collected and added to the corresponding supernatant, and after gentle swirling
the tubes were centrifuged for 5 minutes at 2500 rpm at 4°C. Supernatants were discarded and
the cells were washed with serum-free DMEM media. This process was repeated twice. After the
final wash the cells were resuspended in 500 uL LIVE/DEAD® solution and transferred to
FACS tubes on ice. Tubes were removed from the ice container and incubated at room
temperature for 10 minutes and they were analyzed with the flow cytometry. Flow cytometry
was set to measure the green fluorescence emission of calcein at 530 nm, 30 nm bandpass
(emission 488 nm) and red fluorescence emission of ethidium homodimer-1 (EthD-1) at 660 nm,

20 bandpass. Standard compensation was performed using single color stain cells. Preparation of
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the LIVE/DEAD solution was done by adding 10 pL of supplied 2 mM EthD-1 stock solution
(component B) and 2 pL of the supplied 4mM calcein AM stock solution (component A) to 5
mL of DMEM. The controls used for this assay were unstained cells, AP untreated cells, and

dead cells (50% ethanol fixed).

Rescue of SH-SYSY Cells by NP-Sia as Determined by the LIVE/DEAD® Assay

SH-SY5Y cells were plated into 24-well plates at a density of 1 x 10* cells per well in
cell culture medium for 24 hours at 37 °C and 5% CO,. The culture medium was replaced with
non-serum DMEM media of 2 uM AP (250 pL/well) in addition to 250 pL/well of different
concentration of NP-Sia (0.97, 1.95, 7.81, 15.62, and 31.25 pg/mL). After 24 hour incubation at
37 °C and 5% CO,, the supernatant was carefully collected (but not discarded due to the fact that
it might contain dead cells). To detach cells 200 pL trypsin was added to each well. 500 uL of
serum containing DMEM media was added. Cells from each well were collected and added to
the corresponding supernatant, and after gentle swirling the tubes were centrifuged for 5 minutes
at 2500 rpm at 4°C. Supernatants were discarded and the cells were washed with serum-free
DMEM media. This process was repeated twice. After the final wash the cells were resuspended
in 500 uL LIVE/DEAD® solution and transferred to FACS tubes on ice. Tubes were removed
from the ice container and incubated at room temperature for 10 minutes and they were analyzed
with the flow cytometry. Flow cytometry was used to measure the green fluorescence emission
of calcein at 530 nm, 30 nm bandpass (emission 488 nm) and red fluorescence emission of

ethidium homodimer-1 (EthD-1) at 660 nm, 20 nm bandpass. Standard compensation was
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performed using single color stain cells. Preparation of the LIVE/DEAD solution was done by
adding 10 puL of supplied 2 mM EthD-1 stock solution (component B) and 2 pL of the supplied

4mM calcein AM stock solution (component A) to S mL of DMEM.

The controls used for this assay were unstained cells, AP untreated cells, dead cells (50% ethanol

fixed), 2 uM AP treated cells, and only-NP-Sia treated cells.
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Chapter 3 Bovine Serum Albumin Functionalized Glyconanoparticles for Beta Amyloid
Detection and Blood-Brain Barrier Crossing Assessment

3.1 Introduction

The unique function of the BBB makes it the brain’s first line of defense against influx of
various toxins and harmful organisms. This important physical and physiological barrier is
constituted by the brain capillary endothelial cells connected by tight junctions and supported by
pericytes and astrocytes. The BBB is very selective to molecules that can pass to the brain. For
instance, it permits the passage of essential nutrients while preventing the molecules that cannot
pass through the tight junctions but can possibly diffuse transcellularly. Molecules which are
small, lipid-soluble and unionized, can diffuse via the transcellular lipophilic pathway. Larger
molecules like transferrin can only pass through receptor mediated transcytosis and, however
cationic peptides can pass through adsorptive mediated transcytosis (Scheme 3.1). On the other
hand, some molecules such as glucose is taken up by receptor mediated, from the lumen to the

brain interstitium.**
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Scheme 3.1: A schematic diagram illustrating the different components of the Blood-Brain
Barrier and adsorptive-mediate transcytosis

These characteristics make the targeted delivery through the BBB one of the most
challenging fields in delivering diagnostic and therapeutic agents to the brain. Remarkably,
almost 100% of large and 98% of small molecules cannot penetrate the BBB,** which highlights
the importance of BBB “crossability” of the developed drugs, especially for neurological

disorders.

A noticeable emphasis has been put on developing diagnostic and therapeutic carriers to
deliver drugs to the brain. Due to their broad functionalization capabilities in addition to their
versatile nature, nanomaterials are considered important candidates to play the role of drug

carriers.®® Nevertheless, the issue of BBB permeability still poses a challenge in the field of
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nanotechnology. Many studies explored the role of nanomaterials, such as, liposomes,
nanoparticles, dendrimers, polymersomes and micelles hold, as potential agents to deliver drugs

to the brain.?” %

This permeability problem is considered an obstacle for diagnosing different neurological
disorders such as Parkinson’s and Alzheimer’s disease (AD). The nature of those diseases
requires effective penetration of diagnostics and therapeutic drugs across the BBB. For instance,
in AD, it had been shown that beta amyloids (AP) constitute the hallmark protein of the disease.’

And they can be detected by designing vehicles that pass the BBB.

Many targeting ligands, such as apolipoprotein,® transferrin,” angiopeptide,”’ and
cationic-proteins’> have been utilized to modify the nanomaterials’ surfaces in order to increase
BBB permeability. It is noteworthy that magnetic nanoparticles were found to be promising
carriers, due to their non-invasive detection via magnetic resonance imaging (MRI).

Nevertheless, the poor brain uptake and targeting constitute the main challenge of the field.”

In our previous investigation*** we demonstrated that sialic acid functionalized iron-oxide
nanoparticles can bind to AP peptides in vitro and ex-vivo. The functionalization with sialic acid
is crucial due to its biomimetic AP binding. For instance, GM1 (a ganglioside abundant in
neuronal plasma),” which has a terminal sialic acid moiety,26b’ 66094 \yas found to form GMI1-APB
complexes in the brains of AD patients®®® with GM1 shown to serve as nucleation site on
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neuronal cells surfaces for aggregation of AB™" Moreover, we demonstrated that incubation of

those nanoparticles reduced Ap cytotoxicity to neuroblastoma cells.**

However, in our ELISA assays, we observed a considerable difference between the BSA-

blocked and unblocked wells, where the wells incubated with BSA showed significantly higher
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AP binding even without any NP present compared to those not containing. In our previous
work, we established that AP/protein-blocking agent adsorption, can lead to false ELISA
readings. This outcome was in agreement with a report showing the strong affinities of plasma

proteins such as albumin with AP

We have also established that a common blocking agent in enzyme ELISA namely, BSA
showed a considerable binding with AP. That outcome was in agreement with a report that shows
a strong interaction between albumin and AB.”® These findings inspired us to design a sialic acid-
decorated and BSA-coated iron-oxide nanoparticles. By replacing dextran coating with bovine
serum albumin (BSA) we hypothesized that the NP-AB binding would be improved. The other
improvement was the crosslinking or cationization of BSA with diamines. This was designed to
direct BBB permeability via adsorptive-mediates transcytosis,”” while carefully noting that the
zeta potential values of within 10 mV are optimal for in vivo delivery of nanoparticles to the
brain.”® Additionally, the optimization of the particles size to less than 100 nm was also
suggested to improve the pharmacokinetics of those nanoparticles97 and their endocytosis by the
brain capillary endothelial cells.”® In this work we test the binding affinity of those NP-BSA,-Sia
to AP, while exploring the means to transport those nanoparticles through the BBB by

performing endothelial cells transcytosis assays and animal MRI scans.

