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Abstract 

 
Cerebral Amyloid Angiopathy (CAA) is characterized by the deposition of amyloid beta 

(Aβ) proteins in the cerebral vasculature. CAA could independently cause massive lobar 

hemorrhages and stroke. Moreover, CAA affects majority of Alzheimer’s Disease (AD) 

patients and is associated with a rapid decline in memory and cognition in AD1. 

Currently, there is no pre-mortem diagnosis available for CAA, the treatment options are 

ineffective, and just provide symptomatic relief. Also, the current diagnostic agents do 

not provide the required spatial resolution and contrast enhancement for the early 

detection of cerebrovascular amyloid deposits. 

 

To overcome these issues, our lab aims to design novel theranostic nanovehicles capable 

of targeting the cerebrovascular amyloid deposits. These nanovehicles are expected to 

facilitate the early diagnosis of CAA by enabling the detection of cerebrovascular 

amyloid with high specificity and sensitivity. The goal of the current study was to 

optimize the amyloid targeting and contrast enhancement for cerebrovascular amyloid 

detection by positron emission tomography (PET) and magnetic resonance imaging 

(MRI). 

 

Chitosan-polycarbophil nanoparticles (NPs) were functionalized with the anti-amyloid 

antibody IgG4.1 using carbodiimide chemistry. We characterized the particles for various 

physicochemical properties. The NPs were fluorescently labeled with Alexa Fluor 647 to 

evaluate amyloid protein targeting in vitro using human cerebral microvascular 

endothelial cell (hCMEC/D3) monolayers and in mouse models in vivo. We optimized 

the labeling of the NPs with PET isotope 89Zr followed by their serum stability studies 

prior to in vivo injections. The nanoprobe could also be employed for the early detection 

of other cerebrovascular diseases, by incorporating appropriate targeting moieties. 
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1. Introduction 

 
Neurodegenerative diseases are chronic and eviscerating conditions of the nervous 

system that result in the progressive neurodegeneration. These disorders are often 

associated with atrophy of the affected central or peripheral nervous system and are 

clinically manifested as dementia (decline in cognition and memory) and ataxia 

(problems with movement). Alzheimer’s disease (AD) and Parkinson’s disease (PD) are 

the first and the second most prevalent neurodegenerative diseases, respectively. Their 

prevalence is currently trending upwards due to an increase in the aging population. 

Other examples of neurodegenerative diseases include amyotrophic lateral sclerosis 

(ALS), Huntington’s disease, multiple sclerosis (MS), dementia, epilepsy, 

cerebrovascular diseases like cerebral amyloid angiopathy (CAA), and brain ischemia 1. 

Pathogenesis of these diseases could involve the accumulation, aggregation and 

modification of normal host proteins, disrupted blood flow, viral infection, 

immunological damage, inheritance of genetic mutations, and/or alterations in tissue 

homeostasis 2 . 

 
 Alzheimer’s disease (AD): AD named after Dr. Alois Alzheimer, is a progressive, 

degenerative brain disease that slowly erodes memory and cognition, and eventually even 

the ability to perform simple tasks. It is the most common cause of dementia, accounting 

for approximately 50-70% of all dementia cases. Currently, AD affects close to 5 million 

Americans and over 26 million people worldwide. It is expected to affect 115 Million by 

2050, if no significant advances are made in the early diagnosis, prevention and treatment 

of AD. The pathological hallmarks of AD include amyloid plaques of amyloid-β (Aβ) 

peptides and neurofibrillary tangles of intraneuronal hyperphosphorylated tau protein 3. 

Aggregated Aβ and tau are regarded as neurotoxic and are associated with 

neurodegeneration in AD. The early stage of AD is called mild cognitive impairment 

(MCI), which is defined by deficits in memory that do not significantly impact daily 

functioning. Consequently, it is very difficult to diagnose AD at this stage. 

Pathophysiologically, the damage initially appears in the hippocampus, the part of the 

brain essential in forming memories. As more neurons die, additional parts of the brain 
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are affected. In the final stages of AD, the damage is widespread, and is associated with 

substantial shrinkage in the brain volume. 

 

1.1. Cerebrovascular Diseases 

 

 
Cerebrovascular diseases pertain to the diseases of the small and large blood vessels 

supplying blood to the brain. In cerebrovascular diseases like stroke, cerebral amyloid 

angiopathy (CAA), and intracranial stenosis, an area of the brain is temporarily or 

permanently affected by ischemia or bleeding due to pathological changes in the cerebral 

blood vessels 1. In brain ischemia, insufficient blood flow to the brain results in poor 

oxygen supply or cerebral hypoxia, leads to the death of brain tissue, and engender 

clinical symptoms including impairments in vision, body movement, and speech. Of 

these cerebrovascular diseases, I focused on CAA for my thesis project. 

 
 

1.1.1. CAA 

CAA is prevalent in 95% of AD patients, and in about 15% of elderly individuals who 

are above 70 years of age 4. In CAA, the damage to the brain blood vessels is caused by 

amyloid protein accumulations within the media and adventitia of small and mid-sized 

arteries of the cortex and the leptomeninges cerebral blood vessels 5 . CAA affects most 

AD patients by triggering vascular dysfunction thereby accelerating AD progression 6. 

The amyloid accumulation results in thickening of the basal membrane, stenosis of the 

vessel lumen, and fragmentation of the internal elastic lamina. These pathological 

changes in the cerebral vasculature may lead to brain hemorrhage, stroke, or dementia. 

The CAA, like many other vascular diseases of the brain, must be diagnosed and treated 

early in order to prevent further deterioration 7. 

 

1.1.2. Challenges in the early diagnosis of CAA 

Many of the neurodegenerative disorders are diagnosed when the patients begin to 

manifest clinical symptoms of the disease. At that stage, the neurodegeneration would
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have already started, and it is very difficult to reverse the process. Hence, disorders like 

AD and CAA need to be diagnosed at an early stage to halt or even reverse the 

neurodegeneration that drive clinical symptoms. Hence, there is a need to develop 

diagnostic probes to detect these diseases in the early stages and also to monitor their 

progression during treatment. There are several small molecular probes such as: Amyvid 

(Florbetapir F-18 injection) and 11C-PIB for imaging amyloid plaques in AD brain; 11C- 

raclopride to image dopamine receptors and evaluate the severity of Huntington’s and 

Parkinson’s diseases; 18F-flurodeoxyglucose PET to assess energy metabolism in the 

brain; and 68Ga EDTA to evaluate the BBB disruption. While some of these probes bind 

to specific targets, many of them maintain nonspecific distribution to the target site. For 

scanning using Amyvid injection, a negative Amyvid scan indicates sparse to no neuritic 

plaques, and is inconsistent with a neuropathological diagnosis of AD at the time of 

image acquisition; a negative scan result reduces the likelihood that a patient’s cognitive 

impairment is due to AD. Alternatively, a positive Amyvid scan indicates moderate to 

frequent amyloid neuritic plaques. This amount of amyloid neuritic plaque is mostly 

present in patients with AD, but may also be present in patients with other types of 

neurologic conditions as well as older people with normal cognition. Therefore, Amyvid 

can be used only as an adjunct to other diagnostic evaluations. It only gives information 

on if there is a presence of dense neuritic plaques and not about the specificity of the 

underlying cause or condition. Hence, it cannot be used in the definitive diagnosis of 

CAA. 

 

Currently, there are no diagnostic tools or treatments to slow, stop or even reverse CAA 8. 

Moreover, to date, definitive diagnosis of CAA can only occur post-mortem by the 

histopathological examination of the brain tissue. Currently, the probable diagnosis of 

CAA is possible by computerized axial tomography (CT) scans. However, due to the low 

sensitivity of CT, only advanced stages of CAA associated with acute stroke and massive 

hemorrhages can be detected, and the opportunities for therapeutic intervention at this 

stage are limited as the neurodegeneration has progressed to its terminal stages. 

Researchers have not been able to develop contrast agents that have a strong contrast 

signal or spatial recognition to detect the amyloid plaques in the brain7. 



4  

It is a challenging task to detect deposits less than 35μm in size, which is extremely 

critical for the early diagnosis of CAA. This would require selectivity, specificity and 

contrast enhancement, which can be achieved via the development of a selective and 

targeted Positron Emission Tomography (PET) or Magnetic Resonance Imaging (MRI) 

contrast agents. 

1.1.3. MRI 

MRI is based on the principle that protons have an angular momentum and are polarized 

in the presence of a magnetic field, which when removed returns the protons in their 

original state emitting a radiofrequency signal. With the use of these signals, MRI can be 

used to differentiate pathological changes in neurodegenerative diseases 9. Theoretically, 

MRI has adequate specificity, spatial and contrast resolution to visualize cerebrovascular 

amyloid. However, the detection of deposits less than 35 μm, which is critical for the 

early diagnosis of CAA, will require an effective contrast agent 10. In the absence of such 

contrast agent, the low sensitivity of MRI could make the detection of vascular amyloid 

with clinically available magnets untenable. 

