
 

 

                         

Engineering of smart exosomes for clearance of Abeta 
amyloid protein in Alzheimer’s disease  

 

Joana Martins Machado 

Thesis to obtain the Master of Science Degree in 

Biomedical Engineering 

 

Supervisors: Prof. Fábio Monteiro Fernandes 

Prof. Cláudia Alexandra Martins Lobato da Silva 

 

Examination Committee 

Chairperson: Prof. Paulo Rui Alves Fernandes 

Supervisor: Prof. Fábio Monteiro Fernandes 

Members of the Committee: Dr. Nuno Filipe Santos Bernardes 

November 2019 



 ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iii 

Preface 

The work presented in this thesis was performed at the Biospectroscopy and Interfaces group 

(BSIRG) of Instituto Superior Técnico (Lisbon, Portugal), during the period of July of 2018 and July of 

2019, under the supervision of Prof. Fábio Fernandes and Prof. Cláudia Lobato da Silva. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iv 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 v 

Declaration 

I declare that this document is an original work of my own authorship and that it fulfills all the 

requirements of the Code of Conduct and Good Practices of the Universidade de Lisboa. 

 

Declaração 

Declaro que o presente documento é um trabalho original da minha autoria e que cumpre todos os 

requisitos do Código de Conduta e Boas Práticas da Universidade de Lisboa. 



 vi 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 vii 

Acknowledgments 

Gostaria de começar por agradecer ao Prof. Manuel Prieto e ao Prof. Mário Berberan Santos por 

me terem acolhido no BSIRG e por se terem mostrado sempre disponíveis para me ajudar. Também 

gostaria de agradecer ao Prof. Joaquim Cabral por me ter deixado usar as instalações do Stem Cell 

Engineering group (SCERG), e à Prof. Isabel Sá-Correia e ao Prof. Arsénio Fialho por também me 

terem permitido utilizar as instalações do Biological Sciences group (BSRG). 

De seguida, os meus agradecimentos vão para os meus dois orientadores. Ao Prof. Fábio 

Fernandes, desde já, quero agradecer por me ter deixado fazer parte deste projeto tão interessante, e 
por me ter dado a oportunidade de estar envolvida num projeto que eu considero que tem uma grande 

importância para os dias de hoje. Agradeço-lhe também por ter sido um orientador que sempre se 

esforçou por estar disponível e me acompanhar ao longo do trabalho realizado, pelo tanto que me 

ensinou e por toda a paciência. À Prof. Cláudia Lobato da Silva, que me deu primeiro a conhecer este 

projeto, agradeço por ter estado disponível para me ajudar sempre que foi necessário e por me ter 

sempre motivado. Também quero ainda agradecer-lhe por ter sido uma das melhores professoras que 

tive ao longo destes no IST, e por ter proporcionado umas das melhores aulas de sempre.  

Ao Dr. Tiago Dias, com quem eu trabalhei tão de perto nos últimos meses, e que foi sem dúvida 

uma espécie de orientador não oficial o meu sincero obrigada. Por tudo o que me ensinou, por ter tido 

tanta paciência mesmo quando eu repetia vezes sem conta as minhas dúvidas e inseguranças em 
relação ao trabalho.  

Quero agradecer, também, ao Dr. Nuno Bernardes que ajudou nas mais variadíssimas tarefas e 

pela partilha da sua opinião em relação a vários tópicos do trabalho aqui apresentado. À Marília Silva 
e ao Miguel Fuzeta o meu agradecimento por me terem ajudado com a realização de vários pontos 

deste trabalho e também pelo que me ensinaram. Não posso deixar de agradecer à Dra. Tânia Sousa 

e à Dra. Sandra Pinto que tantas vezes me ajudaram ou mostraram-se disponíveis para me esclarecer 

dúvidas em relação às mais variadíssimas coisas. Agradeço, também, aos restantes membros do 

BSRG que sempre estiveram disponíveis para me ajudar nas tarefas diárias e por terem partilhado 

várias vezes os seus conhecimentos, especialmente no que diz respeito à espectroscopia.  

Zé, obrigada por teres sido o melhor colega que alguém poderia ter pedido. Obrigada por todos os 

fantásticos momentos, por toda a diversão e por teres me sempre aconselhado da melhor maneira, sei 

que encontrei em ti um grande amigo. Mais ainda, a escrita desta dissertação tornou-se mil vezes mais 

agradável contigo ao meu lado, e nunca me vou esquecer da nossa busca pela biblioteca perfeita.  

Aos meus colegas e amigos de MEBIOM essenciais neste percurso pelo IST deixo o meu mais 

sincero obrigado. Agradeço ainda a todos os amigos fantásticos que fiz dos mais diversos cursos e que 

sempre estiveram aqui para me ajudar.  

Por fim, quero agradecer ao João, à Cristina, ao Zé, à Bibas, ao Alexandre, à Beatriz e à minha 

família por sempre me terem apoiado e acreditado em mim. 



 viii 

É reconhecido, ainda, o suporte financeiro fornecido pela Fundação para a Ciência e Tecnologia 

de Portugal (FCT) através dos seguintes projetos: NEUROAbetaCLEAR (LISBOA-01-0145-FEDER-

031057) e Plataforma Portuguesa de Bioimagem (POCI-01-0145-FEDER-022122). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 ix 

Abstract 

Currently, Alzheimer’s Disease (AD) is the most common type of dementia, worldwide. Although the 

mechanisms responsible for its development are still not understood, available data strongly supports a 

central role of Ab peptide in mediating AD pathogenesis. Despite its gravity, available therapies cannot 

prevent, or delay AD’s progression and a new approach is necessary to tackle the issue of Ab 

aggregation. Introduction of exogeneous Ab-proteolytic enzymes is a possible alternative. However, 

given the lack of specificity of these enzymes towards Ab, such strategy has not been pursued. In this 

regard, achieving modification strategies for exosomes (vesicles with the ability to cross the blood-brain 

barrier), to allow for delivery of Neprilysin (NEP) in a specific manner to the brain is particularly appealing 

as an innovative therapeutic approach.  Here, we characterize the functional and structural properties 

of exosomes carrying NEP, to be used for the development of targeted vehicles for delivery of the 

enzyme. Employing a precipitation-based methodology we successfully isolated extracellular vesicles 
(EVs) from HEK293T cells, obtaining samples of vesicles with sizes within the range of exosomes and 

different extracellular vesicles. Resorting to spectroscopy techniques it was possible to confirm the 

presence of NEP in the samples of EVs isolated from cells that were previously transfected with the 

enzyme. The proteolytic activity of these vesicles against Ab1-42 peptide was also analysed, and we 

observed that fibrillation of Ab1-42 was significantly inhibited by EVs loaded with NEP. 
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Resumo 

Atualmente, a Doença de Alzheimer (DA) é o principal tipo de demência, mundialmente. Apesar de os 

mecanismos subjacentes à sua patogénese ainda não serem totalmente conhecidos, o conhecimento 

atual suporta a ideia de um papel central do péptido Ab na mediação da patogénese da doença. 

Contudo, e apesar da gravidade da doença, os tratamentos existentes não conseguem prevenir ou 

adiar a sua progressão, sendo necessárias novas abordagens para enfrentar a problemática da 

agregação de Ab. A introdução de enzimas exogéneas com atividade proteolítica contra Ab representa 

uma alternativa possível. Porém, devido à falta de especificidade contra Ab, estas estratégias não são 

utilizadas. Assim, alcançar estratégias de modificação para exossomas, vesículas com capacidade de 

atravessar a barreira hematoencefálica, para permitir a entregar de Neprilisina (NEP) de maneira 

específica ao cérebro apresenta-se como uma abordagem terapêutica atraente e inovadora. Aqui, 

caracterizou-se as propriedades funcionais e estruturais de exossomas carregados com NEP, que 

posteriormente serão usados para o desenvolvimento de específicos veículos para a entrega de 

enzima. Utilizando uma metodologia baseada em precipitação, isolou-se com sucesso vesículas 
extracelulares (VEs) de células HEK293T com tamanhos iguais não só a exossomas, mas também a 

outros tipos de vesículas. Recorrendo a técnicas de espectroscopia, confirmou-se a presença de NEP 

nas amostras de VEs isolados de células que foram previamente transfectadas com a enzima. A 

atividade dessas vesículas contra Ab 1-42 foi analisada usando Ab 1-42 marcado e não marcado. A 

fibrilação de Ab 1-42 foi significativamente inibida pelas vesículas.  
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Thesis Outline  

This thesis is divided in five chapters. First, chapter “Introduction” comprises the theoretical background 

and is divided in several sections that try to explain what Alzheimer’s Disease is, how it progresses, and 

why exosomes carrying enzymes with activity against amyloid-beta can be a promising therapeutic 

approach. The second chapter “Motivation and Objectives” not only explains why new important 
strategies to tackle this disease are important but also lists the objectives of this dissertation. “Materials 

and Methods” compiles the materials that were used and all the methods. The fourth chapter “Results 

and Discussion” presents all the results obtained accompanied by the discussion of the findings and it 

is divided in six sections. The final chapter “Conclusions” draws the main conclusions from the research 

findings and summarizes some questions that future works should address.  
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1. Introduction 

 

1.1. Alzheimer’s Disease 

It was the year of 1906 when, at a psychiatrist conference, Alois Alzheimer described the case of 
a woman in her fifties who suffered from short-term memory loss, hallucinations and behavior problems 

whose brain presented alterations such as plaques, neurofibrillary tangles and vascular changes 1. 

Although Alzheimer’s findings were not meet with great enthusiasm at the time, five years later he 

described again the case of a man who presented signs of dementia and died after three years of 

hospitalization. Once again, plaques where found in the man’s brain, although this time there was no 

evidence of tangles 2. Decades later and thanks to new histological techniques, Graeber et al. concluded 

that the presence of neurofibrillary tangles was a sign of disease progress 3. Currently, Alzheimer’s 

Disease (AD) is a neurological disease that prevents patients to carry out their daily activities and has 
for primary hallmarks neuritic plaques, also known as amyloid or senile plaques, and neurofibrillary 

tangles which are aggregates of hyperphosphorylated tau protein 4.   

It has been known for a while that patients with AD show a notably loss of synapses compared with 

patients that don’t present cognitive loss. Dendritic spines are protrusions from a dendrite that receive 

impulses from a single axon in a synapse. These structures are essential for transmission of electric 

signals to the neuron’s cell body. Loss of dendritic spines  is one of the early features of AD, particularly 

in the cortex and hippocampus which are brain areas that play key roles in memory 5,6. Additionally, 

numerous studies where transgenic mice were used as models of AD indicate that spine loss is related 

to cognitive impairment 7,8 and many even implicate amyloid plaques as the culprit for reductions in the 

number of spines and degeneration of neuronal circuits 9,10.  Other alterations related to 
neurodegeneration in this disease involve changes in the expression of neurotransmitters 11, a reduction 

on neutrophil levels, and elevated levels of neuronal death and neural atrophy predominantly in the final 

phase of the disease 12,13. Besides neuronal cells, astrocytes and microglia might be implicated in AD’s 

pathogenesis due to abnormal function in the context of the pathology 14,15. Likewise, brain vasculature 

seems to be altered in AD, as perturbances in blood flow and blood vessel density modifications have 

been stated thanks to tau pathology and deposition of amyloid-beta peptide (Ab) 16, 17.   