3.2 Preparation and Characterization of NP-BSA,-Sia

The magnetic glyconanoparticles were synthesized by conjugating the sialic acid moieties

with the Fe;O4 core magnetic nanoparticles (Scheme 3.2). The superparamagnetic nanocrystals
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were prepared via the thermal decomposition of iron (III) acetylacetonate, with three different
surfactants, namely 1,2-hexadecanediol, oleic acid, and oleyl amine, under high temperature and
inert conditions. After several steps of washings and purification, the surface ligands of
nanoparticles were exchanged with tetramethylammonium hydroxide (TMAOH). The reaction
completion was determined when the organic layer-soluble nanoparticles moved into the
aqueous layer. The secondary exchange of TMAOH with BSA was achieved overnight at room
temperature stirring. It is noteworthy that the stirring should be done in a medium speed and in
room temperature to prevent protein denaturing, usually observed as bubble formation. To assure
the adsorptive-mediated transcytosis, the cationization of NP-BSA was performed.” NP-BSA
(zeta potential ({) = — 6.56 mV) were cross-linked with 2,2'-(ethylenedioxy)bis(ethylamine)
using a carbodiimide mediated chemistry (EDC), to yield positively charge NP-BSA, ({ =+ 11.2
mV). The extent of cationization was greatly dependent on the pH of the reaction where pH = 6

was found to be optimal.'®

Conjugation of sialic acid achieved by EDCI-coupling of Sia-OMe to
the NP-BSA,. The resulting nanoparticles NP-BSA,-Sia-OMe were subject to saponification to
remove the methyl ester in the sugar moiety to yield NP-BSA4-Sia ({ = + 5.16 mV). For

transcytosis and confocal microscopy experiments, nanoparticles NP-BSA,-Sia were labeled

with fluorescein isothiocyanate (FITC) to yield NP-BSA,-Sia-FITC ({ =+ 3.01 mV).
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Scheme 3.2: Synthesis of NP-BSAx-Sia and NP-BSAx-Sia-FITC

Characterization of nanoparticles was achieved by multiple methods. The core diameters
of the nanoparticles were shown to be ~5 nm where they were observed under transmission
electron microscopy (TEM). (Figure 3.1a-b) The hydrodynamic diameter of NP-BSA«-Sia (size
= 87 nm) were determined by dynamic light scattering technique (DLS). As indicated above, the
positive surface charge of the nanoparticles was a crucial characteristic in our nanoparticle
choice, hence zeta potential () surface charge measurements (in PBS buffer) showed a
systematic increase in ( value upon crosslinking with the diamine moiety (— 6.56 to + 11.2 mV).

That zeta potential was reduced to + 5.16 mV upon conjugating some of the positively charged
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amine moieties with Sia. The total organic content was determined by thermogravimetric
analysis (TGA). The BSA,-Sia represented 73.7% of the weight of the NP-BSA,-Sia (Figure
3.1¢). The extent of sialic acid conjugation was calculated by performing the thiobarbituric acid
Assay (TBA), where sialic acid was selectively cleaved under mild acid conditions. And the

amount of sialic acid accounted for 7% of the weight of the nanoparticles (Figure 3.1d).

The NP-BSA4-Sia contrast agents were determined to have high magnetic relaxivity.
(The R2* magnetic relaxation rate (R2* = 1/T2*) of NP-BSA,-Sia was measured to be 135.9

mM 's " at 3T) (Figure 3.1e).
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Figure 3.1: TEM images of NPs (a) scale 10 nm and (b) 5 nm. (c) thermogravimetric analysis
(TGA) of the NP-BSAx-Sia; (d) TBA assay showed the amount of sialic acid was 0.06 mM; (e)
T2* relaxivity characterization of NP-BSAx-Sia. The R2* value is 135.9 mM -1 s-1

3.3 Assessment of NP-BSA,-Sia and NP- BSA, Binding with AP via ELISA

The nanoparticle-AB binding was verified by enzyme-linked immunosorbent assay
(ELISA) (Scheme 3.3). Two different types were used to study the binding, namely NP-BSA,-
Sia and NP-BSA,. These specific nanoparticles were used to establish the importance of sialic

44a

acid in the binding.”™. The choice of AP (1—42) peptide was also adopted for two reasons. First,

it is a major component of amyloid peptides in the senile plaques in AD brains’* and it is
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considered the most toxic AB forms.” Second, it is used to compare the binding to our previous
results. AP fibrils were prepared by dissolving the peptides in 10 mM NaOH solution. After 10
minutes of sonication, the peptides were neutralized with diluted HCI solution to pH = 6, and
then diluted in PBS buffer to the desired final concentration. The AP fibrils were obtained after
incubation the monomers at 37 °C for 48 h without stirring. The obtained fibrils along with the
two types of nanoparticles were used for the ELISA. A solution of NP-BSA-Sia and NP-BSA,
were added to separate wells in a 96-well Nunc MaxiSorp flat-bottom microtiter plate. After
overnight incubation, the nanoparticles adhered to the bottom of the wells. AP solutions were
added to the NP-BSA,-Sia and NP-BSA, coated wells followed by thorough PBST washing and
addition of an anti-AP IgG primary antibody. The amount of A bound was quantified by the
absorbance change of each well upon incubation with an anti-IgG secondary antibody linked

with horseradish peroxidase (HRP).
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Scheme 3.3: Schematic diagram of the ELISA design

The problem of non-specific adsorption of protein to the microtiter plates in ELISA is a
common one. Blocking agents such as bovine serum albumin (BSA) is typically employed to
reduce this non-specific adsorption. These blocking agents are also used in some for AP binding
studies.”®> 7’ However, in our assays, we observed a considerable difference between the BSA-
blocked and unblocked wells, where the wells incubated with BSA showed significantly higher
AP binding even without any NP present compared to those not containing. In our previous
work, we established that AP/protein-blocking agent adsorption, can lead to false ELISA
readings. This outcome was in agreement with a report showing the strong affinities of plasma

proteins such as albumin with Ap.”®
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The increasing AP concentration showed a concentration dependent increase in
absorbance. The apparent K4 was found to be 0.6 uM (Figure 3.2). The NP-BSA,-Sia and NP-
BSA, showed similar binding patterns. However sialic acid conjugation, enhanced the binding
by 21% as compared to the BSA, nanoparticles. The AP showed low absorbance when it was

incubated on naked plates after washing (Figure 3.2).
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Figure 3.2: ELISA curve for AP binding to immobilized NP-BSAx-Sia (solid line), NP-BSAx
(dashed line) and AP only (dotted line). The error bars in all graphs represent the standard
deviation of four wells