 
 

1.1.4. PET 

The PET has been known to provide superior sensitivity of diagnosis over other imaging 

techniques. The PET system detects pairs of gamma rays emitted indirectly by a positron- 

emitting radionuclide (tracer), which is introduced into the body upon conjugation to a 

biologically active molecule 11. PET tracer is known to have a higher contrast as well as 

greater spatial resolution. PET tracers when chelated to advanced drug delivery systems, 

can be specifically targeted to the cerebrovascular amyloid deposits. This would provide 

more specificity to the diagnosis of CAA. PET imaging, requires a positron emitter with 

an appropriate half-life (t1/2) depending on the nature of the studies being carried out and 

the circulation times required 12. Zirconium is a transition metal of the periodic table and 

decays by positron emission (23%) and electron capture (77%) to the stable isotope 89Y 

(Yttrium-89)13. We decided on Zirconium-89 as  the radionuclide of choice due to its t1/2 

of 78.41 hours (3.3 days) and its ability to provide high spatial resolution.

https://en.wikipedia.org/wiki/Radioactive_tracer
https://en.wikipedia.org/wiki/Radionuclide
https://en.wikipedia.org/wiki/Gamma_ray
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1.2. Therapeutic Options and Limitations 

 
 

Many approved therapies for neurodegenerative diseases are only symptomatic  

treatments and do not address the core pathologies. Early diagnostic and targeted 

treatment strategies are regarded as critical to halt or even reverse neurodegeneration. For 

the development of highly effective therapies, the therapeutic agents/drugs need to reach 

the site of action in the CNS to exhibit their effect and limit their peripheral side effects. 

The major factor limiting the treatment of neurodegenerative disorders is the blood-brain 

barrier (BBB). Consequently, the CNS bioavailability of many of the currently marketed 

drugs is low, which reduces their therapeutic efficacy. Many potential drugs, which are 

effective at their site of action, could have been discarded during the drug development, 

because they failed to show clinical promise owing to the BBB restricting their CNS 

delivery. These limitations of present therapy necessitate the need to develop smart, 

effective, and targeted diagnostic probes as well as effective treatments for the 

neurodegenerative disorders that will act at the site of action. Moreover, these probes are 

expected to have limited side effects, effective at lower doses, and are able to act on the 

underlying pathology. 
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1.3. The Blood Brain Barrier 
 

 

 

Fig 1: Schematic representation of the Blood Brain Barrier14 

 
The central nervous system (CNS) consisting of brain and spinal cord integrates the 

information it receives from various sensory neurons and coordinates and balances 

important activities of the body. The proper functioning of the CNS is ensured by a 

regulated ion environment (K+, Na+ and Ca2+), nutrient transport to the neurons as well as 

prevention of the entry of potentially harmful molecules. This interface which plays a 

critical role of regulation between the CNS and peripheral circulatory system is called the 

Blood Brain Barrier (BBB)15. The BBB is formed from a monolayer of endothelial cells, 

which are in close physical and physiological contact with periendothelial cells such as 

astrocytes and pericytes. The paracellular tight junctions; expression of ATP Binding 

cassette (ABC) efflux transporters; and the expression of various enzymes turns the BBB 

into a formidable barrier for the entry of xenobiotics into brain. On the other hand, the 

BBB serves as a major portal for the brain transport of nutrients, including glucose and 
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amino acids via specific transporters, and macromolecules such as hormones, 

neuropeptides and cytokines by receptor-mediated endocytosis16. It is widely believed  

that this ability of the BBB to selectively sort various compounds entering the brain is 

disrupted in various neurodegenerative diseases. 

 

 
In performing its physiological functions with high fidelity, the BBB prevents the brain 

uptake of most pharmaceuticals, with the exception of small lipophilic compounds 

(<400–600 Da) and smaller hydrophilic compounds (<150 Da) that can cross the BBB 

endothelium by passive diffusion. Even the passive diffusion of lipophilic compounds 

across the endothelium is restricted due to the presence of efflux transporters. ATP- 

binding cassette (ABC) transporters are integral membrane proteins (expressed also at the 

BBB) which use energy derived by ATP hydrolysis to transport solutes across the cellular 

membrane. Some of the ABC Efflux transporters expressed at the BBB include P- 

glycoprotein (Pgp), Multidrug resistance protein (MRP) and Breast cancer related protein 

(BCRP). Majority of these efflux transporters are expressed at the luminal membrane of 

the brain endothelial cells and therefore, drugs that are substrates to these transporters are 

instantaneously pumped back into the blood and prevented from entering the brain. 

Therefore, to bypass these transporters, we either need to design drugs that aren’t 

substrate sto these receptors or develop inhibitors of these receptors. However, the 

function of these efflux transporters is to prevent the entry of toxins into the brain and 

protecting it and therefore, drugs designed to block or hinder the functioning of these 

transporters can have adverse effects on the patient. 

 

1.4. Targeting nanoparticles to the Cerebrovasculature 

 

 
Nanoparticles could be effective in overcoming the BBB and delivering various 

therapeutic agents to the site of action in the remote regions of the CNS. In cases where 

patients tend to develop resistance to drug therapy, nanoparticles prove to be effective by 

optimizing drug release and surmounting drug efflux transporters that contribute to drug 

resistance.   Moreover,   nanoparticles   facilitate   the   targeted   CNS   delivery  of novel 
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molecules such as proteins, genes, and RNAs that are labile and their delivery across the 

BBB is severely restricted. 

 
Any nanosystem intended for brain delivery is expected to be17: 

1. Stable, biocompatible, nontoxic and non-immunogenic and most importantly 

biodegradable. 

2. Easy to manufacture, scale up, and cost effective. 

3. Provide the required controlled and targeted drug release profile. 

4. Provide adequate loading of small and macro molecules. 

5. Should not trigger toxic effects 

 

 

Major hurdles that need to be crossed to achieve cerebrovascular amyloid targeting are 

(Fig 2): 

1. Clearance by the reticuloendothelial system (RES) 

2. Margination from the bulk blood flow to the vascular endothelium 

3. Transcytosis at the blood-brain-barrier (BBB) 

4. Navigation through the highly tortuous brain parenchyma to the site of action 
 

 
 

 

Fig 2: Barriers encountered by nanoparticles in targeting cerebrovascular amyloid 
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Nanovehicles composed of inert polymeric matrices constrain the extent of contrast  

agent loading and limitations in case of brain delivery due to the presence of the blood- 

brain-barrier (BBB). This limitation can be  circumvented  by  the  design  of  the  NP  

and by formulating  it  almost  entirely  from  the  components  that  have  been 

previously  shown to aid in CAA detection/treatment. 

 

We have used chitosan as a polymer of choice as it renders the particles with an overall 

positive charge which helps them get adsorbed to the negatively charged enothelium. It 

also restricts the particles to migrate to the brain parenchyma by interacting with 

extracellular matrix proteins. Moreover, being a hydrophilic polymer, it has also been 

shown to resist opsonization and rapid removal from the systemic circulation. The high 

tortuosity of the cerebrovascular basement membrane was shown to be a major barrier to 

the diffusion of nanoparticles larger than 150 nm 18. The appropriate particle size 

(<150nm) and overall positive charge (rendered by chitosan) would help the particles stay 

for longer duration in circulation within the body by circumventing the clearance by the 

reticuloendothelial system (RES). Our preliminary data also suggests, that the NPs are 

discoid in shape and this shape has shown to have advantages in marginating from the 

bulk flow to the endothelium where it can then be docked to the endothelial cell. 

 

BBB limits the ability of NPs to reach the basement membrane of the cerebral 

vasculature. Delivery of the NPs across the BBB and their targeting to cerebrovascular 

amyloid were expected to increase, if an anti-amyloid antibody exhibiting high BBB 

permeability and preferential binding to cerebrovascular amyloid was grafted on the 

nanoparticle surface. To achieve targeting of amyloid plaques in the brain, we worked 

with a novel monoclonal anti-amyloid antibody IgG 4.1 raised against human fibrillar 

Aβ42 at the Mayo Clinic, Rochester 19. Due to the N-terminal specific binding of this 

antibody to the Aβ peptide (residues 2-11); it therefore binds to both Aβ 40 and Aβ 42 20. 

IgG4.1 binds specifically to the N-terminal of the Aβ peptide with preferential affinity 

toward fibrillar Aβ40 over monomeric Aβ40 peptides 21. It has earlier been shown that 

modified IgG 4.1 enhanced the BB permeability, facilitated the vascular amyloid  

targeting and showed greater propensity to bind to the amyloid fibrils than to soluble   Aβ 
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proteins in the plasma. With the delivery system designed, we have tried to surmount the 

barriers for cerebrovascular targeting as described above. 

 

1.5. Formulation of nanoparticles 

 
The development of nanoparticles for cerebrovascular amyloid targeting to the brain 

involved two stages. First, the development of a nanoparticle core followed by 

conjugation with the anti-amyloid antibody IgG 4.1. 

For the nanoparticle core development, we used a combination of two biodegradable 

polymers - chitosan and polycarbophil (Fig 3). 

 

Polymers employed to formulate nanoparticles: 
 

Fig 3: (A) Chemical structure of chitosan obtained from deacetylation of chitin (B) 

Chemical structure of polycarbophil 

 

Chitosan: Chitosan is a polysaccharide made by linear β-(1-4) linked monosaccharides. 