Despite AD being generally associated to people over 65 years old, around 5% of the cases 

correspond to younger people like the case first described by Alzheimer. These patients under 65 years 
old are said to suffer from Early-Onset Alzheimer’s Disease (EOAD) which occurs in essentially two 

forms: one that shares the same traits as late-onset AD (LOAD) and another that corresponds to 13% 

of EOAD cases 18 and  are a consequence of a genetic predisposition – familial EOAD (fEOAD).  People 

with fEOAD may show signs of the disease as early as in their thirties 19,nevertheless the diagnostic of 

the condition is done with a delay when comparing to the diagnostic in the older patients 20. 
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1.2. AD’s Risk Factors 

(i) Non-modifiable AD risk factors 

Age and Genetics remain as the risk factors for AD that cannot be changed, with age being the 

strongest risk factor for this type of dementia 21. In fact, there is an exponential increase of AD’s 

occurrence in people with age up to 90 years with no tendency to change 22.  Furthermore, one study 

found that while 6% of those who died in their mid to late 60s had dementia, for those who died aged 

95 years and older this percentage increases up to 58 23, and since AD is the most common type of 

dementia one can extrapolate that the percentage of people that die with AD is higher for older people. 
Regarding genetics, mutations in amyloid precursor protein (APP), presenilin 1 (PSEN1) and 2 (PSEN2) 

genes are a known cause of fEOAD. Also, several mutations were identified in the cases of late-onset 

AD. Genome-wide association (GWA) studies have identified around 40 loci and it is interesting that a 

majority of these are expressed in glial cells, as it is the case of the Triggering receptor expressed on 

myeloid cells 2 (TREM2) that is responsible metabolic pathways in the microglia 24.  

(ii) Modifiable AD risk factors 

The contribution of cerebrovascular disease in AD is consistent with evidence that the gradual 

accumulation of cardiovascular risk factors from midlife or earlier is a modifiable risk for this disease 25, 
26. For instance, high serum total cholesterol concentration - a condition that leads to atherosclerosis - 

in midlife predicted AD in later years. It has been also reported that cholesterol may contribute to high 

levels of Ab 27. Hypertension in midlife is a risk factor  for cerebrovascular disease and also increases 

the probability of developing AD 28. In a mouse model of AD, this condition translated in a decrease of 

the cerebral blood flow, and when the animals were treated with angiotensin receptor blockers there 

was an increase of the blood flow specially in the hippocampus, which is associated with cognitive 

functions 29. 

The high prevalence of diabetes and obesity may result in substantial increases in future incidence 

of AD. Leptin, for example, is produced in adipocytes  and can disturb Ab levels 30. Hyperglycemia is 

considered a hallmark of diabetes and it is responsible for cognitive impairment 31. It was also reported 

that hyperglycemia increases Ab accumulation and disturbs neuronal integrity 32. Furthermore, it was 

already demonstrated that abnormal levels of insulin can affect the cholinergic system that is also 

implicated in AD, and that a decrease in insulin receptors can influence Ab levels 33.  

Smoking is a well-recognized cardiovascular risk factor and mediated by oxidative stress, 

inflammation and atherosclerosis is known to increase the risk for neurodegeneration 34 .A meta-

analysis of prospective studies assessed the association of smoking with dementia and cognitive 

impairment and concluded that smokers at a higher age have an increased risk of dementia and 

deficiencies in the cognitive state 35.  

Multiple studies show a relationship between physical activity and the development and 
progression of AD 36,37. These findings suggest that midlife physical activity may be associated with a 

reduced risk of AD or vascular dementia in later life. Physical activity is supposed to increase cognitive 
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function by increasing cardiovascular fitness and cerebral perfusion and possibly by stimulating 

neurogenesis leading to a declining in the AD risk 38. 

Moderate consumption of wine is found to be associated with a reduced risk of AD. There is a 

growing number of reports that wine can positively affect Ab toxicity if consumed only in lower doses 
39,40. It has been proposed that people that are heavy drinkers and people that don’t consume alcohol 
are at a higher risk of developing AD 38 and it was observed that people with AD that consumed alcohol 

there was loss of cholinergic neurons 41.   

 

 

1.3. Mechanisms of AD pathogenesis 

Understanding the mechanisms underlying the progress of AD is so far limited. Whereas several 
theories focus on trying to explain the disease pathogenesis there is no consensus among the scientific 

community regarding which hypothesis explains the basis of this pathology.   

(i) Ab-amyloid hypothesis or amyloid cascade hypothesis 

Since the 80’s it is known that amyloid plaques are composed in majority of Ab 42. Although being 

the main target of possible therapeutic approaches in AD framework, this peptide has various 
physiologic roles. Proprieties such as antimicrobial activity 43, promotion of brain recovery after injury, 

anti-tumorigenic activity, regulation of synapses and even protection of the blood- brain barrier (BBB) 

might be conferred to Ab in a free-disease framework 44. It is interesting that studies have revealed that 

in mice, high doses of Ab caused memory problems while low doses improved memory 45.  Additionally, 

it is important to note that this peptide is also produced in other areas of the body such as the skin, 

skeletal muscle and in the intestinal epithelium 46.  In the brain, Ab is synthetized by neurons and 

astrocytes and it is secreted, usually in a soluble form, in the extracellular space and cleared very rapidly 

by both the cerebrospinal fluid (CSF) and the vascular system47.  

When a protein fails to acquire functional conformational states there is a probability of this leading 

to a proteopathy, the so-called protein misfolding diseases 48. Some of these pathologies are the result 

of proteins or peptides that are in their soluble functional state and assemble in very organized fibrillar 
aggregates 49.Fibrillar aggregates are extracellularly deposited in tissues, leading to damage. Diseases 

such as Parkinson’s, Type II diabetes, Amyotrophic lateral sclerosis and AD are examples of protein 

amyloidosis. Regarding AD, Ab is the main component of amyloid plaques and is a result of the cleavage 

of APP, a membrane protein of approximately 110kDA. Amyloid plaques of Ab are found in its majority 

in the hippocampus and in the neocortex 50.There are several forms of Ab depending on APP proteolysis 

conditions, and Ab species can have from 36 to 43 residues. However, the most abundant is the one 

that has 42 aminoacids – Ab1-42 51, although Ab1-40 is also found in a subset of plaques. The 

simultaneous existence of Ab1-42 and Ab1-40 in the extracellular space may produce Ab1-42 plaques, 

Ab1-40 plaques and plaques that are a mix of both 52.  Nevertheless, there is evidence that the mix of 

both forms is slower to aggregate than when there is only Ab1-42 53,54. Additionally, in transgenic mice 
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that overexpress only Ab1-40, no amyloid plaques are formed 55, which suggest that Ab1-42 is the main 

cause of neurotoxicity in AD.  

 

Figure 1 - Schematic representation of amyloid fibrillation. Initially, soluble oligomers and nuclei are formed during 
a lag phase. Fibril growth occurs during the elongation phase leading to the formation of fibrils. In the plateau phase, 
complete fibril formation is reached (Adapted from Chiti et al.56)  
 

As it was mentioned above, cleavage of APP results in the formation of the Ab peptide. APP 

contains a large N-terminal extracellular region, a smaller hydrophobic transmembrane domain and a 

short C-terminal intracellular domain. The N-terminal extracellular domain contains heparin and copper 
binding sites - which seems to help in neurite growth, neuronal adhesion57, and formation of synapses 
58. In what is called the amyloidogenic pathway, firstly b-secretase cleaves APP at Asp1 site with 

secretion of sAPPb and membrane-bound fragment C99. 𝛾-secretase cleaves C99 with Ab being one 

of the products generated. b-site APP cleaving enzyme 1 (BACE1) is the most important b-secretase in 

the brain 59 (Figure 2).   

The amyloid hypothesis appeared back in 1991, and states that patients with AD experience Ab 

deposition in limbic and association cortices followed by cognitive impairment. As a direct consequence 

of plaque formation there is neurotoxicity and disruption of  synapses which eventually causes dementia 
60. Support for this theory comes from the fact that patients with familial forms of the disease present 

mutations in the APP or in PSEN 1 or PSEN 2 – sub-unit of 𝛾 -secretase responsible for APP cleavage-  

genes 61. These mutations are accountable for an increased Ab1-42 production. The fact that there is a 

considerable percentage of patients with Down’s Syndrome which have 3 APP gene copies (the APP 

gene is found in chromosome 21), and that AD is much more prevalent in these subjects, seems to give 
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even more strength to this hypothesis. 62. In addition, a mutation in the APP gene called A673T grants 

protection against AD 63.  

Figure 2 – Schematic representing APP cleavage and the resultant products. To the right it is represented the APP 
processing under physiologic conditions with no formation of AB. To the left it is represented the amyloidogenic 
pathway. (Adapted from Chow et al.59) 

 

Unlike normal individuals where Ab peptide is quickly degraded, in individuals with non-dominant 

forms of Ab,  the effectiveness of metabolic pathways that remove and degrade Ab is decreased. For 

example, individuals that carry the alipoprotein E (APOE) -𝜀4 allele are strongly associated with reduced 

Ab clearance 64 - resulting in the aggregation of all Ab forms in oligomers, and then fibrils that ultimately 

lead to the formation of the amyloid plaques. These tend to capture even more Ab resulting in the 

growing of its size 65. Importantly, the strongest genetic risk factor for development of LOAD is the 
presence of APOE-ε4 isoform 66. APOE-ε4 individuals have also a significantly lower average age LOAD 

onset 67. Both of these effects are compounded for carriers of two APOE ε4 alleles 67.   

A study also showed that Ab oligomers are found enriched around plaques in regions that contain 

low fibrillar amyloid density suggesting that plaques are important for the binding of soluble Ab and that 

as the density increases there is a reduction in this binding 68.  

Taking into account the accumulated evidence in support of this hypothesis, targeting senile 

plaques seemed to be a good therapeutical tactic. Indeed, it was reported that reducing the Ab load in 

AD mice resulted in a decrease in the loss of synapses that translated in less cognitive impairment 69.  

However, the development of therapeutics has not yet been successful. Antibodies against Ab such as 

Bapineuzumab, are effective in reducing Ab levels but are not able to promote cognitive improvement, 

and are even responsible for some adverse side effects 70. Nevertheless, some argue that the trials are 

failing because the disease is not being targeted early enough and this could be solved by monitoring 

people that carry familial AD mutations. These clinical trial failures raised the question about whether 

the amyloid hypothesis is a fully correct explanation for AD pathogenesis. Other evidence concerning 
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this problem relates to the fact that it was found that a significant percentage of elderly people have 

amyloid plaques and do not present cognitive impairment. But there are several reasons that could 

explain this fact. The type of plaque, for example, seems to play a role in cognitive impairment with the 

fibrils being the more essential for the disease development 71.  

(ii) Ab oligomer hypothesis  

While at first soluble Ab oligomers appeared to be only intermediates in the generation of amyloid 

plaques, nowadays some believe that soluble oligomers are more toxic than insoluble amyloid plaques. 