To further establish the role of sialic acid in AP binding, a competitive ELISA was

performed when fixed amount of Ap was added to NP-BSA,-Sia coated plates together with free
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sialic acid. Our findings were consistent with our previous results where free sialic acid
competed with the nanoparticle-conjugated sialic acid for binding with AP. After introducing a
constant concentration of AP to the NP-BSA,-Sia-coated plate, an increasing concentration free
sialic acid was introduced as well. The increased concentration of free sialic acid would lead to a
less bound AP on the plate, due to competition with the nanoparticle-conjugated ones. As shown

in Figure 3.3 the competition ELISA results confirmed the role of sialic acid in AP binding.28h
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Figure 3.3: ELISA curve of AP binding to immobilized NP in the presence of increasing
concentration of free sialic acid. Wells containing AP (0.5 pM) binding to NP-BSAx-Sia without
any free sialic acid (circle) and AP (0.5 pM) binding to bare wells (square)
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3.4 Evidence for NP-BSA,-Sia uptake by bEnd.3 endothelial cells

After establishing the NP-AB binding, we wanted to lay the foundation to test that
binding in vivo. To establish that, we had to, first, test the BBB crossing capability of our
nanoparticles via in vitro transcytosis model (uptake and consequent release by endothelial
cells). The kinetics of the uptake of nanoparticles by the bEnd.3 endothelial cells was examined
by flow cytometry using FITC-labeled NP-BSA,-Sia. bEnd.3 cells were incubated by NP-BSA,-
Sia-FITC 1, 3, and 7 hours, followed by washing with PBS to remove unbound and adsorbed
nanoparticles. Figure 3.4 shows the time dependent uptake of NP-BSA(-Sia-FITC. It was
observed that labeled nanoparticles needed around three hours to get internalized by the cells,
and the incubation for extended hours did not show a significant increase in the extent of

endocytosis.
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Figure 3.4: Time dependent uptake of NP-BSAx-Sia by bEnd.3 endothelial cells as determined
by flow cytometry

To confirm the uptake of the nanoparticles, confocal microscopy imaging experiment was
performed. Figure 3.5 shows that NP-BSA,-Sia-FITC were internalized to the cells’ interior
without crossing into the nucleus. The FITC-signal of nanoparticles co-localized with lysotracker
red signal, which is an indication that they were internalized by lysosomes. This was clearly
observed in the photomicrograph/overly image (Figure 3.5e). It was noteworthy that the use of
phenol red DMEM media showed a slight coloration of the cell (data not shown), hence the use
of phenol red-free media is highly recommended (all assays were done with phenol red-free

DMEM media).
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Figure 3.5: Confocal microscopy images showing the uptake of NP-BSAx-Sia by the bEnd.3
endothelial cells. DAPI (a); Texas red (b); FITC channels (c); overlay (d) and the
photomicrograph/overlay and photomicrograph were shown in (e) and (f), respectively

Finally to examine any possible role of sialic acid in the uptake of those nanoparticles,
two kinds of nanoparticles namely, NP-BSA,-Sia-FITC and NP-BSA,-FITC were studied by
flow cytometry. The two types of nanoparticles with same fluorescence intensity were incubated
with bEnd.3 cells for three hours, and then washed thoroughly to remove any unbound or
adsorbed nanoparticles. The flow cytometry data showed that NP-BSA-FITC showed a stronger
signal than NP-BSA,-Sia-FITC, indicating an enhanced internalization of sialic acid

nanoparticles (Figure 3.6). This can be explained by the increased adsorptive mediates
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transcytosis of cationic proteins, especially that NP-BSA-Sia showed lower zeta potential values

than the NP-BSA,.
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Figure 3.6: Flow cytometry analysis showed that binding and uptake of NP-BSAx were higher
than NP-BSAx-Sia

3.5 Evidence for Exocytosis of the NP-BSA-Sia-FITC from bEnd.3 Endothelial Cells

In order to demonstrate that our nanoparticles can be used as BBB crossing particles, we
monitored their release by endothelial cells, by performing the exocytosis assay. This assay

would enable us to trace the release of uptaken fluorescently-labled nanoparticles, by measuring
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their fluorescence intensity. As opposed to nanoparticle endocytosis,'’' exocytosis is a far less
studied phenomenon.'® The assay started by an overnight incubation of bEnd.3 endothelial cells.
Then the cells were washed thoroughly to get rid of unattached cells. FITC-labeled NP-BSA,-Sia
nanoparticles in a serum free DMEM media were added to the attached cells and incubated for 5
hours, to ensure the endocytosis of the nanoparticles. After incubation, the un-endocytosed
nanoparticles were washed thoroughly (more than 5 time) to remove any adsorbed nanoparticles
on the cell surface. The fluorescence of the FITC-labeled nanoparticles were measured after
adding a known volume of serum free DMEM media. The fluorescence was measured by
withdrawing 100 pL of the supernatant, and dispensing it into a black-bottomed 96-well plate. It
is important to maintain the total volume the same throughout the assay by returning the
withdrawn sample and also to replenish any evaporated serum free DMEM. Figure 3.7 shows a
steep increase in the fluorescence signal indicating a prompt release of the FITC-labeled
nanoparticles, where almost half of the exocytosed nanoparticles were released in the first five
hours, and reached a maximum after 24 hours. This is an indication that nanoparticles can be

released from endothelial cells after being taken up.
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Figure 3.7: Time dependent release of NP-BSAx-Sia from bEnd.3 endothelial cells showing that
the internalized nanoparticles can be exported

3.6 Assessment of NP-BSA,-Sia transcytosis through bEnd.3 endothelial cells

Having demonstrated that NP-BSA«-Sia can be uptaken by endocytosis and released by
exocytosis in separate assays, we studied the two consecutive processes by conducting the
transcytosis assay. The transcytosis assays are typically done in vitro using primary brain
capillary endothelial cells, which resemble the BBB. These approach was found to be an
effective one especially at early passages.'” However, several disadvantages can be noted using
this method. For instance, handling primary brain capillary endothelial cell-based in vitro models
require high skilled scientists and are extremely time consuming. They are also prone to potential

contaminations from other brain cells which affect the permeability.'® To minimize those
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drawbacks we adopted an in vitro model that uses immortalized mouse brain endothelial cell line
namely, bEnd.3. Besides reducing the risks of contamination these cells maintain the BBB
characteristics over multiple passages, as indicated in several studies.'®*'® To distinguish the
direction of NP transport, layers of bEnd.3 endothelial cells were grown on a permeable
transwell filter. The NP solution was added to the upper chamber and the ability of nanoparticles
to penetrate through the monolayer was assessed by monitoring the fluorescence of the lower
chamber as a function of time. Trans-Endothelial Electrical Resistance (TEER) values (average

after two weeks = 133 Q/cm”) were in agreement with the bEnd.3 endothelial cell monolayer