It is obtained from the deacetylation of chitin, which is a naturally occurring and 

abundantly available polysaccharide from the shells of crustacean animals. The presence 

of the primary amine groups on the surface of chitosan makes it a reactive moiety which 

can be chemically modified for drug delivery as well as pharmaceutical applications 22. 

Chitosan remains insoluble in water due to the presence of free amino acid groups at a 

neutral or basic pH. But under an acidic pH, the amine groups of chitosan are protonated 

thereby facilitating its dissolution in water.  Hence, 1% glacial acetic acid  solution    was 



11  

used to solubilize chitosan 23. The major advantages of chitosan are that it is 

biocompatible, biodegradable, and degrades into non-toxic byproducts. Moreover, 

chitosan nanoparticles could be formulated under mild reaction conditions, so that 

macromolecules, which are degraded under harsh reaction conditions could be 

incorporated 24. 

Polycarbophil: Polycarbophil is a synthetic polymer of polyacrylic  acid cross-linked 

with divinyl glycol. 

 

Due to the presence of positively charged amine groups on chitosan when dissolved in 

1% glacial acetic acid as well as the presence of negatively charged carboxyl groups on 

polycarbophil, these two agents were selected as an ionic pair for the development of 

nanoparticles using the Ionic Gelation Technique. This method of Ionic Gelation that we 

used is extremely simple, such that, it involved the dissolution of a mixture of low and 

medium weight molecular chitosan in 1% glacial acetic acid to which a diluted solution 

of polycarbophil in deionized water was added dropwise to form the NPs immediately. A 

spatula was used as a baffle to break the vortex so as to ensure uniform mixing and the 

stirring speed was maintained constant throughout the reaction (Fig 4). 

Fig 4: Schematic description of the procedure for the formulation of chitosan- 

polycarbophil NPs (Adapted from 25) 

https://en.wikipedia.org/w/index.php?title=Divinyl_glycol&amp;action=edit&amp;redlink=1
https://en.wikipedia.org/wiki/Polyacrylic_acid
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As the name suggests, the Ionic Gelation technique is based upon the electrostatic 

interactions between the cationic and anionic species used in the formulation. This 

technique has gained popularity over other methods that involve chemical crosslinking 

due to the aversion of possible toxicity of cross-linking reagents26. However, many 

researchers also argue that this method may have certain limitations like high 

dispersibility index of particle size, fragility of the particulate system as well as unclean 

and improper surface morphology 27. Various successful attempts have been made 

utilizing this technique with chitosan and other anionic species. Calvo et al. developed 

insulin loaded chitosan NPs by using tripolyphosphate (TPP) as the anionic species in the 

ionic gelation technique. They obtained particles with a particle size of 300-400 nm with 

insulin loading of up to 55% of the weight of the nanoparticles i.e. (insulin/nanoparticles 

(w/w): 55/100)28. Similarly, using insulin loaded chitosan – TPP NPs, Pan et al. have 

successfully enhanced oral bioavailability of Insulin 29. Xu et al. developed chitosan-TPP 

NPs and observed the release of model drug BSA (Bovine Serum Albumin) from the 

particles. They observed that increasing the degree of deacetylation of chitosan from 75.5 

to 92% promoted slightly the encapsulation efficiency and decelerated the release rate 

and that they higher loading capacity of BSA speeded the BSA release from the 

nanoparticles. They also observed that adding polyethylene glycol hindered the BSA 

encapsulation and accelerated the release rate 30. 

In each of the examples, a mixture of different molecular weights of chitosan was used to 

modify the release of the active agent and to modify the encapsulation efficiency. These 

instances demonstrate the utility of the Ionic Gelation technique utilized in the  

preparation of our nanoparticles. 

 

1.6. Engineering the nanoparticles for amyloid targeting 

 

The formulated chitosan-polycarbophil NPs had to then be conjugated to the anti-amyloid 

antibody IgG 4.1. This was carried out using carbodiimide crosslinking chemistry (Fig 5) 

which is a well-known cross linking chemistry for conjugating protein to NPs in the 

presence of amine and carboxylic acid groups. This method involves the cross linker 1- 
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Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC) which activates the free 

carboxyl groups on the nanoparticles in the presence of N-Hydroxysuccinimide (NHS) to 

form amine-reactive-NHS esters. The subsequent addition of the antibodies results in the 

coupling between the NPs and the primary amines on the antibody via a stable amide 

bond 31. NHS is used in this reaction to increase the yield of the reaction by stabilizing 

the intermediate of the reaction, O-acylisourea by preventing its hydrolysis instead of 

conversion 32. 

 

 
Fig 5: Chemical reactions depicting the carbodiimide crosslinking approach, with and 

without the addition of NHS (Obtained from Thermo Fisher Scientific Conjugation 

manual) 

 

1.7. Radiolabeling of nanoparticles 

 

 
The major aim of development of these NPs was to render them functional to diagnose 

the amyloid plaques in the cerebrovasculature. This diagnostic use of the NPs can only be 

achieved when they are tagged with markers, which would enable their imaging in   vivo. 
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Several researchers are working on this problem of developing effective diagnostic 

agents for an early detection of CAA in the brain. There has been no significant 

advancement in this arena so far due to various reasons. Hence, we tried to develop a 

PET contrast agent that has been chelated to the IgG 4.1 conjugated NPs to image 

cerebrovascular amyloid with high specificity and sensitivity. 

 
To tag our NPs with 89Zr, we first had to conjugate the NPs with a bifunctional chelator 

called p-isothiocyanato-benzyl-desferrioxamine (Df-Bz-NCS) which would be able to 

chelate the 89Zr onto it. Desferrioxamine B has been used clinically in a safe way for 

many years now 33. The scheme of the reaction has been described in Figure 6. 

 

 

 

 
Fig 6: Scheme for 89Zr labeling to the NPs (Modified from 34) 

 
 

The free amine groups on the NPs were chelated with the DFO to form the DFO-NP 

conjugate which was then incubated with 89Zr to radiolabel it for in vivo biodistribution 

studies. 

 

1.8. Hypothesis 

 
Currently, there is no diagnosis or treatment for CAA. Due to the lack of early diagnostic 

agents or biomarkers, the definitive diagnosis of CAA is reached upon only after post 

mortem by histopathological examination of the patient’s brain. Till date, with ongoing 
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research, none of the diagnostic agents have been able to achieve significant contrast 

enhancement in the brain to detect the early stages of Aβ accumulation in case of CAA 

and AD. The working hypothesis is that a disc shaped NP designed with biocompatible 

polymers (chitosan and polycarbophil), around 150 nm in diameter, decorated by the 

BBB permeating anti-amyloid antibody (IgG4.1) on the surface will reach the 

cerebrovascular basement membrane and bind to the amyloid deposits. Chelating this NP 

with a higher contrast enhancing agent would be able to provide an early diagnosis of 

amyloid deposits in the brain without having acute neurotoxicity which could in turn 

allow for the pre-symptomatic treatment of CAA.  

 

 

1.9. Specific Aims 

 

 
The specific aims of this thesis are as follows: 

Specific Aim 1: Formulate, optimize and characterize anti-amyloid antibody 

conjugated nanoparticles for cerebrovascular amyloid targeting 

Specific Aim 2: Conduct in vitro evaluation of the amyloid targeted nanoparticles 

Specific Aim 3: Develop and optimize radioactive labeling chemistry for the amyloid 

targeted nanoparticles for in vivo biodistribution studies 
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2. Scientific Rationale 

 

 
Based on preliminary scientific data from our lab showcasing promising results with the 

chitosan-polycarbophil NPs, we set out to further the findings with my thesis project. The 

objective of this project is to formulate NPs that can specifically target the 

cerebrovascular amyloid and provide a greater contrast for its diagnosis. Following are a 

few preliminary results that provided us with the basis of this thesis. 

 

2.1. Atomic Force Microscopy (AFM) of the NPs 

 

 
The chitosan and polycarbophil NPs were analyzed for their morphology and size range 

using AFM, which provides additional information on the specifics of height/depth of the 

particles in addition to their shape and size. These particles were compared to the NPs 

formulated using polyacrylic acid and chitosan. 

 

It was observed that, polycarbophil + chitosan produced disc shaped NPs (Fig 7A) as 

observed from the height and shape wherein they appear more flattened than the 

polyacrylic acid + chitosan NPs, which appear spherical (Fig 7B) with a greater height. 
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Fig 7: A. Atomic force micrographs of discoid NPs formulated with polycarbophil + 

chitosan. B. As a comparison, spherical NPs formulated with polyacrylic acid + chitosan 

 

2.2. Animal Studies 

 

 
The preliminary data has been generated in two animal models, WT animals pre-injected 

with Dutch A40 and single transgenic AD mice (APP, Tg2576). Previous studies 

conducted by us and other researchers have shown that Dutch A40 is vasculotropic and 

accumulates in the cerebral vasculature upon IV bolus administration 35. The Dutch A40 

thus accumulated provides a target for NPs to bind to and generate contrast in the cerebral 

vasculature. The other model, APP (Tg2576) mouse forms cerebrovascular amyloid, in 

addition to parenchymal amyloid plaques, which are expected to be detected by NPs. 
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2.2.1. Amyloid responsive accumulation of 125I-NPs in the brain 

 
 

Spherical or discoid 125I-TNVs were administered via IV bolus injection to groups of wild 

type (WT) mice pre-injected with saline or DutchA40 (1 mg/animal was administered 

and circulated for 30 min) and the plasma samples were collected for the following 60 

min. At the end of the experiment, the plasma samples and the brain tissue was 

processed, and the radioactivity was assayed in a two-channel gamma counter (Cobra II; 

Amersham Biosciences Inc., Piscataway, NJ). 