Using electron microscopy and atomic force microscopy (AFM) it was possible to learn that Ab oligomers 

are approximately spherical and have 3 to 10 nm 72.  Ab oligomers were first implicated as the agent 

that causes AD when in 1998 it was found that they were able to inhibit synapse plasticity 73. Likewise, 

it was reported that plaques did not prompt memory problems when there were no oligomers present in 

the Tg2576 mice – mice that overexpress a mutant form of APP and accumulate high levels of Ab - and 

that oligomer levels reduction were associated to enhanced memory 74. The fact that in transgenic mice 

vaccination against Ab was accountable for cognitive improvement without removing the plaques 

indicates that Ab oligomers are more toxic than plaques. Evidence supporting this theory arises also 

from studies in post-mortem human brain tissue. While oligomers where found in patients with AD the 

same did not occur in normal controls 75. Ab oligomers found in AD brains were also able to inhibit long-

term potentiation (LTP) – persistent strengthening of synapses -  and potentiate long-term depression 

(LTD) in mice hippocampus 75 Despite the importance of all those findings, the most important one was 

that the quantity of oligomers found in AD brains relates more with cognitive impairment than the quantity 

of plaques 76.  These soluble oligomers appear to also have a key role in inflammation in AD 77. Moreover, 

these oligomers seem to induce cellular stress, interfere with the cell regulation of signaling kinases and 

also, they seem to change the cytoskeletal organization of the cell.  

As aforementioned, there seems to be an increase of soluble oligomers around amyloid plaques. 

A study demonstrated that the oligomers surrounding plaques interact with synapses and contribute to 

plaque-associated loss of synapses. It was also described that the density of postsynaptic proteins 

decreased by more than half in the areas where there was an enrichment of oligomers and that the mice 

treated with antibodies to remove oligomeric Ab suffered an improving in memory tasks 78. 

Once again, this theory also seems to be subjected to a few challenges. Some argue that oligomers 

are only found in post-mortem tissues due to artifacts that come from the techniques used such as 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 79.Also, some studies use 

synthetically derived peptides that are injected into the animal brain, but these peptides do not have 

post-translational modifications making them possibly different from the ones that are in the brain of AD 

patients. Likewise, in the human brain these oligomers associate with lipoproteins that may possibly 

avert the oligomers toxicity and in the animal experiments they are not associated to the lipoproteins 
which can invalidate the results 80.  

 



 7 

(iii) Tau hypothesis 

In the 80s it was described the accumulation of another protein called tau in the brain of patients 
with AD 81. As mentioned before neurofibrillary tangles (NTs) are made of tau protein aggregates. These 

NTs cause neurotoxicity and synaptic dysfunction leading to neurodegeneration and then dementia. In 

fact, the reduction of tau levels translates into less synaptic loss and improvement of cognitive behavior. 

Tau protein is subjected to a vast number of modifications such as phosphorylation 82. An 

hyperphosphorylations of specific aminoacids will result in a dissociation from the microtubules that 

leads to changes in the neurons plasticity. There is also evidence that amyloid plaques are responsible 

for the development of NTs 83.  

Tau therapeutics have also been developed, such as strategies to prevent tau aggregation, 

modifications on phosphatases that are involved in tau phosphorylation and strategies to stabilize the 

microtubules. Yet the clinical trials with these treatments did not produce positive results 84.  

(iv) Other hypothesis regarding AD pathogenesis  

In the last decade it has been discussed that Ab have antibiotic proprieties. In fact, it was found 

that Ab was capable of protect against the growth of several pathogens including  the herpes virus 85. A 

study reported that there was plaque formation after mice brains were infected with Salmonella rises 

the possibility that amyloid plaques develop in order to protect the brain from infections 86. Additionally, 

recently it was also reported that people with AD have more strains of herpesviruses HHV than 

cognitively normal subjects 87. 

More recently, the vascular hypothesis of AD (VHAD) gained significant traction. There is a growing 

understanding that cerebral blood flow and capillary dysfunction is central to the development of the 

disease 88. Capillary dysfunction could also be triggered by Ab oligomers 89.  

Another hypothesis focuses on the role of Ca2+ in the brain of AD patients. Dysregulated cellular 

Ca2+ homeostasis promotes the APP processing trough the amyloidogenic pathway 90. Moreover, 
increasing values of Ca2+ suppress synaptic function, leading to synapse impairment that results in 

memory loss.  

 

1.4. Stages of AD 

 

(i) Pre-clinical states of AD:  
 

The mechanisms related to the onset and then development of AD can start more than a decade 

before the first symptoms 91.  In fact, senile plaques were found in the brains of individuals that didn’t 

show signs of dementia 92,93. This stage is of great importance because it may be the ideal timeframe to 

reverse Ab aggregation since it is known that the levels of aggregation reach a plateau before more 
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advanced stages of AD. Two different states can be considered within this phase: i) asymptomatic in 

risk for AD – people who present biomarkers for AD; ii) pre-symptomatic AD - individuals that will develop 

fEOAD 94. While individuals in the pre-symptomatic stage are identified because they carry autosomal 

dominant mutations, individuals in asymptomatic risk for AD can be identified through different 

biomarkers. For instance, CSF Ab-42 concentrations are low in patients with AD and CSF Ab-40 

concentrations are found at normal levels. Even though at the moment one cannot explain why this 

happens, it can be speculated that since in healthy people Ab-42 can be degraded in the CSF, in the 

case of AD, due to Ab1-42 aggregation, the levels of free CSF Ab-42 will decrease, while the levels of 

CSF Ab-40 will remain the same taking into consideration that plaques are principally composed of Ab1-

42 95.  

Radiotracers used for Positron emission Tomography (PET) can also accumulate in zones where 

there is aggregation of Ab. For example, [11C] Pittsburgh compound B (PiB) which is a derivative of 

Thioflavin-T (ThT), is able to bind to fibrils for PET detection. Moreover, 2-[18F]fluoro-2-Deoxy-D-glucose 

(FDG)-PET has been used for years as it makes possible for the detection of areas of the brain such as 

the cingulate posterior cortex and the mediotemporal lobe, where there is a reduction of the metabolic 

rates of glucose which indicates a lower activity of the neurons 17,96.  

 

(ii) Prodromal AD 

 
At this stage, the individual becomes symptomatic and presents episodes of memory loss that are 

not sufficient to interfere with his daily routine 94. It is said that the patient has mild cognitive impairment 

(MCI) and with time will develop dementia. In order to distinguish prodromal AD and from normal MCI, 

biomarkers such as the ones described in the previous stage must be present.  

 

(iii) AD dementia 

 

When a patient becomes dependent of others. The patient may have a clinical phenotype which is 
well described – Typical Alzheimer’s disease – or may have a variant phenotype – Atypical Alzheimer’s 

disease 94. On one hand, Typical AD is characterized by amnestic hippocampus syndrome, 

neuropsychological changes and cognitive impairments. On the other hand, Atypical AD is characterized 

by non-amnestic focal cortical syndromes, like posterior cortical atrophy, which refers to difficulties of 

the spatial abilities and visual-perceptions, and aphasia – difficulty in processing language. 

 

1.5.  Amyloid-degrading enzyme as Therapeutic targets in AD. 
Most temptative AD therapeutic approaches have focused on targeting Ab in different forms. 

According to the Amyloid cascade hypothesis, the equilibrium between production and clearance of Ab 

is destabilized which results in high levels of Ab in the brain. This way, it is important to find enzymes 

able to degrade Ab. However, one must have in attention that with these therapies we should not aim 

to complete Ab clearance since Ab has normal (although not fully understood) physiologic functions.  
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A large number of enzymes capable of degrading Ab were already identified. The enzymes fall into 

the class of zinc metalloendopeptidase, such as Neprilysin (NEP) and endothelin-converting enzyme 

(ECE-1/ECE-2), the class of thiol-dependent metalloendopeptidase (for example insulin degrading 

enzyme - IDE), the class of matrix metalloproteinase (like MMP-2 and 9), the class of the serine 

proteases, and the class of cysteine proteases 97. All of these enzymes are found in humans and they 

can be found in several locations. Although they can degrade monomeric Ab, some cannot degrade 

fibrillar Ab  forms, since fibrils have a b-sheet structure that makes it more difficult for enzymatic access 
98.  One problem that can arise because of the use of these enzymes is related to the fact that most of 
them have more than one substrate, so it is important to find methods that promote specificity when 

using them for AD therapies.  

 

Figure 3 – Ab 1-42 sites that are cleaved by Ab  degrading enzymes: NEP – black arrows; ECE – blue arrows; 
Neutrophil elastase – red arrows; Plasmin – pink arrows; Cathepsin G – orange arrows; IDE – purple arrows; and 
CAP37 – green arrows. * indicates sites only cleaved by the respective enzymes. (Adapted from Stock, A.J et al. 
99)  

 
In the context of this dissertation, a brief review on NEP and IDE is presented in the following 
paragraphs.  
 

1.5.1. Neprilysin  

Formerly called common acute lymphoblastic leukemia antigen (CALLA) and CD10, NEP is an 

integral type II, membrane-bound and zinc dependent endopeptidase 100. It was discovered first in the 
kidney, but it can also be found in other organs such as the brain, heart, lungs, albeit at lower 

concentrations. NEP is present in neurons more exactly in the axon and in the synapses where Ab 

degradation occurs 101. NEP levels appear to be reduced in brain areas of patients with AD 102. 

Importantly, NEP polymorphisms have been associated with increased genetic risk for AD 103. 

Since NEP is an enzyme with a considerable extracellular domain, that contains a HEXXH zinc 

binding motif, and its active center is orientated to the extracellular side of the membrane, it is very easy 

for the enzyme to cleave extracellular peptides, as is the case of the Ab peptide. The enzyme has also 

a N-terminal cytosolic region 104.   

In the beginning of the century, it was proved that NEP has the capacity of degrading Ab in vivo 

using transgenic mice, and this capacity was also proved in vitro 105.  Also, overexpression of NEP in 

animal models reduces cerebral Ab levels and prevents plaque formation. The delivery of recombinant 

NEP in the brain is also responsible for a decline in Ab levels and cognitive improvement 106. There is 
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an ongoing debate regarding the ability of NEP to degrade Ab oligomers107. For example, while it was 

able to degrade synthetic Ab  oligomers, it was not able to cleave Ab oligomers produced by cells in 

culture 108, 109. Moreover, in APP transgenic mice it was reported that without NEP there was an increase 

of Ab oligomers while in mice that overexpressed NEP Ab  oligomeric concentration did not change. 

Nevertheless, it was described that in young mice that overexpressed human NEP there was a 

substantial decrease of Ab levels  and decrease of the cognitive problems, advocating that NEP can be 

used in the earlier stages of the disease 110.  It is also important to note that the NEP seems to degrade 

more ably Ab1-40 than Ab1-42, and the latter is the more toxic form of the peptide 108.  

A reduction of NEP expression in the vessels might also be the culprit behind amyloid angiopathy 

in AD brain 111. Further, diminished NEP activity was identified in ischemia and hypoxia ultimately leading 

to AD, while prenatal hypoxia translated to a reduction in NEP levels in the brain of mice after the birth 
112. Nonetheless, a study showed that NEP was overexpressed in reactive astrocytes that are near senile 

plaques. This could indicate that somehow these cells have the ability to “fight” the abnormal conditions 

at which they are exposed 113.  

Overexpression of NEP seems to be possible using green tea extract, as it is also possible with 

kynurenic acid 114 . Vitamin D also appears to have some kind of a role in the expression of NEP, since 
a decrease leads to a reduction in NEP expression and when the levels of the vitamin are returned to 

normal there is an increase of NEP levels in rodents 115. Also, with reduced estrogen levels, which occurs 

in people of old age, there is also a decrease in NEP levels 116. Given the multiple associations of NEP 

levels with pathology, particularly regarding AD, there is a great interest in tools to easily manipulate the 

concentration of this enzyme in the brain.  