106

resistance (Figure 3.8).
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Figure 3.8: Time dependant variation of the trans-endothelial electrical resistance (TEER)
values of bEnd.3 endothelial cells
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Moreover, TEER measurements showed that addition of NP-BSA,-Sia-FITC or NP-
BSA-FITC did not change the electrical resistance through of the cell layers through the entire
assay (Figure 3.9) suggesting that the nanoparticles did not affect the tight junctions of the cells.
To demonstrate the permeability of our vehicles, we decided to use NP-BSA,-FITC and NP-
BSA,-Sia-FITC. As shown in Figure 3.10, NP-BSA,-FITC exhibited higher fluorescence than
the NP-BSA-FITC in the bottom well, as detected after 32 hours of incubation, indicating an
enhanced penetration through the monolayer. This finding is in agreement with the endocytosis
data where NP-BSA,-FITC were uptaken faster than NP-BSA-Sia-FITC. These results highlight

the impact of surface charge of nanoparticles on the penetration of endothelial cells.
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Figure 3.9: The effect of NP-BSAx-FITC and NP-BSAx-Sia-FITC on the trans-endothelial
electrical resistance (TEER) values of bEnd.3 endothelial cells. Nanoparticles did not show any
disruption of the tight junctions
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Figure 3.10: Penetration of nanoparticles through bEnd.3 monolayers. NP-BSAx-FITC show
increased penetration compared to the NP-BSAx-Sia-FITC

3.7 Cytotoxicity of NP-BSA,-Sia to bEnd.3 endothelial cells

To demonstrate that those nanoparticles can be safely used in in vitro and in vivo
experiments an MTS cytotoxicity assay was done. bEnd.3 endothelial cells were incubated for 24
hours and after washing with PBS, sialic acid functionalized BSA nanoparticles were incubated
for 4 hours. Subsequently 10% MTS reagent was introduced after a thorough PBS wash and the
cells were incubated for an hour in 37 °C incubator. The brown coloration was an indication of

cell viability. As demonstrated in Figure 3.11 nanoparticles showed excellent cell viability until
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0.1 mg/mL concentration. The viability was observed to decrease for the higher concentration

such as the 1 mg/mL one.
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Figure 3.11: Cytotoxicity of NP-BSAx-Sia to bEnd.3 endothelial cells

3.8 Ex Vivo Detection of Ap by NP-BSA,-Sia via MRI

To reaffirm the binding selectivity of our nanoparticles to AB and to further improve our
ex vivo AP —detection model, we tested both NP-BSA4-Sia and NP-BSA, capabilities to detect

AP on mouse brains. Mice brains were harvested and incubated in a solution of AP fibrils for 24
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h. After AP being absorbed on the surface of the brains, the unbound AB was removed by
thorough deionized water washing. The AB-adsorbed brains were then incubated with both NP-
BSA,-Sia and NP-BSA, in separate wells at 37 °C for 12 hours. This was followed by another
thorough wash to remove unbound nanoparticles. T2* weighted MR images were acquired and
dark spots were observed on the surface of AP brains incubated with NP-BSA,-Sia. However the
dark spots’ intensity was lower for the NP-BSA, which supported the ELISA results (Figure
3.12a-b). Figure 3.12¢ shows the effect of free-sialic acid competition with NP-BSA4-Sia as
reduced dark spots on the brain’s surface. Two mouse brain controls were used to test the
binding of NP-BSA,-Sia without AP incubation and AP without NP incubation using the same
MRI protocol. Insignificant darkening of the brain surface was observed in the case of NP-BSA-
Sia and no darkening for the AP only case (Figure 3.12d-e). Additionally, Prussian blue staining
was used to detect iron though the blue coloration of the nanoparticles. AB/NP-BSA,-Sia
incubated brains showed a distinctive darker blue color where AB/NP-BSAy incubated brains
showed fewer blue spots upon treating them with Prussian blue (Figure 3.12f-g). For free sialic
acid-inhibition, only-Ap and only-NP-BSA,-Sia brains showed a coloration that was consistent
with the MRI results (Figure 3.12h-j). These observations suggest that NP-BSA,-Sia did not
nonspecifically bind with brain components and AP could be detected by NP-BSA,-Sia aided

MRI in this ex vivo model.
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Figure 3.12: T2* weighted MR and Prussian blue staining images of the ex vivo experiment

T2* weighted MR images of (a) AP mouse brain incubated with NP-BSA,-Sia; (b) Ap mouse
brain incubated with NP-BSAy;(c) AP mouse brain incubated with NP-BSA-Sia in the presence
of free sialic acid; (d) normal mouse brain incubated with NP-BSA4-Sia; and (e) AB mouse
brain; Prussian blue staining of (f) A mouse brain incubated with NP-BSA4-Sia; (g) Ap mouse
brain incubated with NP-BSA; (h) AP mouse brain incubated with NP-BSA-Sia in the presence
of free sialic acid; (i) normal mouse brain incubated with NP-BSA,-Sia; and (j) AP mouse brain

3.9 In vivo evaluation of the NP-BSA,-Sia via BBB crossing

All previous endothelial cells transcytosis experiments results pointed toward promising
in vivo assessments of those BSA-nanoparticles. The BBB crossing of NP-BSA-Sia was
investigated by measuring the changes in the MRI signals. The in vivo imaging was done on
female mice. The mice were anesthetized with 2% isoflurane oxygen flow through a hose
extended into the MRI coil. The mouse was placed still in a supine position using medical tapes

in an MRI wrist coil. After a pre-injection scan, mice were injected retro-orbitally and MRI-
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scanned. Several scans were run to detect the change in the post-injection signals, namely at 16,
27, 38, 49, and 60 minutes. Figure 3.13a shows the MRI image of the mouse brain before
injection, and Figure 3.13b-c show the images of the scanned mouse after 16 and 60 minutes,
respectively. To quantify the changes observed in Figure 3.13, we constructed the time vs
normalized T2* change graph (Figure 3.14). Figure 3.14 demonstrated that after the first scan
(16 min) the T2* weighted image signal was reduced significantly which is indicative of the
presence of the NP-BSA«-Sia in the brain area. Expectedly, the consequent scans show apparent
gradual clearance of nanoparticles from the brain to a certain point where it plateaued after the
4™ scan. The statistical analysis of the normalized T2* weighted image signal showed that the
amount of nanoparticles that did not clear from the brain were significant, as indicated by the p-

value (0.0204) of pre-injection and 4™ scans.