 
When the amount of 125I radioactivity in various brain regions was normalized by the 

plasma AUC, it was evident that the discoid 125I-NPs were efficient in differentiating 

between the presence and absence of DutchA40 (Fig. 8 B) but the spherical 125I-NPs 

could not (Fig. 8 A) 

 
Fig 8: Amyloid responsive brain accumulation is demonstrated by discoid but not by 

spherical NPs. Saline Vs. DutchA40 treatment, Student’s t-test (*p<0.05 and **p<0.01). 
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2.2.2. Amyloid specific accumulation of NPs using MRI 

 

 
The ability of Magnevist (gadopentetate dimeglumine)-NPs to target cerebrovascular 

amyloid and provide contrast detectable by MRI was investigated. The WT mice were 

pre-injected with DutchA40 (1 mg in 100 L normal saline). After 30 min, 200 µL of 

Magnevist-NPs equivalent to 2 mM gadolinium were administered IV to both saline and 

DutchA40 pre-treated mice and allowed to circulate for 60 min. In case of two-year-old 

Tg2576 mice, the control group was injected with normal saline and the treatment group 

received Magnevist-NPs. At the end of the experiment, the animals were subjected to 

transcardial perfusion with 20 ml normal saline, fixed in 4% PFA, and imaged in unison 

with a 35-mm RF birdcage coil resonating at 900 MHz. 

 

The MRI scans of WT mice treated with DutchA40 exhibit hypo-intense areas 

throughout the cortical and hippocampal regions (orange arrows) and in the larger vessels 

(Fig. 9 A). But the WT mouse treated with saline has very modest contrast (Fig. 9 B). 

Similarly, contrast enhancement was observed in the cortex (orange arrows, most likely 

radiating arterioles) and in the hippocampus of two- year-old Tg2576 mice injected with 

Magnevist-NPs (Fig. 9 C), but not in the Tg2576 mice injected with saline (Fig. 9 D). 
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Fig 9: Amyloid specific accumulation of Magnevist-NPs in WT and APP  

(Tg2576) mice. WT mice were pre-injected with A) DutchA40 and B) saline. 

Thirty minutes later Magnevist-NPs were injected IV and allowed to circulate for 1 

hr, C) Magnevist-NPs in APP (Tg2576) and D) saline in APP (Tg2576) 

 

2.2.3. Specific amyloid targeting of AF647-NPs 

 

 
To determine the co-localization of NPs with the cerebrovascular amyloid, 2.5 mg of 

AF647-NPs in 200 L of normal saline was injected via external carotid to 24-month old 

Tg2576 mice or aged-matched WT mice. After 30 min, the mice were transcardially 

perfused with 2 mg/kg Evan’s Blue (emits blue fluorescence and helps to locate the blood 

vessels) in PBS followed by 4% PFA. The brain was subjected to gentle Dounce 

homogenization, centrifuged at 20,000 rpm on sucrose gradient for 1 hr at 4oC to isolate 

the cerebral blood vessels. The vessel fraction was stained with Thioflavin S, which binds 
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to amyloid deposits and emits green fluorescence, and imaged by laser confocal 

microscopy. 

 

The AF647-NPs showed enhanced cerebrovascular uptake in Tg2576 mouse and 

selectively targeted amyloid deposits in the vascular wall (Fig. 10 a-c and A-C). Further, 

AF647-NPs were confined to the cerebrovascular endothelium and did not show 

detectable permeation into the vascular wall in WT mice (Fig. 10 d). 

 

 

 
Fig 10: AF647-NPs target cerebrovascular amyloid in Tg2576 following intravenous 

injection. (a-c) & (A-C): vessels from Tg2576 mouse. a &A, Thioflavin S stain; b & B, 

AF647-NP signal; c & C, co-localization of thioflavin S stained amyloid and AF647- 

NPs. d) representative vessel image from WT mice. 

 

With the promising in vivo studies, we decided to carry the project forward by developing 

a platform capable of providing a higher contrast enhancement from what we had already 

obtained and provide the ability to detect cerebrovascular amyloid deposits at an early 

stage. 
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3. Methods 

3.1. Materials 

 
 

Polycarbophil – Noveon® was a gift sample from Lubrizol (Ohio, USA). Low and 

medium molecular weight chitosan was acquired from Sigma-Aldrich (St. Loius, MO). 

Alexa Fluor 647 antibody labeling kit and BCA protein assay kit were acquired from 

Thermo Scientific (Rockford, IL). Monoclonal antibody raised against human fibrillar  

Aβ 42 was developed at the Mayo Clinic, Rochester 19. Endothelial Basal Medium -2 was 

acquired from Lonza, USA. Fetal Bovine Serum was acquired from Mediatech Inc. 

(Manassas, VA). 

89Zr was produced at the Cyclotron facility of the Mayo Clinic, Rochester using a solid 

target. p-isothiocyanato-benzyl- desferrioxamine (Df-Bz-NCS) was obtained from 

Macrocyclics. All the work related to 89Zr was performed in the Molecular Imaging 

Research Facility of the Mayo Clinic, Rochester under the guidance of Fr. Mukesh 

Pandey and Dr. Timothy DeGrado. Plastic wares were purchased from Corning Life 

Sciences (Tewkbury, MA), USA Scientifica (Ocala, FL) or Denville Scientific Inc. 

(South Plainfied, NJ). All other reagents were purchased from Sigma Aldrich (St. Louis, 

MO) unless stated otherwise. 

 

3.2. Preparation of Chitosan-Polycarbophil nanoparticles 

 

 
The chitosan-polycarbophil nanoparticles were synthesized using the Ionic Gelation 

technique. First, a 2 mg/mL solution of polycarbophil was prepared in deionized (DI) 

water by adding 100 mg of polycarbophil (PC) in 50 mL DI water slowly. This 

polycarbophil stock solution was allowed to stir overnight at 700 rpm for the uniform 

distribution of polycarbophil in water. After equilibrating the PC solution overnight, a 0.2 

mg/mL of working solution was made from this stock by adding 1ml of the stock to 9 mL 

of DI water. Next, 11.25 mg of low molecular weight chitosan and 3.25 mg of medium 

molecular weight chitosan were accurately weighed and gradually added to 30 mL of 1% 

glacial acetic acid under constant stirring at 700 rpm giving rise to a 0.5 mg/mL of 
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chitosan solution in glacial acetic acid. This solution was allowed to equilibrate at room 

temperature under constant stirring for 20 minutes. Then, 9 mL of the working PC 

solution was added dropwise (1 drop every 7-8 seconds) to 30 mL of chitosan solution 

under constant stirring of 700 rpm. A spatula was used as a baffle to break the vortex 

created in order to ensure uniform mixing. The nanoparticles were formed in situ due to 

the ionic interactions between chitosan and polycarbophil and this nanoparticle 

preparation was then allowed to equilibrate for 20 minutes. Prior to measuring  the 

Particle Size and Zeta potential, the formulation is centrifuged at 5000 rpm for 5 minutes. 

 

3.3. Optimization of Antibody Conjugation to Nanoparticles 

 

 
Post the synthesis of the nanoparticles, they were conjugated to the anti-amyloid antibody 

IgG4.1 via carbodiimide chemistry 31. 1000 μl of IgG 4.1 was measured in a 20 mL glass 

vial on ice. 3.834 mg of 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC) was 

added to it and the mixture was allowed to stir for 15 mins on the ice bath. This was 

followed by the addition of 10.86 mg of N-Hydroxysuccinimide (NHS) and the reaction 

mixture was allowed to stir for 15 minutes on the ice bath. Next, 10 mL of the Blank NPs 

were added to this activated antibody reaction mixture and it was allowed to stir for a  

time of 15 minutes on the ice bath. This was followed by adding 72.1 mg of Tris base to 

quench the reaction. Following the complete conjugation, the NPs were purified to 

remove unconjugated antibodies using a 1000-KDa MWCO centrifugal filtration device 

(Vivaproducts Inc., Littleton, MA). The amount of IgG 4.1 retained on the NP surface 

was characterized using the BCA protein assay. 

Similarly, to obtain an optimum IgG 4.1 conjugation, the NP incubation time was varied 

from 15 minutes to 80 minutes (n=4) and the IgG 4.1 concentration was determined in 

each case using BCA protein assay to obtain the desirable incubation time for maximum 

conjugation. 
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3.4. Preparation of Fluorescently labeled Nanoparticles 

 
 

The blank NPs were fluorescently labeled using Alexa FluorTM 647 (AF647) {λex=650  

nm  and  λem=  668nm}   conjugated  IgG  4.1  and  Fluoroscein  isothiocyanate     (FITC) 

{λex=494 nm and λem= 519 nm} conjugated Bovine Serum Albumin (BSA) (as a negative 

control for studies). The AF-647 Antibody labeling kit was obtained from ThermoFisher 

Scientific and the FITC-BSA was obtained from Sigma-Aldrich. 