 

1.5.2. Insulin Degrading Enzyme 

IDE is a zinc endopeptidase that it is mostly found in the cell cytoplasm, but also in mitochondria 

and endosomes. This enzyme has a tertiary structure and an inverted zinc-binding motif. Also, such as 

the name indicates, it is capable of cleaving insulin , as well as Ab 117. IDE can degrade Ab since it is an 

enzyme that is specific to b-structure substrates, like the amyloid fibrils.  It was proved that IDE is able 

to degrade the peptide in cause in both in vitro and in vivo studies 109,118. In addition, it presents an 

allosteric behavior – its regulation happens by binding of different  effector molecules to a site other than 
the active site – allowing for easier manipulation of its activity and specificity 117.  

Like NEP, IDE activity declines with age in the brain and in the first stages of AD 119. This decrease 

can be one of the facts that initiate AD. Also, changes in the levels of somatostatin, which is responsible 
for the expression of IDE and its secretion in the microglia, might also have implications in the 

development of AD 120. Furthermore, it was proved that there is a correlation between the risk of AD and 

some genetic modifications of IDE 121. Genetic alterations that confer overexpression of IDE translate 

into lower levels of Ab 122.  
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1.6. Therapies and the Potential of Exosomes 

1.6.1. Current Therapies  

As mentioned above, current AD treatments are only able to treat side-effects, which means that 
they are not disease modifying. In fact, there are only 5 treatments available to treat the behavior 

symptoms of AD 123. The majority of these treatments are cholinesterase inhibitors such as the 

donepezil. These therapeutics are able to substitute neurotransmitters involved in the cholinergic 

transmission that are missing in AD 124,123 (Figure 4).   

 

Figure 4 - Combination of Treatments available for AD. Drug targets of these treatments and agents (Adapted from 
Cummings et.al.125) 

Several therapies have already been developed with the goal of preventing Ab aggregation. 

However, drugs such as tramiprosate and clioquinol beyond of being able to prevent aggregation of Ab 

monomers, are reported to produce several side effects 126. Other drugs such as aducanumab by 
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Biogen, that use antibodies against Ab have also failed in recent clinical trials by not being able to reduce 

the cognitive impairment process in AD 127. 

In addition, the development of novel AD therapeutics is greatly impaired by the inability of most 

drugs to cross the BBB.  

1.6.2. Blood-Brain Barrier 

Central nervous system (CNS)-blood vessels, contrarily to the blood vessels found in other organs, 

have special properties. The BBB acts as a semipermeable barrier with high selectively that separates 

the blood in the body from the brain. Therefore, the passage of molecules, ions and cells from the blood 

to the CNS is tightly controlled which confers the brain protection against some pathogens, inflammation 

and injury 128. This ability, although being important in the process of prevention against circulating 

pathogens offers a  problem in the treatment of certain diseases, as the BBB is generally able to prevent   

translocation of drugs to the brain 129. For instance, though it is difficult to find infections in the brain, 
once they occur they are very difficult to treat due to the antibody size 130. In order to promote the low 

permeability of the BBB, endothelial cells that cover the blood vessels are held by tight junctions, 

adherens junctions and junctional adhesion molecules 131.  

 

Figure 5 – Pathways across the BBB. (Credit: www.creative – diagnostics.com accessed at August 28th of 2019). 

There is also some evidence that the BBB proprieties are somehow compromised in AD. For example, 

there are some proteins in the BBB that are responsible for removal of Ab  and its expression seems to 

be dysregulated in AD 131. Plus, senile plaques create damage to the blood vessels which in turn 

generate BBB disruptions making it possible for Ab accumulation.  

 

1.6.3. Exosomes, exosome properties and potential for delivery of amyloid 
degrading enzymes 

Exosomes have been shown to permeate the BBB both through intravenous or intranasal delivery 
132, 133. 

Currently, there is a growing interest in the study of extracellular vesicles (EVs) .This interest arose 
from the observation that these structures act as communication vehicles between cells, allowing for 
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transport of different cell constituents at a distance134. There are essentially two types of EVs: exosomes 

and ectosomes.  The role of EVs in the regulation of synapses and neuronal plasticity has been also a 

subject of study. Likewise, they are believed to have also a role in the development of neurodegenerative 

diseases 135. Moreover, EVs have a great amplitude of sizes with diameters between ~20 to ~1000nm. 

With diameters that vary between ~40 to ~100 nm, exosomes are extracellular vesicles that are 

the result of the fusion multivesicular bodies (MVB) with the plasma membrane, causing  the release to 

the extracellular space of intraluminal vesicles (ILVs) 136. The physical characteristics of exosomes, such 

as size, shape and density, appear to be determined by the composition of each exosome – protein, 

enzymatic, lipid and mineral content.  

Exosomes are the EVs that are originated from the endocytic compartment. After endocytosis, there 

is formation of early endosomes due to fusion of various endosomes. The contents of each endosome 

can be delivered to the plasma membrane or can be degraded within lysosomes. The endosomal sorting 

complexes required for transport (ESCRT) complex is responsible for identification and degradation if 
the endosome cargo is to be degraded in the lysosome pathway. The same ESCRT complex is also 

responsible for creating invaginations in the membranes of the endosomes leading to the generation of 

ILVs containing cargo in the endosomes. Afterwards, these structures that contain ILVs are going to be 

known as late endosomes or MVBs. Subsequently, MVBs can either fuse with lysosomes so that ILVs 

are destructed or can also release the ILVs to the extracellular space by fusion with the plasmatic 

membrane as mentioned above 137.   

 
Figure 6 - Exosome formation and secretion (Adapted from Zhang et.al 138). 

 

These small lipid bilayer vesicles can be an indicator of the cell’s health and they can bind to other 

cells and deliver their content. Regarding their content, exosomes carry lipids, proteins and nucleic 

acids. Since they have an endocytic origin these extracellular vesicles have in their cargo endosome-

associated proteins, such as GTPases and Annexins 139.  

Exosomes display at their surface tetraspanins such as CD9/CD63/CD81 140 which are the most 

commonly used markers of exosomes. Other markers such as Alix and TSG101 that have endosomal 
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origin are also found at their surfaces 141. The presence of these markers allows for the identification of 

exosomes.  

Exosomes have been associated with multiple roles in different diseases. They are able to enhance 

immunologic response if they are originated from antigen-presenting cells and the ones who come from 

cells infected by bacteria and viruses can also carry antigens 141. However, they can also be held 

accountable for the spreading of infection if they transmit the pathogen to uninfected cells. In addition, 

they have been also implicated in cancer biology. They can help prevent tumor growth by expressing 

antigens, but exosomes can also help tumor metastasis and promote angiogenesis within the tumor 
142,143. Likewise, exosomes can transfer amyloid proteins in a neurodegenerative context. It was proved 

that exosomes are able to propagate Ab pathology, since a portion of the peptide can be found in MVBs 

that originate exosomes, and afterwards released by them into the extracellular space 144, can also 

upregulate tau phosphorylation and enhance inflammation near the plaques. Further, exosomes also 

carry b-secretases and 𝛾 -secretases, the enzymes responsible for APP processing in the 

amyloidogenic pathway 145. In fact, in transgenic mice that express mutations related to fEOAD, a 
decline in exosome levels contributed to less senile plaques 146 . Additionally, neuronal exosomes have 

been found to carry a significant amount of soluble Ab. 

The fact that exosomes are so small renders them into the ideal candidates for drug delivery. 

Concerning treatments for AD, exosomes are able to cross the BBB, allowing the delivery of enzymes 

to regions where there is an increase of soluble Ab oligomers. It was also showed that exosomes can 

carry IDE in their cargo,  highlighting the potential of exosomes as a vehicle for amyloid-beta degrading 

enzymes 147.  

It was reported that delivery of neuronal exosomes in the brains of APP transgenic mice can prevent 

Ab formation. In mice brain, it was also found that injected exosomes can bind Ab to glycans that were 

present in the exosome surface and afterwards transported to the microglia for degradation 148. This 

raises the question of whether or not neuronal exosomes are somehow involved in Ab clearance, despite 

the reports that neuronal exosomes actually spread Ab.  

Mesenchymal Stem cells (MSCs) are multipotent stem cells that are present in a great amount of 

adult tissues such as the adipose tissue and the blood marrow. They can also be found in the umbilical 

cord. Initially, these cells were only studied in a pre-clinical and clinical context for their potential in tissue 

regeneration applications. Nonetheless, these cells have remarkable immunoregulatory proprieties in 

vitro 149. MSCs are able of modulating neutrophils, natural killer (NK) cells and NKT cells when co-

cultured. Since they are able of secrete a number of soluble factors, they have immunosuppressive 

effects 150. Additionally, it appears that exosomes derived from MSCs are in fact responsible for some 
of the  most interesting MSC properties for therapeutic purposes 151. However, in the context of this 

dissertation, in 2013 it was reported that they were able to secrete exosomes that had in their cargo 

NEP, making them a good source of exosomes containing enzymes for Ab degradation, and 

therapeutically relevant  in the context of AD 152. These exosomes were also reported to contribute to a 

decrease in Ab levels. MSCs exosomes can additionally promote remodulation of neurons and 
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neurogenesis 153 . IDE was also found in exosomes secreted from microglia 154. Moreover, MSCs derived 

EVs were injected in APP transgenic mice and Ab levels were reduced. This result was concomitant  

with an improvement in the cognitive behavior of the animals 155.  

 

1.6.4. Isolation of exosomes  

Thanks to the exosomes’ enormous therapeutic potential, there is a growing interested in the 

development and improvement of exosome producing methods. It is essential to optimize isolation 

methods in order to overcome low yield problems and the fact that exosome populations are very 

heterogeneous. 

Nowadays, there are several methods that allow the isolation of these small vesicles. Nonetheless, 

the use of each method can affect the population of exosomes obtained and can compromise exosome 

purity as well as their physicochemical proprieties, such as size. Exosome cargo may also vary 

depending on the method of isolation, for instance there are reports that exosome content of proteins 

and nucleic acids such as RNAs can vary within exosomes derived by different methods 156. Three 
different types of methods are most commonly employed: 

(i) Ultracentrifugation methods 

These techniques are considered the conventional techniques for exosome isolation. The principle 

applied is that when a solution with different constituents is exposed to a centrifugal force, the 

sedimentation occurs according to particle size and density, with larger particles sedimenting first.  
Preparative ultracentrifugation is used to separate biological samples such as exosomes.   Within this 

category, two method can be distinguished: density gradient centrifugation and differential 

centrifugation. The first one consists in exosome separation according to their size, mass and density 

in a density gradient medium within the centrifuge tube. The other one – differential centrifugation – 

includes multiple series of centrifugation cycles each one with different centrifuge forces and duration. 

Forces are usually in the order of 100k to 120k x g although they can go up to 1M x g. Comparing 

differential centrifugation with density gradient centrifugation, the first one is responsible for more 

exosome aggregation and contamination of proteins.  Although these ultracentrifugation methods allow 
are considered to be very reliable, they are not indicated for clinical use because they are time-

consuming, and the equipment used is very expensive, and only isolates around 25% of the vesicles 
157,158,159. 

. 