Figure 3.13: MRI images of scanned mouse brain. (a) Pre-injection; (b) 16 minutes after NP-
BSA,-Sia injection; and (c) 49 minutes after NP-BSA4-Sia injection
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Figure 3.14: Normalized T2* weighted image signal of mouse brain. Pre-injection normalized
T2* value dropped after injecting with NP-BSA,-Sia and started to increase upon clearing from
the brain. The values showed a plateau after the 4th post injection scan

To further verify these results, the same mice were sacrificed and their blood was drawn
via a heart puncture (left ventricle). Immediately, 2 mL of cold PBS was injected to the left
ventricle and, the intensity dark red color of the liver was noticeably reduced. This procedure
was performed to ensure the clearance of blood and nanoparticles from the blood vessels. After
fixing the harvested brains in 10% formaline solution for 24 hours, they were bisected and
subjected to Prussian blue staining. The two controls used in this experiment were one mouse

that was injected with PBS and was sacrificed and PBS perfused (negative control) and a second
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mouse was injected with NP-BSA,-Sia and sacrificed but not perfused with PBS (positive

control).

The Prussian blue staining results were consistent with the in vivo imaging data where the
NP-BSA,-Sia injected and perfused mouse showed a blue coloration in the hippocampus and
other areas of the brain (Figure 3.15a). Alternatively, the negative control mouse’s brain showed
a very pale blue coloration of the brain due to residual blood (Figure 3.15b). Finally, the positive
control mouse’s brain showed darker blue coloration on the entire brain (Figure 3.15¢). MRI
mouse scans and ex vivo Prussian blue experiments demonstrated the apparent capability of NP-

BSA,-Sia to cross the BBB.

a)

Figure 3.15: Prussian blue staining of mice half brains. (a) NP-BSA4-Sia injected and PBS
perfused; (b) PBS injected and PBS perfused; and (c) NP-BSA4-Sia injected and unperfused
mice brains
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3.10 Conclusion

In this work we demonstrated that sialic acid conjugated BSA-nanoparticles could
selectively bind AP. Moreover, the ex vivo binding of NP-BSA«-Sia to the exogenous AP were
demonstrated via MRI, due to the superparamagnetic nature of the nanoparticles. The BBB
crossing was first demonstrated via studying the NP uptake, then the release from bEend.3
endothelial cells and, finally via a BBB-transcytosis model. Lastly, the in vivo BBB crossing was
confirmed by injection-followed MRI analysis which was followed by staining of the harvested
brains. Both methods highlight the promising role of such vehicles for potential in vivo

application of sialic acid functionalized BSA-nanoparticles for AB detection and imaging.

3.11 Future Directions

Although the preliminary in vivo experiments indicated that NP-BSA,-Sia have crossed
the BBB, the extent of this crossing can be confirmed by using higher concentration of
nanoparticles on multiple mice. Furthermore, the affirmation of the BBB crossing characteristic
would pave the road to the in vivo AP binding experiments, which is considered one of the
ultimate goals of this approach. The in vivo AP binding experiments are envisioned to be
performed on AD transgenic (Tg) mice where the presumed binding of nanoparticles to AP
would be detected via MRI, in addition to other techniques like Thioflavin T or Congo Red for

the detection of AP fibrils, or Prussian Blue and histological staining for nanoparticle detection.

There are other possible approaches that can be adopted to detect the in vivo binding of

nanoparticles to AP in the brain, and also the tracking of nanoparticles in the other organs. One
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of these methods is the use of radio-labeled isotope functionalized nanoparticles, where they can

be tracked and quantified in the organ of interest by the liquid scintillation counting (LSC).

The whole point of using sialic acid in our work was to mimic the sialic acid-containing
gangliosides on the neuronal cells, however once the in vivo experiments show a promising
outcome, the GM1 functionalized nanoparticles would be a logical continuation of our current
work, where this biomimetic approach would structurally resemble the neuronal cell surface and

might demonstrate an arguably improved binding to Af.

In addition to these future directions and guidelines, we should be initiating a thorough
investigation aimed at understanding the NP/APB binding on a molecular level. For instance,
when we hypothesize that the nanoparticles bind to fibrilar form of AP, the only way to test that
hypothesis is by running the ThT assay. It is crucial that we investigate this by successfully
separating different population of these aggregates and test the binging with our nanoparticles,

after thoroughly characterizing them.

The path for the successful in vivo detection of AP using our approach is still lined with
hurdles, however this work paves the road and lays the foundation to a comprehensive research
aimed at noninvasively detecting in vivo AP, and constitutes a modest step towards the early

detection of Alzheimer’s disease.
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3.12 Experimental Section

Materials and Instrumentation

Unless otherwise indicated, all starting materials, reagents and solvents were obtained
from commercial suppliers and used as supplied without further purifications. Iron (III)
acetylacetonate [Fe(acac);], oleyl amine, 1,2-hexadecanediol, oleic acid (OA), benzyl ether,
bovine serum albumin (BSA), ethyl-(3,3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC), 2,2'-(Ethylenedioxy)bis(ethylamine), tetramethylammonium hydroxide were purchased
from Sigma-Aldrich and hydrogen peroxide (30%) was purchased from CCI. Amberlite IR 120
hydrogen form (Amberlite H+) was purchased from Fluka. Buffered 10% formalin solution was
purchased from Azer Scientific. Potassium ferrocyanide K4Fe(CN)g trihydrate was purchased
from Mallinckrodt. 3,3',5,5'-tetramethylbenzidine (TMB) and 1,1,1,3,3,3-Hexafluoro-2-propanol
99.9% were purchased from Acros Organics. Thioflavin T (ThT), UltraPure Grade was
purchased from AnaSpec. Beta amyloid (1-42) was purchased from GL Biochem. (Shanghai)
Ltd. bEnd.3 endothelial cells were purchased from American Type Culture Collection (ATCC).
Phosphate buffered saline (PBS), Dulbecco’s modified Eagle medium (DMEM), sodium
pyruvate (100 mM), glutamine, penicillin—streptomycin (Pen Strep) mixture were purchased
from Gibco. The AP 1-16 (6E10) monoclonal antibody, SIG-39320 was purchased from
Covance, and goat anti-mouse HRP-conjugated secondary antibody, was purchased from
BioRad. Tween 20 was purchased from BioRad. CellTiter 96 Aqueous One solution containing
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium

(MTS) was purchased from Promega. Ultrathin-carbon type A, 400 mesh copper grids for TEM
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were purchased form Ted Pella, Inc. Ultrafiltration membranes and centrifugal filters were
purchased from Millipore, while dialysis tubings were obtained from BioDesign Inc. bEnd.3
cells were cultured in DMEM. All cell culture media was supplemented with 10% inactivated
FBS, 1% Pen-Strep mixture, and L-glutamine (2 mM). Dynamic light scattering (DLS) and zeta
potential measurements were performed on a Zetasizer Nano zs apparatus (Malvern, U.K.).
Transmission electron microscopy (TEM) images were collected on a JEM-2200FS operating at
200 kV using Gatan multiscan CCD camera with Digital Micrograph imaging software.
Thermogravimetric analysis (TGA) was carried on a Thermal Advantage (TA-Instruments-
Waters LLC) TGA-Q500 series and the samples were burned under nitrogen. FACS experiments

were conducted on a BD Vantage SE flow cytometer.