 

For AF-647 labeling to IgG 4.1, instructions for the antibody labeling were followed as 

per the kit. The antibody was diluted to a concentration of 2 mg/mL followed by the 

addition of 50 μL 1M sodium bicarbonate for pH adjustment. This protein solution was 

then added to the vial of reactive dye provided and was allowed to stir for 1 hour at room 

temperature in the dark. Post this, the conjugate was purified using column separation 

provided in the kit. The fraction of the pure AF-647 conjugated IgG 4.1 was obtained and 

stored at 4oC till further use. 

 

For preparing the AF-647 IgG 4.1 labeled NPs, 500 μL of AF-647-IgG 4.1 and 500 μL of 

plain IgG 4.1 (concentration 3.8 mg/mL as calculated) was measured in a vial on ice and 

the carbodiimide conjugation reaction was then carried out as described in the previous 

section. 

 

For preparing the FITC-BSA labeled NPs, 500 μl of 2 mg/mL FITC-BSA in DI water and 

500 μL of 3.8 mg/ml of plain BSA in DI water was measured in a vial on ice and the 

carbodiimide conjugation reaction was then carried out as described in the previous 

section. 

 

3.5. Physicochemical Characterization of Nanoparticles 

 
The synthesized NPs were characterized for their various physicochemical properties.  

The hydrodynamic particle size was determined using a nanoparticle tracking analyzer  
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namely NanoSight LM-10 (Malvern Instruments Ltd). The Zeta Potential of the 

formulations was analyzed using Stabino (Particle Metrix, Germany). The morphology of 

the particles was determined using Transmission Electron Microscopy utilizing the JEOL 

1200 EXII – Transmission Electron Microscope (Jeol, USA). The nanoparticles were 

analyzed for their protein concentration using the bicinchonic protein assay (Pierce BCA 

Protein Assay, Rockford, IL). Further, the antibody to nanoparticle ratio was calculated by 

utilizing the protein concentration obtained from the bicinchonic assay and the 

concentration of nanoparticles obtained from the NanoSight LM-10. 

 

3.6. Cell Culture 
 

The immortalized human cerebral microvascular endothelial cell line (hCMEC/D3) 36  was 

a kind gift from Dr. P.O. Couraud, Institut Cochin, France. These cells were cultured using 

Endothelial Basal Medium-2 (Lonza) containing 5% Fetal Bovine Serum and growth 

factors. For cell uptake studies using Flow cytometry, the cells were seeded on 6 well 

culture plates (Corning Life Sciences, Tewksbury, MA) coated with 0.1% type 1 rat- tail 

collagen. For cell uptake studies using laser confocal microscopy, the cells were cultured 

on Transwell inserts (12 mm with 0.4 μ Pore Polyester Membrane insert, Costar, 

Cambridge, MA) coated with 0.1% type 1 rat-tail collagen. 

 

3.7. Cell Uptake of Antibody Conjugated Nanoparticles by Flow 

Cytometry 

 

Flow cytometry experiments were carried out using AF-647 IgG 4.1 NPs and FITC-BSA 

NPs (negative control) as well as plain AF-647 and FITC dyes. The hCMEC/D3 cells were 

grown on 6 well culture plates upto 90% confluence followed by which the experiment 

was carried out. The hCMEC/D3 cells were incubated with 800 μL of the nanoparticle 

formulations and 1.2 mL of medium at 37oC and 5% CO2 for 1 hr (n=2).  The NPs were 

then removed, cells were harvested using 0.25X Trypsin (incubation for 2- 3 minutes 
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followed by quenching with FBS). The dislodged cells were washed twice with ice cold 

PBS and then fixed using 4% Paraformaldehyde solution. These cells were then analyzed 

for intracellular fluorescence using BD LSRFortessa H0081. Cells treated with AF-647 

IgG 4.1 NPs were analyzed on the Red Laser line (λ=640nm) and those treated with FITC 

BSA NPs were analyzed on the Blue Laser Line (λ=488nm). 

 

3.8. Effect of Excess unlabeled IgG 4.1 on the uptake of AF-647 IgG 4.1 

and AF-647 IgG 4.1 nanoparticles 

 

Flow cytometry experiments were carried out using unlabeled IgG 4.1, AF-647 labeled IgG 

4.1 and AF-647 IgG 4.1 NPs. The hCMEC/D3 cells were grown on 6 well culture plates 

upto 90% confluence followed by which the experiment was carried out. The hCMEC/D3 

cells were incubated with 800 μL of the nanoparticle formulations and 1.2 mL of medium 

at 37oC and 5% CO2 for 1 hr (n=2). In case of treatments with antibody,  50 μL of either the 

labeled or unlabeled IgG 4.1 was used for incubation. The treatments were then removed, 

cells were harvested using 0.25X Trypsin (incubation for 2-3 minutes followed by 

quenching with FBS). The dislodged cells were washed twice with ice cold PBS and then 

fixed using 4% Paraformaldehyde solution. These cells were then analyzed for intracellular 

fluorescence using BD LSRFortessa H0081. Cells were analyzed on the Red Laser line 

(λ=640nm) to detect the AF-647 signal. 

 

3.9. Intracellular localization of Antibody Conjugated Nanoparticles 

imaged by Laser Confocal Microscopy 

 

Laser Confocal Microscopy experiments were carried out using AF-647 IgG 4.1 NPs and 

FITC-BSA NPs (negative control). The hCMEC/D3 cells were grown on  Transwell inserts 

(12 mm) and were grown for 7 days at 5% CO2 and 37oC until the monolayer was formed 

and displayed transendothelial electrical resistance (TEER) value >175Ω. The hCMEC/D3 

cells were incubated with 200 μL of the nanoparticle formulations and 300 μL of medium 
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on the luminal side at 37oC and 5% CO2 for 1 hr (n=2). Similarly, in another well, the 

hCMEC/D3 cells were incubated with 2.5 μg/mL of Aβ 40 on the luminal side at 37oC and 

5% CO2 for 45 minutes (n=2), followed by washing the cells with  PBS  twice and then  

incubation with  200  μL of the nanoparticle formulations  and 300 μL of medium on the 

luminal side at 37oC and 5% CO2 for 1 hr (n=2). The NPs were then removed, cells were 

washed twice with ice cold PBS and then fixed using 4% Paraformaldehyde solution. The 

transwells were air dried and were then treated with 0.5 μg/mL of Hoescht’s dye on the 

luminal surface to stain the nuclei. This was followed by washing with PBS thrice. The 

wells were then left to dry overnight and were fixed using Pro-Long Antifade mounting 

medium (Thermo Scientific, Rockford, IL). The transwells were imaged with Olympus 

Fluoview 1000 laser scanning confocal system (Olympus America Inc., Center Valley, PA) 

based on Olympus IX81 inverted microscope equipped with Olympus UPlanApo 406 1.00 

NA oil objective. FITC BSA was imaged using the 488-nm line of a 150 mW multi-line 

Melles-Griot argon-ion laser with emission collection ranging from 520–539 nm. AF647 

IgG 4.1 was imaged using a 5 mW 633 nm Melles-Griot argon-ion laser with emission 

collection ranging from 650–750 nm. Photomultiplier, gain, offset, and confocal aperture 

settings were maintained the same for all images. 

 

3.10. Conjugation of Nanoparticles with DFO for Radiolabeling 

 
 

The NPs were chemically conjugated to DFO prior to radiolabeling with 89Zr. This was 

carried out by first determining the loading percentages of DFO on the NPs. For a 2%  and 

10% DFO loading, the corresponding amount of DFO to be used was calculated using the 

unit mass of Chitosan (160 Da) and Molecular weight of DFO (753 Da). The conjugation 

reaction was carried out using incubation of the desired NP formulations  with the desired 

volume of DFO dissolved in DMSO. For conjugating 5 mL of formulation with 2% DFO, 

452 μL of a 0.4 mg/mL Stock of DFO in DMSO was added to the formulation dropwise 

and was allowed to stir for 4 hours at 37oC. For conjugating  5ml of formulation with 10% 

DFO, 2260 μL of a 0.4 mg/mL Stock of DFO in DMSO  was added to the formulation 

dropwise and was allowed to stir for 4 hours at 37oC. 
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In case of pH adjustment for formulations, where required, they were first adjusted to a pH 

of 6 using Tris HCl followed by the addition of DFO in DMSO. 