(ii) Size-Based Methods 

These techniques separate particles only based in their size. Ultrafiltration allows for the isolation 

of exosomes with membrane filters of specific size or molecular weight. This method is faster than 

ultracentrifugation and it is also less costly. Additionally, it is possible to use ultrafiltration to obtain very 
pure populations of exosomes. However, it is very difficult to remove protein contaminants from the 
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sample. Size-exclusion chromatography (SEC) is also a size-based method for exosome isolation. It is 

a chromatographic method based on the different velocities of particles with different sizes as they travel 

within a porous medium, with larger particles eluting first. This allows for the separation of exosome 

fractions with different sizes 158,159, 160.  

(iii) Precipitation Methods 

It is also possible to induce precipitation of exosomes using polymers such as polyethylene glycol 

(PEG) 161. Nevertheless, these polymers can also induce precipitation of MVBs and other aggregates 

of proteins or lipids. These precipitation methods using polymers are very simple, low-priced and in 

addition they use very quick centrifugation cycles with lower centrifuge forces (around -1500xg), 

comparing to ultracentrifugation methods. However, the population of exosomes obtained can be very 

heterogeneous regarding size and be contaminated with other co-precipitates158. 

(iv) Microfluidics-Based Methods 

Here, microfluidic devices are used to separate exosomes with diameters that range between 40 

to 100nm. The isolation can be made taking into account the classic principles used in the other methods 

such as size and density. They can also trap exosomes using antibodies that recognize the surface 

markers in the exosomes – immunoaffinity. Moreover, sorting mechanisms based on electromagnetic 

proprieties and acoustic proprieties can also be used. While these methods are quick and use low 

volumes of reagents, they cannot be used for scale-up approaches, making it very difficult to isolate 
exosomes for therapeutics, though they can be used as diagnostic devices 158, 162.  
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2. Motivation and Objectives 

Our memories are part of us. Some may argue that our memories define us, make us who we are. 

The truth is that our memories are associated with emotions that allow us to learn from our experiences 

and are important for the decisions we make. There is no doubt that losing our memories is losing a part 

of us, and that our lives and the ones of those who care for us become extremely difficult in situations 

when we no longer are able to recall our memories. 

In an ageing society, there are more cases of dementia every day. According to World Health 

Organization (WHO), dementia is a syndrome that is characterized by a deterioration in cognitive 
function in a way that is more aggressive than  the one that typically occurs with natural ageing163. 

People with dementia suffer from memory loss, cognitive impairment, mood changes and may feel 

confusion. It is estimated that  currently, 50 million people suffer from dementia around the world and it 

is expected that by 2050 this number increases to 132 million 164. 

AD is the most common type of dementia, representing 60-70% of all cases 164. AD prevalence in 

Europe in 2017 was 5.05% and it was higher in women 165. At the present time, this form of dementia is 

the 5th cause of death worldwide, when in 2000 it was the 14th leading cause of global death 166. AD 

treatments at the present time are only palliative 167, meaning that there is no cure available for patients 

with AD and life expectancy can vary from 3 to 10 years 168.  

In 2018, the economic burden of dementia was around US$1trilion and this value will duplicate in 

2030 164, with AD being the 3rd most costly disease in the present days 169.  It was estimated that the 

lifetime cost for a patient with dementia was US$350.174 in the US in 2018 170. This value is a result of 

the dependence that people with dementia experience which translates in a continuous need for care 
171, and in fact 80-85% of the social global cost of dementia is related to social care services. Moreover, 

people that suffer from dementia are much more often admitted in hospitals thanks to falls and infections 

of respiratory and urinary tract origin 172.   

Taking everything into account, it is increasingly imperative that effective treatments for dementia 

are developed, especially for AD.  

This thesis is part of a project with the same name that has as its major goal the production of smart 

exosomes obtained from mesenchymal stem cells loaded with Amyloid degrading enzymes and with 

the amyloid beta in the brain as specific target. 

Regarding the objectives of the work produced during this thesis, they can be divided as: 

1 – Purification and characterization of NEP-loaded exosomes from HEK293T cells expressing the 
protease. 

2 – Characterization of exosome proteolytic activity in vitro and comparison with the activity of purified 

NEP.  
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3. Materials and Methods 
3.1. Materials  

3.1.1. Chemical Reagents 

A list of all chemical reagents used in the course of this work is presented in Table 1.  

Table 1 - List of chemical reagents used for buffer preparation, sample stock preparation and preparation of Large 
Unilamellar Vesicles (LUVs). 

Reagent  Supplier 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) 

Sigma-Aldrich (St Louis, Missouri, USA) 

Sodium Chloride (NaCl) Sigma-Aldrich (St Louis, Missouri, USA) 

Ethylenediamine tetraacetic acid (EDTA) Merck (Darmstadt, Germany) 

1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) Sigma-Aldrich (St Louis, Missouri, USA)  

Dimethyl sulfoxide (DMSO) Sigma-Aldrich (St Louis, Missouri, USA) 

1-palmitoyil-2-oleoyl-sn-glicero-3-

phosphocholine (POPC) 

Avanti Polar Lipids (Alabaster, AL, USA) 

 

3.1.2. Peptides and enzymes 

(i)  b-Amyloid (1-42) peptide 

b-Amyloid (1-42) human peptide was purchased from GenScript Biotech Corp. (New Jersey, NY, 

USA). Ab 1-42 aliquots were prepared according to the following protocol: 

Figure 7 - Sequence and structure of the monomer in AB1-42 (Adapted from Ahmed et al.) 
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1. 1 mg of Ab 1-42 was solubilized in HFIP and left in ice during an hour. Solubilization in HFIP 

maximizes the fraction of monomeric peptide in the mixture 173.  
2. Sonication of the solubilized peptide in a bath sonicator for 30 minutes.  

5 - 18 nmol stock samples were stored at -26ºC after evaporation of the solvent in each aliquot 

with mild N2 flow. To avoid peptide adsorption to the tube walls, only Protein LoBind® from 
Eppendorf (Hamburg, Germany) were used to store the peptide. This type of Eppendorf was 

employed for all manipulations in this work.  

 

(i) b-Amyloid (1-42), HilLyteTM Fluor 488- labeled 

b-Amyloid (1-42), HilLyteTM Fluor 488- labeled, Human (Ab1-42-HL488) was purchased from 

AnaSpec, Inc. (San Jose, CA, USA).  This peptide is identical to the unlabeled b-Amyloid (1-42) human 

peptide, with an additional fluorophore HilLyteTM Fluor 488 (HL488) linked to the N-terminal aspartic 

acid. Aliquots of Ab1-42-HiLyte were prepared in the same manner as Ab 1-42 aliquots. Peptide 

concentration was measured spectrophotometrically and stock samples of 0.5 nmol were stored at -

26ºC. This peptide has a molecular weight of 4870,5 g/mol and HiLyte488 has an extinction coefficient 

(e) equal to 70,000 M-1cm.1 at 497 nm, according to the information provided by AnaSpec.  

 

(ii) ECE-1 substrate  

7-metoxycoumarin-4-yl acetyl (MCA)-Arg-Pro-Pro-Gly-Phe-Ser-Ala-Phe-2,4-dinitrophenyl (DNP)-

Lys peptide (ECE-1 substrate) was purchased from Sigma-Aldrich. This peptide has a molecular weight 

of 1388 g/mol. To prepare aliquots of this peptide, half of it was reconstituted in 0.25 mL of DMSO, 

originating sample stocks with a concentration of approximately 1.44mM. Peptide concentration was 

measured spectrophotometrically using the extinction coefficient of 11,820 M-1 cm-1 at 324 nm, according 

to the retailer. Aliquots were stored at -26ºC.   

 

(iii) Neprilysin  

Purified Neprilysin from porcine kidney was purchased from Sigma Aldrich. The enzyme was 

reconstituted using the appropriate assay buffer of each assay. Aliquots were stored at -26ºC with a 

concentration of 500nM. It is important to note that each time an aliquot was thawed, the enzyme was 

used within the next 72 hours, in order to prevent deterioration of enzyme activity.   

 

2.1.3. Probes  

1,2-dioleoyol-sn-glycero-3-phosphoethanolamine-N- (lissamine Rhodamine B sulfonyl) (DOPE-

Rho) was purchased from Avanti Polar Lipids. Rhodamine 110 (Rho110) was obtained from Molecular 
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Probes (Eugene, Oregon, USA), HiLyteTM  488 was vended by AnaSpec, Inc and OFPSpark® (Orange 

fluorescent protein) was purchased from Sino Biological (Beijing, China).  Thioflavin T was obtained 

from Sigma Aldrich.  

In addition, Wheat Germ Agglutinin (WGA) conjugated with Alexa Fluor 633 and Hoechst 33342 

(2’-[4-ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5’-bi-1H-benzimidazole trihydrochloride trihydrate) 

were purchased from Invitrogen (Carlsbad, CA, USA).  

  

2.1.4. DNA constructs 

(i) pCMV3-IDE-OFPSpark 

Human insulin degrading enzyme Gene ORF cDNA clone expressing plasmid was purchased from 

Sino Biological. The vector size was 6806 bp and is a vector for mammalian expression with Kanamycin 
resistance. Using T7 (TAATCGACTCACTATAGGG) as the forward sequencing primer and 

BGH(TAGAAGGCACGTCGAGG) as the reverse sequencing primer it was possible to sequence the 

plasmid.  

(ii) pCMV3-MME-OFPSpark 

Human CD10/MME ORF mammalian expression plasmid was bought from Sino Biological. This 

vector is able to express NEP in its host cells and has also a size of 6806bp. The vector is expressed in 
mammalian cells and has resistance to Kanamycin. Using T7(TAATACGACTCACTATAGGG) as the 

forward prime and BGH(TAGAAGGCACAGTCGAGG) as the reverse prime, it was possible to sequence 

the plasmid.  

 

2.1.5. Cell lines 

Two different cell lines were used. First, as a control, human embryonic kidney 293T (HEK293T) 

cells were used. These cells were supplied by the European Collection of Authenticated Cell Cultures 

(ECACC) and their catalogue number is 12022001. These cells were obtained by transforming HEK293 

cells with an adenovirus that contains a gene encoding the SV40T-antigen making them suitable for 
replication of vectors containing the SV40 origin of replication. Then, Human Bone Marrow MSCs were 

obtained from adult volunteer donors, after informed consent at Instituto Português de Oncologia de 

Lisboa Francisco Gentil and provided to us by the personal stock of the Stem Cell Bioengineering and 

Research Group from iBB.  
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2.2. Methods 

 

3.2.1. Plasmid Amplification and Purification 

E. coli DH5a cells previously transformed with the plasmid of choice - pCMV3-IDE-OFPSpark or 

pCMV3-MME-OFPSpark - were grown overnight in LB medium containing kanamycin, in an incubated 

stackable shaker with 250 rpm agitation at 37ºC. Subsequently, the plasmids were purified using the 

commercial NZYMiniprep kit from NZYTech (Cedarlane, USA) following the instructions provided by the 

manufacturer. After plasmid purification, the plasmid DNA concentration was determined using 
NanodropTM (ND-1000 Spectrophotometer) by Thermo Fisher Scientific (CA, USA). 