Synthesis of NP-OA

Iron (III) acetylacetonate [Fe(acac)s] (0.71 g; 2 mmol), 1,2-hexadecanediol (2.58 g; 10
mmol), oleic acid (1.69 g; 6 mmol), oleyl amine (1.61 g; 6 mmol), and benzyl ether (40 ml) were
mixed together and stirred under a flow of nitrogen. The mixture was heated to 200 °C for 2
hours followed by refluxing (>300 °C) for 1 hour. The black mixture was cooled to room
temperature and ethanol (50 ml) was added. The iron oxide nanoparticles were separated by an
external magnet, and washed three times with ethanol to remove excess starting material. The
iron oxide nanoparticles were dispersed in hexane (50 ml) and the dispersion was placed on an
external magnet to remove undispersed magnetic material. The supernatant containing the

nanoparticles was centrifuged at 6000 rpm to remove the non magnetic large particulates. 300
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mg of OA-coated iron oxide nanoparticles (NP-OA) dispersed in 50 ml chloroform were

collected (6 mg/ml). The nanoparticles had a core size of 7 nm as determined by TEM.

Synthesis of NP-BSA

BSA-coated nanoparticles were obtained when 15 ml of 2 mg/ml of (NP-OA) in
chloroform was added to 1.5% tetramethylammonium hydroxide (TMAOH) in 30 ml of water
and was stirred vigorously for 6 hours at room temperature. The reaction completion can be
monitored by observing the nanoparticles move from the heavier chloroform (organic) layer to
the lighter water (aqueous) layer due to the ligand exchange between oleic acid and TMAOH.
The reaction mixture was centrifuged and then we separated via separatory funnel. 30 mg of
bovine serum albumin (BSA) was dissolved in 50 ml of water and then added to the aqueous
nanoparticles layer separated above. The reaction was stirred overnight at medium stirring speed
at the room temperature. The reaction mixture was then purified by ultrafiltration (MWCO
100,000) to remove the excess BSA and TMAOH. The purified NP-BSA were diluted with water

to a final volume of 50 ml, and placed on an external magnet to remove large particulates.

Synthesis of NP-BSA,

BSA-crosslinking ~ was  achieved by  reacting = NP-BSA  with  2)2'-

(Ethylenedioxy)bis(ethylamine). 13.2 mg in 20 ml of NP-BSA (0.66 mg/ml) was sonicated for
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15 minutes, and was added to pH = 6 neutralized 16.5 ml of 2,2'-(Ethylenedioxy)bis(ethylamine)
and stirred for 5 minutes at room temperature. 300mg of EDCI was added and the reaction
mixture was stirred at room temperature overnight. The reaction mixture was dialyzed for 24
hours and then further purified by ultrafiltration (MWCO 100,000) to remove the excess 2,2'-

(Ethylenedioxy)bis(ethylamine), EDCI and other byproducts.

Synthesis of NP-BSA,-Sia

Sialic acid-linker monomers were prepared following previously reported methods.'"’

Sialic acid-linker (60 mg, 0.125 mmol) and EDCI (72 mg, 0.375 mmol) in water (5 mL) were
stirred for 30 min at room temperature. NP-BSA, (50 mg in 15 mL in pH 8.5 carbonate buffer)
was added and stirred for 12 h at room temperature. The reaction mixture was centrifuged
through 100 000 MWCO Amicon centrifugal filters. The supernatant was collected and adequate
amount of aqueous solution of 0.01 M sodium hydroxide was added until the pH value reached
9. The reaction mixture was stirred at room temperature for 15 min, and the solution was
neutralized by careful addition of 0.01 M hydrochloric acid. The reaction mixture was
centrifuged through 100 000 MWCO Amicon centrifugal filters. The supernatant was diluted

with water and centrifuged again. This process was repeated three times.
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Synthesis of NP-BSA,-Sia-FITC.

Fluorescein isothiocyanate (FITC) functionalization was achieved by reacting NP-BSA -
Sia with FITC. 5 mg of FITC were added to 30 mg of 1 mg/ml NP-BSA,-Sia and the reaction
mixture was stirred overnight at room temperature. The reaction mixture was dialyzed for 24

hours and then further purified by ultrafiltration (MWCO 100,000) to remove the excess FITC.

TEM Sample Preparation

10 uL of the samples were deposited on ultrathin-carbon type A, 400 mesh copper grids
(Ted Pella, Inc.) and let to evaporate under the hood. The grids were then washed with water,

and dried for 15 min at room temperature.

DLS Sample Preparation

All nanoparticles samples were sonicated for half an hour and then transferred to a
Malvern folded capillary cell for size and zeta-potential measurements. All measurements were

performed in PBS buffer.
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Quantification of Sia via TBA

NP-Sia was treated with 0.2% sodium dodecylsulfate (SDS) in 0.1 N H,SO4 to the final
concentration of 2.86 mg/mL at 85°C for 60 minutes to hydrolyze the sialic acid from the
nanoparticle. It was then incubated at 37 °C for 30 minutes, and then treated with 50 uL periodic
acid (25mM HSIO6 in 125mM HCI) for 30 min at 37 °C. The excess periodic acid was
inactivated with 40 uL sodium meta-arsenite (2% NaAsO; in 500mM HCI). When the resulting
yellow-brownish color (color of the liberated iodine) disappeared, 200 uL of thiobarbituric acid
(0.1M 4,6- dihydroxypyrimidine-2-thiol, pH 9) (pH adjusted with 0.1 mol/L NaOH) was added.
The reaction tubes were incubated in a boiling water bath for 10 min. The tubes were transferred
to an ice-water bath for 2 min followed by 2-min incubation at 37 °C. (The latter incubation
improves the extent and increases the rate of chromophore extraction.) The colored complex was
extracted by adding 500 pL butanol/HCI solution (n-butanol containing 5.7% of 10.5M HCI)
with vigorous agitation. The two phases were separated by centrifugation for 5 minutes. 250 puL.
of the upper phase was placed into a 96-well flat-bottomed microtiter plate and the absorbance

was determined at 550nm using a microplate spectrophotometer.'®

Deaggregation and Preparation of Ap

Synthetic AP(1-42) peptide (1 mg) was dissolved in spectroscopy grade 99.9%
1,1,1,3,3,3- hexafluoro-2-propanol (3 mL), sonicated for 15 min, and lyophilized for 72 h. The
thin peptide film was dissolved in 0.22 um filtered solution of 10 mM NaOH solution (0.25 mL),

after 10 minute sonication, the solution was carefully neutralized with diluted HCI solution to pH
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= 6. The neutralized solution was diluted with PBS buffer to the desired final volume of 1.5 mL
(the stock AP solution concentration is 147.7 puM). For experiments requiring fibril formation,

the previous solution was incubated for 48 h at 37 °C.