 

3.11. Radiolabeling of Nanoparticles with Zr89
 

 
 

After tethering the NPs with DFO to conjugate the 89Zr efficiently, we moved on to 

radiolabeling the NPs with 89Zr. This was carried out in a radioactive lab area under 

extreme caution of radioactivity at Mayo Clinic, Rochester under ALARA. 500 μL of each 

of the formulation to be labeled was measured in an eppendorf tube. 100 μL of HEPES 

buffer was added to it followed by the addition of 5 μL of 89Zr (present in a pH 

3.4 Phosphate buffer) with a radioactivity of 0.810 mCi at the start of the experiment 37,38. 

This reaction mixture was allowed to shake on a thermomixer at 37oC for 30 minutes. Post 

the radiolabeling, the iTLC labeling efficiency was calculated using Instantaneous thin 

layer chromatography. This was carried out by spotting 1μl of the radiolabeled sample on a 

iTLC silica paper followed by dipping it into the mobile phase (50 mM 

diethylenetriaminepentaacetic acid {DTPA} in PBS – pH adjusted to 7.0 using 2 M KOH). 

The sample spot was allowed to travel to the top of the iTLC strip after which the strip was 

cut into top and bottom sections (bottom – 30% of the entire strip, top – remaining 70% of 

the strip). These sections were analyzed separately on a Gamma Counter (Perkin Elmer 

2480 Automatic Gamma Counter) for the radioactivity counts.  The % radiolabeling was 

obtained by the formula given below. 

 

 

 

This was because the NPs chelated with the 89Zr remained at the bottom of the plate 

whereas the free or unlabeled 89Zr moved to the top of the plate with the solvent front. 

 

 

                   

                                      

% 𝑟𝑎𝑑𝑖𝑜𝑙𝑎𝑏𝑒𝑙𝑖𝑛𝑔 =  
𝑐𝑜𝑢𝑛𝑡𝑠 𝑝𝑒𝑟 𝑚𝑖𝑛𝑢𝑡𝑒 (𝑏𝑜𝑡𝑡𝑜𝑚)

𝑐𝑜𝑢𝑛𝑡𝑠 𝑝𝑒𝑟 𝑚𝑖𝑛𝑢𝑡𝑒 (𝑏𝑜𝑡𝑡𝑜𝑚)+ 𝑐𝑜𝑢𝑛𝑡𝑠 𝑝𝑒𝑟 𝑚𝑖𝑛𝑢𝑡𝑒 (𝑡𝑜𝑝)
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3.12. Serum stability study of Radiolabeled Nanoparticles 

 
 

In order to determine if the radiolabeled NPs could effectively retain the 89Zr isotope to 

them, we carried out an in vitro stability study of the NPs in Fetal Bovine Serum. We 

incubate 250 μL of our radiolabeled formulations in 250 μL Fetal Bovine Serum for 3 

hours in a thermomixer at 37oC. Post the study, the percentage labeling efficiency was 

calculated using Instantaneous thin layer chromatography (iTLC). This was carried out  by 

spotting 1μl of the radiolabeled sample on a iTLC Silica paper followed by dipping it into 

the mobile phase (50 mM diethylenetriaminepentaacetic acid {DTPA). The spot was 

allowed to travel to the top of the iTLC strip after which the strip was cut into top and 

bottom sections (bottom – 30% of the entire strip, top – remaining 70% of the strip). These 

sections were analyzed separately on a Gamma Counter (Perkin Elmer 2480 Automatic 

Gamma Counter) for the radioactivity counts. The % radiolabeling was obtained by the 

same formula given above. 
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4. Results 

4.1. Optimization of Antibody Conjugation to Nanoparticles 

 

 
The antibody conjugation reaction was carried out using carbodiimide chemistry and the 

reaction time was optimized by carrying out the reaction for 15, 30, 45, 60 and 80 minutes. 

Then the nanoparticles were purified using the Vivaspin Centrifugal filters (1000 kDa 

MWCO) to remove the unconjugated IgG 4.1. Then the amount of IgG4.1 conjugated to 

the nanoparticles was determine by bicinchoninic acid protein assay (BCA). These studies 

demonstrated that the amount of IgG4.1 on the nanoparticles increased with reaction, 

reached a maximum at 45-60 min, and then plateaued (Fig 11). Therefore, we selected 60 

minutes as our optimum reaction time in all the future antibody conjugations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 11: Optimization of the reaction time for the carbodiimide reaction to achieve 

maximum antibody labeling. The x- axis shows the reaction time, whereas the y-axis 

represents the amount of IgG4.1 conjugated to the nanoparticles as detected by BCA. 
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4.2. Physicochemical Characterization of Nanoparticles 
 

 

Nanoparticles Particle Size Zeta Potential pH 

Blank NPs 212.2 ± 23.2 nm 36.3 ± 0.8 mV 3.2 

AF-647 IgG4.1 NPs 131.5 ± 11.0 nm 16 ± 0.1 mV 4.3 

FITC BSA NPs 120.9 ± 16.2 nm 24.4 ± 0.3 mV 4.2 

Protein Loading (IgG 4.1) 2.084 mg/mL 

Antibody concentration 2.34 molecules of IgG 4.1/ NP 

Table 1: Physicochemical characteristics of nanoparticles 

 

 

The mean hydrodynamic size of the blank NPs was around 212.2 ± 23.2 nm while that of 

the AF-647 IgG4.1 NPs was 131.5 ± 11 nm and the FITC BSA NPs was 120.9 ± 16.2  

nm. The zeta potential of the blank NPs was 36.3 ± 0.8 mV while that of the AF-647  IgG 

4.1 NPs was 16 ± 0.1 mV and the FITC BSA NPs was 24.4 ± 0.3 mV. The Zeta Potential 

of the blank NPs was observed to be slightly higher than that of the conjugated NPs. The 

IgG4.1 concentration on the NPs was found to be 2.084 mg/mL and the number of 

antibody molecules per nanoparticle were found to be approximately 2.34. A 

transmission electron microscopy of the Blank as well as the IgG 4.1 conjugated NPs 

indicated the presence of discoidal morphology of the particles with a size range of 

around 80-200nm as observed from TEM images (Fig 12). 
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Fig 12: (B) Snapshot of the video obtained for the measurement of particle size of the 

particles using NanoSight. Transmission Electron Microscopy (TEM) images of (A) 

Blank grid (C) Grid with Blank NPs (D) Grid with IgG4.1 conjugated NPs 

 

4.3. Cell Uptake of Antibody Conjugated Nanoparticles by Flow 

Cytometry 

Improved uptake of the IgG4.1 NPs was displayed using flow cytometry experiments. 

Here, we used AF-647 labeled IgG4.1 NPs as well as FITC labeled BSA particles, which 
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Fluorescence Intensity (AF-647) 

served as a negative control. We also used plain AF-647 and FITC dyes to determine the 

extent to which free dye is internalized by the cells. We observed that the AF647 IgG 4.1 

NP treated cells had a geometric mean of fluorescence intensity 4958.35 ± 1.52 as 

opposed to the untreated cells with a geometric mean of 25.19 ± 0.93 (Fig 13). Moreover, 

a 196-fold increase as compared to just a 10-fold increase in the fluorescence intensity in 

the cells treated with FITC BSA NPs with a geometric mean of 227.19 ± 2.35 as 

compared to untreated cells with a geometric mean of 21.54 ± 1.15 (Fig 14). Also, the 

cellular uptake of unconjugated dyes was very modest with a geometric mean almost like 

the untreated cells. 

 
 

Fig 13: Change in the geometric mean of fluorescence intensity in untreated cells versus 

the cells treated with AF-647 dye only, or with AF-647 IgG 4.1 NPs 
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Fig 14: Change in the geometric mean of fluorescence intensity in untreated cells versus 

the cells treated with FITC dye only or FITC-BSA NPs 

 

4.4. Effect of Excess unlabeled IgG 4.1 on the uptake of AF-647 IgG 4.1 

and AF-647 IgG 4.1 nanoparticles 

 
Followed by the demonstration of the improved uptake of the AF-647 IgG 4.1 NPs in 

vitro, we aimed to check the effect of the plain antibody IgG 4.1 on the uptake of the 

particles and the labeled antibody. For this, we carried out a competition experiment 

by incubating unlabeled antibody (IgG 4.1) with the AF-647 labeled IgG 4.1 and AF-

647  IgG 4.1 NPs. Upon treatment with unlabeled IgG 4.1, the uptake of the AF-647 

IgG 4.1 decreased from 16 fold to 9 fold as compared to untreated cells (Fig 15). We 

also observed that the AF-647 labeled IgG 4.1 NPs showed 350 folds increase as 

c o m p a r e d  to the AF-647 IgG 4.1 antibody alone.
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The Fig 16 shows that the treatment with unlabeled IgG 4.1 did not have a significant 

impact on the uptake of the AF-647 IgG 4.1 NPs, because the peaks superimposed on 

one another.  

. 
 