 

3.2.2. Cell culture 

The 293T cell line was grown in adherence in T-Flasks and maintained in Dulbecco’s Modified 

Eagle Medium (DMEM) with 10% of fetal bovine serum (FBS) and 1% of penicillin-streptomycin 

(PenStrep) (Sigma Chemical Co., St. Louis, MO) at the incubator with controlled temperature (37ºC) 

and humidity and CO2 levels (5%). Cell passage was performed when the cells reached approximately 

70% of confluence. Regarding cell passage protocol, firstly the medium covering the cells was aspirated 

and afterwards cells were incubated with TrypleTM in the incubator. Following this step, cells were 
centrifuged for 5 min at 1500 rpm and then the supernatant was aspirated, and the cells resuspended 

in fresh DMEM medium. Finally, cells were seed with the appropriated volume in a new T-Flask already 

with fresh DMEM medium. Concerning the MSCs, they were also grown in T-Flasks at the incubator 

with the same conditions as the HEK cells, however, they were maintained in DMEM media 

supplemented with 10% FBS and with a low glucose content.  

 

3.2.3. Plasmid Transfection  

(i) HEK 293T cells 

Lipofectamine 2000 from Thermo Fischer Scientific was used to transform the cells with pCMV3-
MME-OFPSpark and pCMV3-IDE-OFPSpark plasmids. Succinctly, after cells reached around 70% of 

confluency, the fresh DMEM medium was removed and basal medium (without supplementation with 

antibiotic and FBS) was added to the cells. Lipofectamine 2000 was added to the DNA volume required 

for the transfection and incubated at room temperature for 20 minutes. Note that for each 100ng of DNA, 

0.1µL of Lipofectamine 2000 were added.  Afterwards, the mixture was added to the cells and incubated 

for 3 hours at the incubator with controlled temperature (37ºC), humidity and CO2 levels (5%). After this 
time, the medium was removed and fresh medium supplemented with FBS and PenStrep was added to 

the cells.  
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Transporter 5TM Transfection Reagent by Polysciences, Inc. (PA, USA) was also used to transfect 

the cells with pCMV3-MME-OFPSpark plasmid. Instructions provided by the supplier were used, with 

the procedure starting with the in-seeding solution at a density of 6 x 106 of cells per cm2. The transporter 

was added to the cells in a mixture of 1:4, 1:3 or 1:6 (µg DNA/µL Transporter). Incubation times at the 

incubator with controlled temperature (37ºC), humidity and CO2 levels (5%) were 24 and 48 hours. After 
incubation, the cell medium containing the mixture was removed and newly fresh medium was added. 

(ii) MSCs 

Lipofectamine 2000 from Thermo Fischer Scientific was used to transform the cells with pCMV3-

MME-OFPSpark and pCMV3-IDE-OFPSpark plasmids. Succinctly, after cells were grown for 3 days, 

the conditionate medium was removed and basal medium (without supplementation with antibiotic and 
FBS) was added to the cells. Lipofectamine 2000 was added to the DNA volume required for the 

transfection.  Opti-MEM as used for dilution of DNA and lipofectamine. The mixture was incubated at 

room temperature for 20 minutes. Note that for each 100ng of DNA, 0.1µL of Lipofectamine 2000 were 

added. Afterwards, the mixture was added to the cells and incubated for 5 hours at the incubator with 

controlled temperature (37ºC), humidity and CO2 levels (5%). After this time, the medium was removed 

and fresh medium supplemented with FBS and PenStrep was added to the cells. 

 

 

3.2.4. Absorption and fluorescence measurements 

(i) UV-Visible absorption spectroscopy 

UV-visible absorption measurements were achieved at room temperature using a double beam V-

660 Jasco spectrophotometer (Jasco Corp., Tokyo, Japan). To determine probe and peptide 

concentrations, the absorption spectra were measured in a 1cm x 1cm or 0,5cm x 0,5cm path length 

quartz cuvettes (Hellma Analytics) using a bandwidth and sampling interval of 1nm. Moreover, 

measurements were performed after a buffer versus buffer baseline was obtained.  

Additionally, Bicinchoninic Acid Protein Assays (BCA) to quantify total protein concentration in 

exosome samples were carried out on a POLARstar OPTIMA microplate reader (BMG Labtech, 

Germany) using 96-well Greiner Bio-one, F-Bottom (Chimney well), black, non-binding microplates (Ref: 

655906 Greiner Bio-one, Austria).  

 

(ii) Steady-state fluorescence spectroscopy  

Fluorescence measurements, including the ones where the OFPSPark probe and exosomes that 

carried NEP labeled with OFPSpark were an object of study, were carried out in a HORIBA Jobin Yvon 

Fluorolog-3-21 spectrofluorometer (New Jersey, USA) using 0,5 cm x 0,5 cm width quartz cuvettes at 

room temperature. Single emission and double excitation monochromators (IHR 320, New Jersey, USA) 
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are part of this spectrofluorometer that is also fitted by automated rotating Glan-Thompson polarizers. 

A 450-watt Xe lamp is the light source of the spectrofluorometer and the reference is a silicon diode.  

Fluorescence measurements of OFPSpark were made with excitation at 535 nm while the ones 

with ECE1- substrate were carried out with excitation at 320 nm. 

All fibrillation and enzyme activity assays, including the ones with exosomes, were performed in 
the microplate reader described above, also using the same microplates used for BCA assays and in 

the combination optic configuration mode. Note, that before each measurement, an automatic 4 seconds 

stirring of the microplate is performed for homogenization. Assays were carried out at different 

temperatures.  

Fluorescence anisotropy measurements were also obtained using POLARstar OPTIMA microplate 

reader, once again with the same microplates aforementioned but in a different configuration mode – 

fluorescence polarization mode. 

In the case of non-rotating molecules, when a fluorophore is excited with polarized light, the 

emission from the same fluorophore is also polarized. The rotation of the excited molecule in the excited 

state decreases the extent of fluorescence light polarization.  In this way, steady-state fluorescence 

anisotropy measurements give us a measurement of the dynamics of fluorophores and of any labeled 

macromolecule. Such measurements rely on the quantification of the fluorescence signal at different 

polarization combinations of excitation and fluorescence emission light, as shown in Equation 1: 

< 𝑟 >	= 	 ())*+.()-
())./	+.()-

                                                           Eq.1 

where IVV and IVH represents the vertically and horizontally polarized components of fluorescence 

emission with vertical excitation. The G factor allows a correction for different sensitivity of the optics in 

the spectrofluorometer to polarized light. This parameter is specific to different configurations and 

apparatus. In a spectrofluorometer it can be calculated through Equation 2. 

  

𝐺 =	 (-)
	(--

                               Eq.2 

where IHV and IHH represents the vertically and horizontally polarized components of fluorescence with 
horizontally polarized excitation.  

Since control of excitation polarization is not possible in the plate reader, this factor was calculated 

through measurement of HL488 steady-state fluorescence anisotropy in the HORIBA 
spectrofluorometer and calibration of G in the plate reader using Equation 1. 

In all experiments, the background contribution was always subtracted for all samples.  
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3.2.5. Fluorescence microscopy 

For imaging purposes, the cells were seeded in µ-Slide 8 well IBIDI chambers purchased from Ibidi 

GmbH (Grafelfing, Germany).  

(i) Confocal microscopy 

Measurements were carried out on a LEICA TCS SP5 (Leica Microsystems CMS GmbH, Manheim, 

Germany) inverted confocal microscope (DMI600) with HyD hybrid detection. Excitation lines were 

provided by an argon laser or an HeNe laser that was focused into the sample by an apochromatic water 

immersion objective (63x, NA 1.2; Zeiss, Jena Germany). A 111.4 µm diameter pinhole in front of the 

image plane blocked out-of-focus signals.  

Table 2 - Laser lines and acquisition parameters used for confocal microscopic studies. 

 Laser/ excitation wavelength  Emission wavelength 

Alexa Fluor 633 - WGA HeNe/633 nm 650 – 760 nm 

OFPSpark Argon/514 nm 520 – 620 nm 

 

For labeling with the plasma membrane marker Alexa Fluor 633 – WGA, cells were incubated with 

the membrane probe diluted in PBS (5µg/mL or 10µg/mL) from 0 to 15 minutes. 

 

(ii) Biphotonic excitation 

Hoechst 33342 excitation was achieved using multiphoton excitation and a Ti: sapphire laser 

(Spectra-Physics Mai Tai BB,710e990 nm) set to 800 nm as the excitation source. Fluorescence 

detection was set between 400-520 nm.  

 

3.2.6. Ab fibrillation assays 

In this assay, ThT was used for amyloid fibril detection. The measurements were carried in the 
microplate reader described above, also using microplates (655906 Greiner Bio-one), with the used 

wells covered with sealing tape to avoid evaporation. Measurements were performed at 37ºC and 45ºC. 

In addition, the following filters were used: excitation filter – 440/10 nm; emission filter – 480/10 nm. 

Ab peptide reconstitution was made with the buffer used for this assay (20mM HEPES; 100mM 

NaCl; pH= 7,4) and kept in ice until measurement was initiated to minimize oligomerization. The peptide 

was added to a solution with buffer and ThT with a brief vortex. Afterwards, 250 µL of the solution was 

added to 3 wells. Note that final concentration of ThT was 4µM.  Amyloid peptide concentration was 1-

5µM.  
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Experiences with porcine NEP were carried out at 37ºC, with an Ab peptide concentration of 5µM. 

Enzyme concentration ranged from 5nM to 40nM. Assays in the presence of EVs were carried out at 

37ºC, using an Ab peptide concentration of 5µM. The concentration of EVs loaded with NEP was 

8.01x107 particles/mL which corresponds to a concentration of NEP-OFPSpark of 0.9nM. Here, PBS 

was used as a buffer. 

 

3.2.7. Amyloid oligomerization with Ab 1-42-HiLyte assays 

Fluorescence anisotropy measurements were performed in order to detect oligomerization of the 

amyloid peptide. Assays were run in the microplate reader using microplates (655906 Greiner Bio-one) 

with the used wells covered with sealing tape to avoid evaporation. Measurements were obtained at 

37ºC and the following filters were used: excitation filter – 485/12 nm; emission filters (Both polarization 

channels) – 520/520 nm.  

Ab1-42 and Ab1-42-HL488 peptide reconstitution was made with the buffer used for this assay 

(20mM HEPES; 100mM NaCl; pH= 7,4) and kept in ice until measurement was initiated, to minimize 

oligomerization. Before 250 µL of the final solution were added to 3 wells in the microplate, the labeled 

peptide was added to the Eppendorf with the unlabeled peptide. Total amyloid concentration was always 

5µM, while Ab 1-42-HiLyte concentration varied between 0.125-0.5 µM. 

Experiments with porcine NEP were carried out at 37ºC, with [Ab1-42] = 4,75 µM; [Ab1-42-HL488] 

= 0,25 µM and enzyme concentrations of 20nM- 40nM.  

 

1.2.7. Activity assays with ECE1-substrate 

Activity assays with ECE1-substrate were carried out in the microplate reader using the following 
filters: excitation: 320/10 nm; emission: 370/10 nm. 

In ice, samples were prepared with ECE1-substrate concentrations of 10µM in different assay 

buffers, listed in Table 4. Measurements were run with 3 replicates for each condition and at different 

temperatures: 25ºC, 37ºC and 45ºC. The samples were added to the microplate and right before 

initiating the measurements, porcine NEP was added to each well at 5 nM or 10 nM final concentration. 

For activity assays using the EVs, measurements were carried out at 37ºC and the final concentration 

of EVs loaded with NEP ranged from 8.01x104 to 1.21x109 particles/mL which corresponded to a final 

concentration of NEP-OFPSpark that ranged from 9nM to 0.9pM. Final concentration of EVs not 
exposed to NEP-OFPSpark ranged from 8.11x107 to 9.20x108 particles/mL. Moreover, in these 

experiments PBS was used as buffer instead of the buffers used for the control assays. 
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Table 3 - Buffer composition of the buffers used in activity assays with ECE1-substrate. 