ELISA Assay of NP-BSA,-Sia Binding with Ap

To a well in a Nunc MaxiSorp 96-well ELISA plate was added 50 pL of NP-BSA«-Sia
solution (0.5 mg/mL), which was incubated at 37 °C for 12 hours. After washing the wells with 3
x 300 mL PBST, 50 puL of AP solutions with various concentrations were added to the wells
(0.09, 0.37, 1.48, 6.0, 23.75, and 95.0 uM) and incubated at 22 °C for 12 h. The plates were
washed with 3 x 300 mL PBST and the anti- AB(1-16) IgG (6E10) monoclonal antibody, SIG-
39320 (50 pL per well, 0.137nM, 1:24 000 in 1% (w/v) BSA containing PBS) was added, which
in turn was incubated at 22 °C for 1 h. After washing with 3 x 300 pL PBST, the solution was
discarded and the wells were washed three times with 300 pL of PBST and incubated for 1 h
with 50 pL of the goat anti-mouse HRP-conjugated secondary antibody (1.7 nM, 1:18 000 in 1%
(w/v) BSA in PBS). The solution was discarded, and the wells were washed three times with 300
puL of PBST. To a freshly prepared 3,3',5,5'-tetramethylbenzidine (TMB) solution (5 mg of TMB
was dissolved in 2 mL of DMSO and then diluted to 20 mL with citrate phosphate buffer), 20 uL
of H,O, was added. This mixture (150 pL) was immediately added to the ELISA wells. Blue
color was allowed to develop for 10—20 min. The reaction was quenched (yellow color) by
addition of 0.5 M H,SO4 (50 pL/well) and the absorbance was measured at 450 nm on an iMark
microplate reader. For sialic acid inhibition assay, a solution of NP-Sia (0.5 mg/mL, 50 uL) was

incubated in a 96-well plate at 37 °C overnight. After washing the wells with PBST (3 x 300
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uL), AP (0.5 uM, 50 puL) was added to the wells immediately followed addition 50 pL of
different dilutions of pH 7.4 sialic acid solution (0.00013, 0.00052, 0.0021, 0.0084, 0.033, 0.135
M). The plate was incubated at 22 °C for 12 h. The previous protocols were then followed for

antibody incubation and color development.

Kinetics of NP-BSAx-Sia Uptake by bEnd.3 Endothelial Cells via Flow Cytometry

bEnd.3 cells (1 x 10° cells/well, 3mL) were allowed to attach in a 6-well plate overnight
at 37 °C and 5% CO.. The cells were washed twice with PBS, and 3mL of NP-BSA,-Sia-FITC
(83 pg/ml) in serum-free DMEM were added. The plate was incubated for 1, 3 and 7 hours at 37
°C and 5% CO,. The cells were then washed with PBS (3 times) and trypsinized with 0.25%
trypsin-EDTA (1 ml). Trypsin was neutralized with serum-containing DMEM, and the cells were
collected by centrifugation (2500 rpm; 4 °C). The cells were resuspended in PBS (300 pl) and
transferred to FACS tubes. The cells were stored on ice till the time of FACS analysis. The
endocytosis of NP-BSA,-Sia-FITC vs NP-BSA-FITC was also studied by repeating the same

procedure but with 3 hour nanoparticle incubation.

NP-BSA,-Sia Uptake by bEnd.3 Endothelial Cells via Confocal Microscopy

bEnd.3 cells (3 x 10° cells per well, 2 mL) were cultured in a 4- well chambered plate at
37 °C and 5% CO, for 24 h. The culture medium was removed and the cells were washed with

PBS (3 times). NP-BSA,-Sia-FITC in serum-free DMEM was added. The cells were incubated
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with the NPs for 5 h. Lysotracker red (1 mM, 50 mL per well) was added 1 h before completion
of incubation. The supernatant was removed. The cells were washed trice with PBS, and mixed
with 10% formalin (0.5 mL per well) for 15 min. Formalin was removed and the cells were
washed trice with PBS. 4',6-diamidino-2-phenylindole (DAPI, 300 nM, 300 mL per well) was
added, and the cells were incubated for 4-5 min. The supernatant was removed, and the cells
were washed with PBS and water. The plate was covered by an aluminum foil and stored at 4 °C

until imaging time.

Time Dependent Exocytosis of NP-BSA,-Sia from bEnd.3 Endothelial Cells

bEnd.3 cells (3x10° cells/well) were cultured in a 35 mm cell culture plate overnight at 37
°C and 5% CO,;. The supernatant was removed and the cells were washed with PBS trice. NP-
BSA,-Sia-FITC (0.1 mg/mL, 2 ml) in serum free DMEM media was added and the cells were
incubated for 5 h at 37 °C and 5% CO, after which the supernatant was removed and the cells
were washed with PBS six times to ensure the complete removal of NPs from the surface of the
cells. Fresh serum-free DMEM (2 ml) was added to the plate, which was incubated at 37 °C and
5% CO,. 100 pl of the supernatant were transferred at specific time points to a black, bottom-
clear 96-well plate, and fluorescence was measured on a plate reader (excitation wavelength 488
nm; emission wavelength 520 nm). The drawn samples were returned to the plate to maintain a

constant volume through the experiment.
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Uptake and Release of NP-BSA-Sia Through bEnd.3 Endothelial Cells via Transcytosis
Assay

bEnd.3 cells were cultured in a 100 mm cell culture plate at 37 °C and 5% CO, till it
reached 80% confluency. Cells were trypsinized, collected by centrifugation, and resuspended in
10% FBS-DMEM to a final concentration of 13.44 x 10* cells per ml. Serum containing DMEM
(1.5 ml) was added to the wells of a 12-well plate, above which the transwell inserts were placed.
500 ml of the cell suspension was added to each transwell (6.72 x 10* cells per transwell). The
plate was incubated at 37 °C and 5% CO; for 2 weeks. The growth media was changed every
day. The integrity of the multilayered cell culture was assessed by transendothelial electrical
resistance (TEER) measurements using a MillicellkERS Volt-Ohm Meter (Millipore).
Transendothelial electrical resistance after the period of two weeks was founds to be 133 Q.cm®.
After 2 weeks, the growth media was removed and the cell layer was washed with PBS. 1.5 ml
of serum free DMEM was added to the bottom of the 12-well plate wells. Two transwells
received NP-BSA,-Sia-FITC in serum-free DMEM (0.5 ml, 0.32 mg/ml), and a fluorescently
equivalent amount of NP-BSA,-FITC in serum-free DMEM (0.5 ml, 0.23 mg/ml). 100 ml
aliquots were drawn at different time points from the lower compartment and the fluorescence
was assessed on a plate reader (excitation wavelength 488 nm; emission wavelength 520 nm).
After measurement, the aliquots were returned to their respective wells. The volume in the

bottom wells was maintained at 1.5 ml.
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MRI Experiments

All MRI experiments were carried out on a GE 3T Signa® HDx MR scanner (GE

Healthcare, Waukesha, WI).