 
 

Fig 15: Change in the geometric mean of fluorescence intensity in untreated cells versus 

the cells treated with AF-647 IgG 4.1, AF-647 IgG 4.1 + IgG 4.1 and AF-647 IgG 4.1 

NPs 
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Fig 16: Change in the geometric mean of fluorescence intensity in untreated cells versus 

the cells treated with AF-647 IgG 4.1 NPs and AF-647 IgG NPs + IgG 4.1 

 

 

 

4.5. Intracellular localization of Antibody Conjugated Nanoparticles 

imaged by Laser Confocal Microscopy 

 

The major aim of this experiment was to investigate the intracellular localization of AF- 

647 IgG4.1 NPs by the hCMEC/D3 monolayers using laser confocal microscopy. 

Moreover, the amyloid specific targeting was also investigated in hCMEC/D3 

monolayers pretreated with 2.5 μg/mL of Aβ40. To differentiate the NPs internalized by 

the cells from that bound to the cell membrane, z-stacked confocal images of hCMEC/D3 

cells incubated with NP formulations were obtained and presented as XY, XZ, and YZ 

projections. The results showed the localization of AF-647 IgG 4.1 NPs across the 

hCMEC/D3 cell monolayers (Fig 17-B), which was further enhanced by the presence of 

intracellular Aβ40 (Fig 17-C). However, The FITC-BSA NPs showed a minimal uptake 
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by the hCMEC/D3 cells and appeared to be just bound to the cell membrane (Fig 17-A). 

 

 

Fig 17: Evaluating the transcytosis of various nanoformulations across the human 

microvascular endothelial cell (hCMEC/D3) monolayers imaged using laser confocal 

microscopy. The uptake of (A) FITC labeled BSA conjugated NPs (B) AF-647 labeled 

IgG4.1 conjugated NPs (C) AF-647 labeled IgG4.1 conjugated NPs in hCMEC/D3 

monolayers incubated with 2.5 μg/mL of Aβ 40. 
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4.6. Radiolabeling of Nanoparticles with 89Zr 

 
 

We attempted to optimize the conjugation of DFO to the NPs by carrying out 

experiments with various concentrations of DFO – 0%, 2% and 10%, with or without 

adjusting the pH during the conjugation reaction. Then the DFO-NPs were labeled with 

89Zr by adjusting the reaction pH to 7-7.5 and the extent of radiolabeling was recorded. 

The maximum radiolabeling efficiency was observed to be 99.5% with 2% DFO and 

98.5% with 10% DFO (Table 2). The amount of DFO used in the reaction did not 

significantly affect the radiolabeling efficiency. Surprisingly, we saw a significant 

labeling of 89Zr even with blank nanoparticles. Hence, we conducted studies to test the 

stability of 89Zr conjugation on various nanoparticles in serum and the results were 

outlined in the next section. The Fig 18 depicts the outline of the characterization of the 

extent of radiolabeling that we determined. 

 
 

 

Table 2: Extent of 89Zr labeling of various nanoformulations with and without DFO 



40  

 
 

Fig 18: Schematic of the procedure to calculate the % radiolabeling of the NPs – The 

sample is spotted on an iTLC plate and placed in the jar containing mobile phase. The 

plate was removed when the solvent front reached a designated spot on the mobile phase. 

Then the TLC plate was cut into two unequal parts (30% bottom and 70% top). These  

two sections were separately assayed for radioactive counts in a gamma counter 

 

4.7. Stability of Radioactivity on Nanoparticles in Serum 

 
 

On incubating the radiolabeled formulations in fetal bovine serum at 37oC for 3 hours, we 

observed that all the formulations with DFO conjugation, retained their original labeling 

efficiency of approximately 98% due to the stable complexation of 89Zr with DFO. But, 

the formulations without DFO did not retain the radiolabeling and dropped to 
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significantly lower values (Table 3). The decrease in the radiolabeling of the blank NPs 

was significant compared those tagged with the antibody. This can be attributed to the 

presence of chelating sites on the antibody in the form of amide linkages that were able to 

retain 89Zr labeling. 

 

 

 
Table 3: Extent of radioactivity retained on the nanoformulations following a 3 hr 

incubation with fetal bovine serum 
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5. Discussion 

 

 
Deposition of toxic Aβ proteins in the brain vasculature results in CAA. This is prevalent 

in about 85% of AD patients and 30% of individuals over 60 years of age 33. In early 

stages, CAA leads to cerebrovascular inflammation, vascular dysfunction, and micro 

hemorrhages; if left untreated, these conditions may lead to massive lobar hemorrhages 

and dementia. Currently, there is neither a pre-mortem diagnosis nor an effective 

treatment for CAA. The definitive CAA diagnosis is conducted post-mortem and requires 

histopathological examination of the brain tissue 34. Also, the treatment options for CAA 

are very few. Immunosuppressants such as cyclophosphamide and corticosteroids can 

offer a symptomatic relief from the cerebrovascular inflammation 35, but have systemic 

toxicity and side effects related due to their exposure to healthy tissue. The diagnostic 

options for CAA are ineffective because they are incapable of providing the required 

spatial resolution and contrast required for detecting the nascent amyloid plaques in the 

cerebral vasculature. 

 

Our lab has been working towards developing theranostic nanovehicles to target 

cerebrovascular amyloid deposits, and serve as diagnostic probes as well as therapeutic 

agents 5,6,14. Through in this study, we aimed at formulating a nanoparticle intended for 

cerebrovascular amyloid targeting and at providing high PET sensitivity so that the 

nascent cerebrovascular amyloid deposits could be detected. Delivery of NPs to the brain 

for the diagnosis and/or treatment of AD has been widely reported before, but there are a 

very few literature accounts of the use of NPs for CAA diagnosis or treatment. Targeted 

NPs offer advantages as diagnostic probes owing to their ability to carry large payloads 

of the contrast agents to the histopathological landmarks and aid in the detection of brain 

diseases with high sensitivity and specificity. 

 

Chitosan is a biodegradable polymer with non-toxic metabolites and both chitosan and 

polycarbophil  are  approved by the  US  FDA  for formulation. We formulated the NPs 
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utilizing chitosan and polycarbophil by the ionic gelation technique (Fig 4). This 

technique has two major advantages: firstly, the formation of the nanoparticle is based on 

pure electrostatic interactions and no chemical modification needs to be employed, thus 

enable the incorporation of labile biomolecules; secondly, the preparation can be 

achieved in aqueous medium without the use of harsh organic solvents. However, this 

technique of preparation can lead to the particles that demonstrate high pH and 

concentration dependent stability. The ammonium cation of chitosan interacts with the 

carboxylic anion of polycarbophil to form the colloidal particles which remain stable 

depending on the pH of the surrounding medium. At pH below 6, chitosan (pKa=6.5) as 

well as polycarbophil (pKa = 6) remains ionized and interact to form NPs that are stable 

at even physiological pH. 

 

These NPs were then conjugated to an anti-amyloid antibody IgG4.1 via carbodiimide 

chemistry. We optimized the reaction time to 60 minutes (Fig 11), where we could 

achieve maximum antibody conjugation to the NPs. The characterization of these 

particles for various physicochemical properties (Table 1), gave us insight about their 

properties. We observed a particle size of 212.2 ± 23.2 nm for the blank NPs with a Zeta 

Potential of 36.3 ± 0.8 mV. For the AF-647 IgG 4.1 NPs, we observed a reduction in the 

particle size to 131.5 ± 11 nm and a Zeta Potential of 16 ± 0.1 mV. This can be attributed 

to the antibody conjugation reaction, which further packs the voids of the blank NPs. As a 

consequence, the mean hydrodynamic radius of the NPs is reduced due to stronger 

chemical bonds between the amine groups of the antibody and the carboxylic groups of 

the NPs which were earlier just held together by plain electrostatic interactions. The drop 

in the Zeta Potential could be attributed to the occupancy of the free positively charged 

amino groups of chitosan by the antibodies, thereby lowering the overall surface positive 

charge. Similarly, the FITC BSA NPs showed a particle size of 120 nm and a Zeta 

Potential of 24 mV. The morphology of the NPs was determined by transmission electron 

microscopy (Fig 12) and we observed discoid particles in the size range of 80-200nm (as 

per TEM), which corroborates to the particle size obtained by NanoSight. Moreover, 

preliminary data using AFM, also displayed discoidal particles in the similar size 

range of 100-200 nm 
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(Fig 7). We also calculated the number of antibodies per nanoparticle and found it to be 

close to 2.34. This low antibody/NP ratio is commonly observed with carbodiimide 

coupling and is one of the disadvantages of using this coupling method. 

 

The in vitro studies aimed at demonstrating an enhancement in the uptake of the IgG 4.1 

tagged NPs by the hCMEC/D3 cells. Our in vitro data using flow cytometry showed a 

significant 196-fold increase in the uptake of the AF-647 IgG 4.1 NPs (Fig 13) from the 

untreated cells. We used FITC-BSA NPs as our negative control because BSA has 

extremely low BBB permeability and is expected to poorly permeate into brain from 

plasma via caveolae mediated endocytosis. Whereas IgG 4.1 can access Fc receptor to 

permeate the BBB and specifically target the amyloid deposits. We thus observed a minor 

10-fold increase in the uptake of the FITC BSA NPs (Fig 14) as opposed to the 196-fold 

increase with the AF-647 IgG 4.1 NPs. This can be attributed to the specific targeting 

ability of the IgG 4.1 as opposed to the poor uptake of the BSA by either caveolae 

mediated endocytosis or adsorptive endocytosis. 