Buffer 1 20 mM HEPES (pH =7.5), 100 mM NaCl 

Buffer 2 20 mM HEPES (pH =7.5), 25 mM NaCl, 10 mM 

EDTA 

 

 

1.2.8. Exosome isolation and quantification 

(i) Exosome isolation using a commercial kit 

Exosomes obtained from HEK 293T cells transformed with pCMV3-MME-OFPSpark plasmid were 

isolated from cells and the conditioned medium using the Total Exosome Isolation commercial kit from 

Invitrogen. 

Initially, the cells were transfected with Transporter 5TM and maintained for 48 hours in a T75, in 

DMEM supplemented with 10% Exosome – Depleted FBS and 1% PenStrep at the incubator with 

controlled temperature (37ºC) and humidity and CO2 levels (5%).Then, the conditioned medium of each 
condition was centrifuged for 30 min at 2000xg to remove cells in suspension. Subsequently, the 

supernatant (~14 ml) was transferred to a falcon and mixed with ~7ml of Total Exosome Isolation 

solution. The solution was stored overnight at 4ºC. In the next morning, the soluble mixture was 

centrifuged at 10000xg and a temperature of 4 ºC. Finally, the pellet containing the exosomes was 

resuspended in PBS (high-grade) with a concentration factor of 40 and the resulting EV samples were 

stored at -80ºC.  

Using a PierceTM BCA Protein Assay kit (Thermo Fisher Scientific) and following the instructions of 

the manufacturer it was possible to quantify the total concentration of proteins present in the samples. 

The approximate concentration of Neprilysin-OFPSpark in the samples was obtained using the HORIBA 

spectrofluorometer.  
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Figure 8 - Schematic overview representing the key steps in the obtention of exosomes from HEK293T cells.  
 

 

(ii) Nanoparticle Tracking Analysis (NTA) 

NTA was used to obtain the concentration and size of particles present in the samples.  This 

technique has been used to characterize EVs size and uses laser light scattering microscopy and the 
Brownian motion proprieties to measure the size of the particles 174. Briefly, the sample is injected into 

a chamber and illuminated with a laser, with the movement of the particles being registered by a camera 

through measurement of light scattering by the particles. This allows the measurement of the particle’s 

diffusion coefficient and size 175.  

 

Figure 9 - Schematics of the optical configuration of the NTA. (Adapted from NanoSight Brochure available at the 
supplier website: https://www.malvernpanalytical.com/br/products/product-range/nanosight-range accessed at 3rd 
of September of 2019). 
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All NTA measurements were run using a Nano Sight LM10 instrument (Malvern, Worcestershire, 

UK), containing a sample chamber and a laser with wavelength of 405 nm. The NTA 3.1 software was 

used for data capture and analysis. Before starting the measurements, Millipore water was injected into 

the chamber with a 10mL Injekt® syringe (B. Braun Melsungen, Melsungen, Germany) and a filter with 

a filter of 100nm pores (Whatman, USA) For each run, the sample volume was injected into the chamber 

with a 5 mL Injekt® syringe. Between different samples, around 5 mL of PBS was inserted into the 

chamber. EV isolates were diluted 100 times in PBS times to a final volume of 1.5-2 mL.5 runs of 30 
seconds each were carried out at 20ºC, with a screen gain of 10 and a detection threshold of 7. 

Optimization of this settings was achieved using 100 nm polystyrene latex beads (Sigma-Aldrich).  

(i) Fluorescence Fluctuation Spectroscopy  

Conventional flow cytometer devices fail to detect extracellular vesicles as because they are not 

able to produce significant forward light scattering and are normally below the size detection limit of the 

equipment (300 nm). In these conditions, detection of EVs is limited to NTA and dynamic light scattering. 

However, these methods fail to produce information on specific subset of EVs as specific labelling is not 

possible. In this regard, fluorescence-based methods alternatives to flow cytometry are desirable for EV 

characterization.  

Fluorescence Fluctuation Spectroscopy (FFS) methods rely on the analysis of time-dependent 

fluctuations in fluorescence emission intensity from molecules or particles within a detection volume. 
These fluctuations mainly arise from diffusion of such particles or molecules into and out of the detection 

volume region due to free diffusion, causing variations in the number of molecules being probed from 

one moment to the next176. These fluctuations contain detailed dynamic information about the population 

of fluorescent particles. In case the diffusion is slow, fluctuations will be long as well, while fast diffusion 

produce short-lived fluctuations. 

A confocal microscope is generally chosen for such measurements and it is used not as an imaging 

device but as an analytical tool to define an extremely small detection volume, the confocal detection 

volume, which is on the order of 1 fL177. Avalanche photodiodes (APDs) are normally used due to their 

elevated sensitivity (often > 80% photon detection efficiency). Fluorophores can emit 106-108 photons 

per second before photobleaching, when excited near optical saturation. In this way, when using APDs, 

it is possible to detect a very large number of photons even for a very brief exposure of a single 
fluorophore176. 

Unlike typical fluorescence spectroscopy measurements, FFS measurements require a very diluted 
range of concentrations, so that fluctuations from single fluorophore/particles elicit the largest possible 

fluctuation in intensity. In the case of a homogenous population, this type of data is typically analysed 

through Fluorescence Correlation Spectroscopy (FCS). FCS measurements rely on the statistical 

analysis of the amplitude and frequency of fluctuation events177. The fluorescence signal (I) is correlated 

between I(t) and I(t + t) for a range of different delay times (t). The result is an autocorrelation curve 

(AC) containing information on the diffusion coefficient and concentration of the diffusing 

fluorophore/particle177: 



 30 

 

𝐺(𝜏) = 	 ⟨((5).((5.6)⟩〈((5)9〉
                                                            Eq.3 

 

The translate diffusion coefficient, Dt of a given fluorophore or particle undergoing free diffusion can 

be recovered through FCS using:  
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with N being the average number of fluorescent molecules in the detection volume. 𝜏D is the correlation 

time of the diffusing specie, meaning the average diffusion time of the molecule/particle when passing 

through an ellipsoidal confocal volume with axial 𝑤F and lateral 𝑤GH dimensions. The detection volume 

aspect ratio is given by S = 𝑤F	/𝑤GH.  Fluctuations can also arise due to the transition of a fluorophore 

from the excited singlet to the triplet state (intersystem crossing). Fluorophores in the triplet state do not 

emit photons, resulting in a decrease in fluorescence emission177. The triplet contribution to the AC is 

given by: 
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where T is the fraction of molecules in the triplet state and tT is the relaxation time for the singlet–triplet 

relaxation. The combined AC function for translation diffusion and triplet dynamics is therefore describer 

by Equation 6.  
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    Eq. 6 

 

In case the dimensions of the detection volume are known and 𝜏D is recovered, the diffusion 

coefficient (D) can be recovered from: 

 

𝜏D = 	
PQR	9

SD
                                                  Eq.7 
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Equation 6 can also be adapted for characterization of two different populations of diffusing species, 

with each one having a different N, T, 𝜏I and 𝜏D values. 

It is then possible to calculate the diameter of each particle using the Stokes-Einstein relation 

(Equation 8): 

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = /YZI
[\]D

                                                       Eq. 8 

where kB the Boltzmann constant (1.38x10-23 m2.Kg. s), T the temperature (298K) and 𝜂 the viscosity of 

the solution (0.000891 kg.m-1.s-1). 

However, fluorescence fluctuation from samples with greater heterogeneity cannot be adequately 

resolved using FCS analysis. In these cases, the model-free single fluctuation analysis (SFA), has been 

shown to provide in-depth distribution profiles of both sizes and membrane protein expression levels in 

heterogeneous samples 178. In this method, fluctuation events are individually characterized using an 

automatic routine which identifies the events and calculates its duration and maximum fluorescence 

intensity 178.  

FFS measurements were performed using a Leica SP5 TCS confocal inverted microscope with a 

dual channel ISS Alba fluorescence correlation detector with APDs. Measurements of liposome samples 
were carried out with 514 nm Ar laser excitation and 535-585 nm emission band pass filter. 

Measurements of recombinant OFPSpark and EV samples were performed with 488 nm Ar laser 

excitation and 500-550 nm emission band pass filter. All experiments were carried out using a 63x, NA 

1.2 water immersion objective. Experiments were made with 10 runs of 30 seconds each, where the 

samples were placed in µ-Slide 8 well IBIDI chambers with a 100k Hz frequency. Briefly, the 

experimental AC curves obtained were globally fitted with a 3D Gaussian model based on Eq. 6. For 
FCS, the analysis of the experimental AC curves was performed with Vista software (Champaign, IL, 

USA). Dimensions of the detection volume (S and 𝑤GH	/ ) were estimated from Equations. 6 and 7 using 

solutions of 10 nM Rho110 with known diffusion coefficient (DRho110 =  4.7 x 106 cm2 s-1, 179).  

For SFA analysis, FFS timetraces were analysed using homemade software created in a MATLAB 

environment. Briefly, individual events are detected when the fluorescence signal rose above a user-

defined threshold for longer than 0.4ms. The threshold was a multiple (1.25x) of the local standard 
deviation in the FFS timetrace. The duration of the event (tD) was taken as the time between the first 

and the last points above this threshold. This value was stored together with the value of the maximum 

intensity of the event. 
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Figure 10 - Scheme of FFS experiment and a model-free SFA analysis. In the very diluted range of concentrations 
of fluorescent particles, the average number of particles within a detection volume (A) defined by a confocal 
microscope is close to 0, so that no particles are found in this volume for most of the duration of the experiment. 
Upon diffusion of a fluorescent particle into this volume, the measured signal increases (red trace in B). The 
automated software detects the presence of a diffusion event i when the fluorescence signal increases above a 
threshold value which is calculated from the standard deviation of the timetrace (green line in B). The maximum 
intensity (I) and the duration of the event are extracted (tD). 

  

POPC-Rho-DOPE LUVs were prepared by solubilization of dried films of the lipids in PBS buffer, 

followed by freeze-thaw cycles to ensure homogenization of the vesicle’s composition. Vesicle 

unilamelarity was obtained through extrusion on a mini extruder (Avanti) using polycarbonate filter of 
100 nm orifices (Whatman, USA). 

1.2.9. Statistical analysis 

The results presented in this work are represented as mean +/- standard error of the mean (SEM) 

displayed as error bars. N corresponds to the number of samples and mean, and SEM were both 
calculated using GraphPad Prism 8 (GraphPad Software, CA, USA).  

Statistical analysis was also performed using GraphPad Prism. To determine the different p-values, 
a one-way or two-way ANOVA was tested followed by Tukey’s, used as a post-hoc test for multiple 

comparison. The significance level was denoted by asterisk symbols, and differences were considered 

significant when p-value was: *<0.05, **<0.01, ***<0.001 and ****<0.0001.  
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4. Results and Discussion 
4.1. Protease expression in MSCs 

The therapeutic potential of MSCs was already addressed in chapter 1. Plus, this type of cells 
represents at the moment the only cellular line with human origin that allows the production of exosomes 

at a large scale 180, 181. In the end, we expect to obtain a large number of exosomes that not only retain 

some of the MSCs properties such as immunosuppression. Since one of the objectives of this project is 

to obtain exosomes with proteolytic activity against Ab, MSCs were first transfected through lipofection 

with either pCMV3-IDE-OFPSpark and pCMV3-MME-OFPSpark to assess the ability of these cells to 

express IDE and NEP, respectively. Note that the enzyme neprilysin is also known by the name 
membrane metallo-endopeptidase (MME). Lipofectamine 2000 was used in lipofection experiments. 