NP-BSA,-NP Relaxivity

Seven different dilutions of the NP-BSA,-Sia (0.488, 0.976, 1.953, 3.906, 7.812, 15.625,
31.25, 62.5, 125, 250 pg/mL) were prepared to a final volume of 3 mL in FACS tubes. The tubes
were placed on a polystyrene tube holder. To evaluate the R2 characteristics of the nanoparticles
in phantoms, the following parameters were used: Head coil, 2D fast spin echo, flip angle = 90°,
eight echo times (TEs) = 8.0 ms, 16.0 ms, 23.9 ms, 31.9 ms, 39.9 ms, 47.9 ms, 55.8 ms and 63.8
ms, time of repetition (TR) = 500 ms, receiver bandwidth (rBW) = + 31.2 kHz, field of view
(FOV) = 16 cm, slice thickness = 3 mm, number of slices = 2, acquisition matrix = 256 x 256
and number of excitation (NEX) = 1. To evaluate the R1 characteristics of the nanoparticles in
phantoms, the following parameters were used: Head coil, 2D inversion recovery spin echo, flip
angle = 90°, echo time = 15 ms, time of repetition = 2500 ms, inversion time = 50 ms, 100 ms,
400 ms, 700 ms and 1000 ms, receiver bandwidth = + 15.6 kHz, field of view = 16 cm, slice
thickness = 3 mm, number of slices = 1, acquisition matrix =256 x 128 and number of excitation

=1.
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Ex Vivo Brain AB/NP Binding Experiments (MRI)

The brains of C57BL6 mice were harvested and fixed in buffered 10% formalin solution
for 24 h. After washing with deionized water, brains were incubated with 27 uM A (4 mL) for
12 h at 4 °C. The A treated brains were incubated with 0.6 mg/mL, 4 mL of NP-BSA,-Sia and
NP-BSA for 12 h at 37 °C after washing with deionized water. After incubation, the brains were
washed thoroughly and placed in a 24-well plate in PBS. For the sialic acid competition
experiment, 0.1 M free sialic acid was added with NP-BSA4-Sia (4 mL). Two control brains
were treated in a similar manner (concentrations, temperatures and duration), however one was
first incubated with AP only then PBS after DI water washing, and the other was incubated with
PBS and then with NP-BSA-Sia after DI water washing.

The brains were imaged with the following parameters (T2* weighted sequence): wrist
coil, 3D fast spoiled gradient recalled echo sequence, flip angle = 15°, echo times = 9.93 ms,
time of repetition = 20.4 ms, receiver bandwidth = +7.8 kHz, field of view = 6 cm, slice
thickness = 0.5 mm, number of slices = 40, acquisition matrix = 256 x 256, and number of

excitation = 3.

Prussian Blue Staining of Mice Brains

The same brains used in the ex vivo AB/NP-Sia MRI binding experiment were stained
directly after imaging. Brains were soaked in 10% K4Fe[CN]g solution, incubated for 10 min,

and then transferred to a vial containing a mixture of 10 wt % K4Fe[CN]¢/20 wt % HCIl with a
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volume ratio of 1:1 for 10 min (Gomori’s modified Prussian blue). The tissues were washed with

water four times. A blue color was observed on the areas bearing iron oxide nanoparticles.

Procedures for in vivo Mice Brain MRI Experiment

All animal experiments were in accordance with the guidelines and the approval of
Institutional Animal Care and Use Committee, Michigan State University. CD-1 Mice (n=4,
female, 6-8 months old, ~ 0.3 kg body weight).

For MRI, Mice were anesthetized with 2% isoflurane/ oxygen flow, the mice were held in
a supine position on plastic boards with medical tape to minimize motion artifact and placed
inside an wrist coil for MRI. MRI was carried out on a GE 3 T Signa® HDx MR scanner (GE
Healthcare, Waukesha, WI). After a pre injection scan, the mice were injected with NP-BSA,-
Sia in the retro-orbital of the mice with a 100 puL, 20 mg/kg dose). Five post-injection scans were
taken, specifically at the 16, 27, 38, 49, and 60 minutes. To compare the T2* effect due to the
uptake of the nanoparticles in the in vivo mouse brain, the following parameters were used: Wrist
coil, 3D fast spoiled gradient recalled echo sequence, flip angle = 15°, echo time (TE) = 10.6 ms,
time of repetition (TR) = 21.8 ms, receiver bandwidth (rBW) = + 7.8 kHz, field of view (FOV)
=4 cm, slice thickness = 0.5 mm, number of slices = 32, acquisition matrix = 256 x 256, and
number of excitation (NEX) = 3. To quantify the MR signal changes over time from NP
injection, the signal intensities from the brain images acquired before injection and after
injections were normalized by the mean signal intensity of the muscle at the anterior neck using
ImagelJ software. Muscle signals provided good calibration of the slight variation of background

in images acquired at different time points.

108



Prussian Blue Staining of CD-1 Mice Brains

The animals were sacrificed and their abdominal cavity was cut and the heart was
reached after cutting the diaphragm. The blood was drawn from the left ventricle in the apex of
the heart. A 2 mL of cold PBS was injected to the left ventricle via a syringe. Each brain was
removed quickly, fixed with 10% formalin solution for 24 hours, and subjected to Prussian blue
staining (see ex vivo brain staining procedure). As a negative control, a mouse was injected with
100 pL PBS (instead of nanoparticles) and sacrificed then PBS perfused. And the other mouse,
which was injected with 100 pL, 20 mg/kg dose of NP-BSA,-Sia and sacrificed but not perfused

with PBS was the positive control.

Assessing NP-BSA-NP Cytotoxicity via MTS Assay

bEnd.3 cells were plated into 96-well plates at a density of 4x10* cells per well in 10%
DMEM cell culture media for 24 h at 37 °C and 5% CO,. The culture medium was replaced with
non-serum solution of different concentrations of NP-BSA,-Sia (0.001, 0.01, 0.1, 0.2, 1
mg/mL/well). After 4 h incubation at 37 °C, the medium was replaced with MTS solution (20 uL.
in 200 pL) in culture medium and incubated for 1 h at 37 °C. The developed brown color in the

wells was an indication of live cells. The absorption of the plate was measured at 490 nm in an
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iMark microplate reader (BioRad). Wells without cells (blanks) were subtracted as background

from each sample.
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