 

Antibody competition experiments to demonstrate the effect of excess unlabeled IgG 4.1 

on the uptake of AF-647 labeled IgG 4.1 & NPs showed that the treatment with unlabeled 

IgG 4.1 decreased the uptake of the AF-647 labeled IgG 4.1 indicating competitive 

inhibition in the uptake via Fc receptor mediated endocytosis (Fig 15). As opposed to 

which, the uptake of AF-647 IgG 4.1 NPs did not have a significant change after co- 

treatment with unlabeled IgG 4.1 indicating that the NPs could possibly have additional 

mechanisms of uptake in addition to the enhancement via the Fc receptor mediated  

uptake due to the tagged IgG 4.1 (Fig 16). This experiment indicated that the delivery 

system of NPs showed a significant enhancement of uptake in vitro which isn’t affected 

by competition with the unlabeled IgG 4.1. Mechanisms governing the uptake of the NPs 

need to be studied more in detail to determine their targeting efficiency. 

 

Using z-stack imaging via Laser Confocal Microscopy, we aimed to study the 

intracellular localization of the  NPs.  The z-stack projections of  the  hCMEC/D3     cells 
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treated with AF-647 IgG 4.1 NPs (Fig 17B) not only confirmed the distribution of these 

NPs within the cells but also showed the accumulation of the AF-647 IgG 4.1 NPs at 

different cellular locations (across XZ and YZ axes). The images clearly indicate the 

difference in the uptake of the FITC BSA NPs from that of AF-647 IgG 4.1 NPs. The 

FITC BSA NPs (Fig 17A) were modestly uptaken by the cells and didn’t significantly 

accumulate at different cellular locations. The enhanced accumulation of the AF-647 IgG 

4.1 NPs across the z-axis, showed that the NPs were possibly transcytosed within the 

cells. We also incubated cells with 2.5μg/mL of Aβ40 and studied the cellular uptake of 

AF-647 IgG 4.1 NPs (Fig 17C). This accumulation and localization of NPs was shown to 

be distinctly enhanced in the presence of Aβ40 incubation indicating the specific 

targeting ability of the antibody to intracellular Aβ proteins. 

 

Our preliminary data from previous ex vivo studies also showcased that the AF-647 NPs 

showed an enhanced uptake in the vascular wall of the cerebral blood vessels of the 

Tg2576 mouse which is known to form cerebrovascular amyloid. These NPs selectively 

targeted amyloid deposits in the vascular wall (Fig 10 a,c & A,C) whereas no 

enhancement of uptake was observed in the wild type mouse. Combined, all the three of 

our in vitro and ex vivo studies indicate at the specific cerebrovascular amyloid targeting 

of the IgG 4.1 NPs. 

 

Also, our lab carried out in vivo studies earlier with MRI and SPECT. The SPECT study 

involved observing the biodistribution of 125I labeled IgG 4.1 discoid NPs with chitosan- 

polycarbophil v/s IgG 4.1 spherical NPs with chitosan-polyacrylic acid in the presence or 

absence of Dutch Aβ40 (Fig 8). 125I is a SPECT contrast agent and helped us study the 

accumulation of the NPs in various organs of the body. We observed that the discoid IgG 

4.1 NPs had an enhancement of accumulation in the presence of Dutch Aβ40 as  

compared to the spherical NPs. This study helped us understand the importance of the 

specificity imparted to ligand binding by the virtue of the shape of the NPs. The discoid 

shape clearly showcased enhancement of uptake when conjugated with the IgG 4.1 

antibody. This has not been the only instance of such a report, using trastuzumab as the 
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targeting antibody, Barua et al. have shown that disc shaped nanoparticles exhibit higher 

specific cellular uptake than the spherical particles 39. Particle size, shape and charge are 

known to be critical in their uptake by cells 40. Simulations have also suggested that 

ellipsoidal particles have a greater propensity for surface adhesion than the spherical 

counterparts due to a larger surface for adhesive interactions 41. Subsequently, elongated 

particles would have a higher accumulation level on target pathologic vascular wall than 

spherical ones leading to enhanced therapeutic efficacy. 

 

Another study using a gadolinium contrast (Magnevist) in MRI, showed that the 

Magnevist NPs showed a significant contrast enhancement in the cortical and 

hippocampus areas of the brain in case of Dutch Aβ4 treated and Tg2576 mice (Fig 9). 

CAA is known form amyloid deposits in these areas of the brain and our NPs have 

showcased the targeting ability to those areas with a significant contrast enhancement. 

However, with SPECT and MRI, we face challenges of low sensitivity. Also, only a 

limited amount of Magnevist could be loaded to the NPs which proved to be a constraint 

in obtaining the required contrast. Also, this MRI signal that we got in mice isn’t 

sensitive enough for clinically acceptable magnets and there is a need to develop highly 

sensitive contrast enhancing agents that could not only chelate a MRI tracer but also a 

PET isotope that would provide a higher specificity of diagnosis. Externally chelating a 

PET isotope to the NPs could eliminate the problem of loading limitation of the tracer  

and we could load a significant amount of the PET isotope for contrast enhancement. 

 

Hence, we furthered our studies by radiolabeling the NPs to use them as PET imaging 

probes. We first, conjugated the NPs to a bifunctional chelating agent DFO, which would 

allow the chelation of the PET isotope 89Zr to the particle surface. Zirconium-89 was 

chosen due to its optimum positron energy and half-life of 78.41 hours, suitable for in 

vivo biodistribution studies and imaging applications. 

 
We could observe a high radiolabeling efficiency with DFO conjugated, and  89Zr  

chelated formulations (Table 2). With two different loadings of DFO, we did not see a 
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major change in the % radiolabeling. However, the higher loading of DFO, led to 

precipitation of the NPs over a few hours and hence a lower 2% DFO loading was 

employed for further studies. We also saw a significant radiolabeling efficiency to 

formulations without DFO conjugation. This could be due to the ability of the carboxylic 

groups on the NPs to chelate the Zr4+ ions. After conjugating the NPs with IgG 4.1, we 

noticed higher labeling efficiency of 80% over 67.6% (for blank NPs). This could be due 

to the presence of various amino acids on the peptide chain of the antibody thereby 

facilitating higher non-specific chelation of 89Zr. However, both these efficiencies were 

undesired as the labeling was non-specific and could lead to false PET signals in vivo.  

We therefore carried out stability studies of these radiolabeled formulations in serum. As 

expected, we observed a significant drop in the radiolabeling efficiency of non-DFO 

conjugated nanoformulations (Table 3), due to the desorption of 89Zr under simulated 

physiological conditions. However, the DFO conjugated radiolabeled formulations 

retained their radiolabeling efficiency for over a period of 3 hours at 37oC in serum 

without any precipitation. This study not only validated the retention of radiolabeling but 

also provided an insight into the stability of the NPs under physiological conditions. The 

particles did not precipitate indicating no instability over 3 hours. However, the long-term 

stability studies under physiological conditions need to be carried out to further evaluate 

the stability of the NPs. 

 

Taken together, all the above studies provide us with evidence for the potential of a 

targeted delivery system that has improved efficacy towards targeting cerebrovascular 

amyloid. With the radiolabeling optimized and its stability studied, we plan to conduct in 

vivo studies to determine the ability of the nanodelivery system to serve as PET imaging 

agent for the early detection of CAA. 



47  

6. Conclusion 

 

 
There have been no reliable detection strategies or successful therapies for various 

neurodegenerative disorders despite access to the knowledge of the pathophysiology of 

these diseases. Moreover, the delayed detection of these disorders has made it even more 

difficult to provide an early symptomatic treatment to halt or even reverse the debilitating 

clinical consequences apparent at the later stages of these diseases. Most of the diagnosis 

is post mortem for CAA and AD, which has made the prognoses of these conditions even 

worse. The overarching aim of this thesis was to develop amyloid targeted NPs that can 

carry adequate amount of PET radionuclide and detect cerebrovascular amyloid with 

higher specificity and sensitivity than the currently available vascular amyloid contrast 

agents. Keeping this in mind, we developed nanovehicles capable of targeting the 

cerebrovascular amyloid deposits by conjugating them with a novel anti amyloid 

antibody IgG 4.1. We were successful in developing a stable nanoparticle formulation. 

We also characterized the particles for their hydrodynamic diameter, zeta potential, 

morphology, extent of antibody conjugation and labeling. We successfully tested these 

NPs in vitro and observed an enhanced uptake by the hCMEC/D3 cell line, which is a 

well-studied model of the human blood brain barrier 32. Next, we optimized the chemistry 

for the radiolabeling of the NPs using DFO as the chelating agent followed by loading 

them with the PET tracer, 89Zr. We also carried out the serum stability studies of these 

radiolabeled particles to evaluate the stability of the label for in vivo use. 

 

Our future aim is to study the biodistribution of these particles in vivo to bolster our in 

vitro findings. We also aim to chelate Iron to the DFO loaded NPs as an MRI contrast 

agent to use this diagnostic nanovehicle for both MRI as well as PET to better evaluate 

their ability to detect CAA using these widely used clinical imaging modalities. By 

superimposing the images obtained by both PET and MRI, we could provide a definitive 

diagnosis of CAA. We would also want to load an immunosuppressant such as 

cyclophosphamide in the particles to be targeted to the cerebral vasculature to provide 

symptomatic relief from the inflammation associated with CAA. 
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