Each plasmid codifies for constructs containing the respective enzyme tagged with an orange 

fluorescent protein, OFPSpark. 

 
Figure 11 - Representative confocal microscopy images of MSCs’ transfection. Top Left) non-transfected MSCs. 
Inset: Detail of autofluorescence pattern. Top Right) MSC incubated with lipofectamine in the absence of DNA. 
Bottom Left) MSC transfected with IDE-OFPSpark. Bottom Right) MSC transfected with NEP-OFPSpark. Hoechst 
33342 fluorescence is shown in blue (Nuclei staining), WGA-Alexa Fluor 633 fluorescence is shown in red (plasma 
membrane staining). Fluorescence in the green channel is both from OFPSpark and autofluorescence. Scale: 
25µm. 
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Through confocal microscopy of OFPSpark fluorescence, we assessed both enzyme expression 

and cellular localization. Note that the cells were observed in IBIDI µ-slides. It is possible to observe that 

MSCs that were not transfected (Control, Figure 12-top left) exhibit non-negligible autofluorescence in 

the green channel and it seems to be mostly present in punctate cytosolic organelles (Figure 11-top 
left, inset). The levels of autofluorescence vary greatly between different cells. MSC autofluorescence 

stems partly from endogenous fluorophores such as nicotinamide adenine dinucleotides (NADH) and 

flavin adenine dinucleotides (FAD)182 with the oxidized state of the last one being one of the main 
responsible for the autofluorescence in MSCs at these wavelengths 183.  Cells that were incubated with 

only Lipofectamine (Figure 11-top right) present comparable albeit somewhat higher levels of 

autofluorescence (Figure 12a). Lipofectamine is known to be moderately toxic to cells at typical 

transfection concentrations. The increase in autofluorescence is therefore likely to result from a change 

in the metabolic and pathologic state of the cells 184. 

In Figure 11-bottom left it can be seen that cells transfected with the plasmid encoding IDE-

OFPSpark exhibit a complex pattern of fluorescence in the green channel. For a significant fraction of 

cells, the fluorescence signal was noticeably larger than autofluorescence. For comparison, the 

fluorescence spectra of both these cells and of a solution containing recombinant OFPSpark were 

measured in the microscope (Figure 12). The maximum of the emission spectra measured for cells 

expressing IDE-OFPSpark matches the one for recombinant OFPSpark (~570 nm), confirming 
expression of the tagged IDE (Figure 12). Nevertheless, given the partial overlap of autofluorescence 

and OFPSpark fluorescence levels, it is not trivial to identify transfected cells with this plasmid.  

Finally, cells that were transfected with the plasmid encoding NEP-OFPSpark (Figure 11-bottom 
right) exhibit considerably higher fluorescence, which is again consistent with OFPSpark and even 

higher expression levels than IDE-OFPSpark (Figure 12). In the presence of this construct, transfection 

of MSC’s is unequivocal. In fact, the average fluorescence intensity in the cell population transfected 

with NEP-OFPSpark was 8 times higher than autofluorescence levels observed in cells exposed to 

lipofectamine without DNA (Figure 12a). Overall, these results illustrate the unusually high 

autofluorescence signal from MSCs. In these conditions, calculation of transfection efficiency, 

particularly for IDE-OFPSpark is not trivial due to a very likely partial overlap in autofluorescence and 
OFPSpark levels, for cells with lower expression levels. Nevertheless, results are strongly indicative of 

considerably higher expression levels of NEP in MSC cells.  
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Figure 12 - (A) Emission Spectra of non-transfected MSCs (MSCs), MSCs incubated with lipofectamine mixture in 
the absence of DNA, MSCs transfected with IDE-OFPSpark, and MSCs transfected with NEP-OFPSpark. Emission 
spectra were obtained in identical conditions through confocal microscopy after excitation at 496 nm. (B) Emission 
spectra of recombinant OFPSpark 

 

While expression of NEP-OFPSpark was demonstrated for MSC cells, given the difficulties in 

maintaining these cultures, it was advisable to use a more practical cell model to achieve a proof of 

concept for the production of proteolytic exosomes with activity against Ab peptides. After such a proof 

of concept is obtained, purification of exosomes with these properties from MSC cells can then be 

carried out. The rest of this thesis focus on the use of HEK293T cells to obtain such a proof of concept 

and characterize the obtained exosomes populations. 

 

4.2. Protease expression in HEK293T cells 

HEK293T cells are easily maintained, show very rapid cell growth and are easily transformed. 
Crucially, HEK293T cells also exhibit very transfection efficiency and high expression levels during 

transfection, counting with the ability of execute almost all post-translational modifications 185,186. Such 

characteristics not only are ideal for the expression of the proteases of interest but also to find out, 

preliminarily, if exosomes from cells transfected with one of the enzymes of study have proteolytic 

activity against Ab. HEK293T cells were transfected with both IDE-OFPSpark (using pCMV3-IDE-

OFPSpark) and NEP-OFPSpark (using pCMV3-MME-OFPSpark). 

Firstly, and because we were having difficulties in obtaining a suitable labeling of the plasma 

membrane with minimal background using Alexa Fluor 633–WGA, we optimized this labeling on non-
transfected HEK293T cells (Figure 13).  We observed that without an incubation time (Figure 13-A and 
13-B), Alexa Fluor 633–WGA is practically only concentrated in the plasmatic membrane, contrarily to 

an incubation time of 15 minutes  (Figure 13-C and 13-D), where this probe not only is localized in the 

membrane but can also be found abundantly in the cytosol. This occurs because WGA is a lectin that 

binds to glycoproteins and glycolipids in the plasma membrane. Due to endocytosis, WGA is later 

internalized and eventually concentrated in endocytic compartments and the Golgi. In addition, we also 

observed that using 5-10µL/mL (Figure 13-A vs. 13-B and Figure 13-C vs 13-D) of Alexa Fluor 633–

WGA does not affect, in general, membrane labeling and internalization of the probe. Consequently, in 
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the following studies this membrane label was added immediately before imaging using a concentration 

of 5µL/mL. 

Successful transfection with both plasmids was obtained with HEK 293T cells (Figure 14). One 

difference that can be reported is the dramatically lower levels of autofluorescence in these cells. In fact, 

for HEK293T cells, the difference in fluorescence intensity from non-transfected to transfected cells in 

the OFPSpark channel is of 1-2 orders of magnitude. Another difference that can be observed regards 

the subcellular location of IDE-OFPSpark and NEP-OFPSpark. IDE-OFPSpark shows mixed cytosolic 

and mitochondrial localization (Figure 14-A), and this type of distribution had already been reported for 
IDE187. On the other hand, it is clear that NEP-OFPSpark (Figure 14-B) is located almost exclusively in 

the plasma membrane as expected. 

 

Figure 13 - Optimization of labelling of HEK93T cells with WGA-Alexa Fluor 633. (A) Cells were incubated for 0 
min using 5µL/mL of WGA-Alexa Fluor 633. (B) Cells were incubated for 0 min using 10µL/mL of WGA-Alexa Fluor 
633. (C) Cells were incubated for 15 min using 5µL/mL of WGA-Alexa Fluor 633. (D) Cells were incubated for 15 
min using 10µL/mL of WGA-Alexa Fluor 633. Scale bar on (A) and (C): 10µm. Scale bar on (B) and (D):25µm. 
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Figure 14 - Transfection of HEK293T cells using Lipofectamine. (A) Cells were transfected with IDE-OFPSpark. (B) 
Cells were transfected with NEP-OFPSpark. Hoechst 33342 fluorescence is shown in blue (Nuclei staining), WGA-
Alexa Fluor 633 fluorescence is shown in red (plasma membrane staining). OFPSpark fluorescence is shown in 
green. Scale bar: 5µm.  

The distribution of NEP in the plasma membrane is expected to favor insertion in exosome vesicles, 

while insertion of IDE in the mitochondria is likely to hinder the incorporation of this enzyme in these 

organelles. For this reason and considering that a higher transfection efficiency was apparently obtained 
with NEP in MSC cells, we consider that NEP is the most promising candidate for a putative role as 

proteolytic component in an exosome formulation aimed at clearance of Ab peptides, independently of 

its cellular provenance.  

Taking into consideration that ultimately the exosomes produced carrying NEP will be used as a 

therapeutic tool, it is necessary to have a considerable number of engineered exosomes and for that be 

achievable a great percentage of cells must be first efficiently transfected with NEP. With this in mind, 

another transfection tool than lipofectamine was tested for optimization of the transfection efficiency of 

HEK293T cells. Thus, cells were transfected with both Lipofectamine and a polymeric transfection 
reagent, Transporter 5TM, that is based on polyethylenimine (PEI). PEI can positively charge DNA into 

positive particles that afterwards can bind to anionic cell surfaces, allowing the endocytosis of the 

complex formed by the polymeric agent and DNA by the cells 188. Unlike PEI, Lipofectamine is a cationic 

liposome formulation that binds to the negatively charged DNA and is able to either fuse with the plasma 

membrane that is negatively charged or be endocytosed 189.  

Through confocal microscopy we optimized the method of transfection of NEP-OFPSpark in 

HEK293T cells (Figure 15-A). Each image is the result of the overlay of three different channels as it is 

shown in Figure 15-B. Using Image J (National Institutes of Health, Bethesda, Maryland, USA) as a 

resource the percentage of transfected cells was calculated for each condition. Firstly, all nuclei were 

counted using the image provided by the blue channel. Each nucleus corresponded to one cell. Then, 

all transfected cells were counted overlaying the blue and the green channel. This quantification was 
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performed for each transfection condition with a minimum of 3 images (from different fields of the 

coverslip) for each condition. The result of this quantification is shown on Figure 16. Using Transporter 

5TM, the percentage of transfected cells increases with incubation time: from 3 - 24 hours the percentage 

of transfected cells almost doubles, and in the case of the 1:3 and 1:6 (µg/µL) ratios, the number of 

transfected cells also increases from 24 - 48 hours. Regarding the ratio of DNA: Transporter 5TM, a 1:4 
ratio allowed for maximum transfection efficiency for short incubation times, with negligible differences 

when using longer incubations. Nonetheless, using Transporter 5TM allows the transfection of more than 

half of the cells when incubated for at least 24 hours. Using Transporter 5TM is also a good alternative to 

Lipofectamine (Figure 16) since for the same period of incubation we obtained a higher percentage of 

transfected cells (using a 1:4 (µg/µL) ratio of DNA:Transfection Vehicle).  
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Figure 15 – a) Representative confocal microscopy images of the transfection of HEK293T cells with NEP-
OFPSpark for different DNA: Transporter 5TM stoichiometries and incubation times. Results are also shown for a 
1:4 µg/µL ratio of DNA: Lipofectamine with 3h of incubation. Hoechst 33342 fluorescence is shown in blue (Nuclei 
staining), WGA-Alexa Fluor 633 fluorescence is shown in red (plasma membrane staining). OFPSpark fluorescence 
is shown in green. b) Separate channels in an overlay image. Scale bar: 25µm. 
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Since differences between 1:4 or 1:6 (µg/µL) ratios of DNA: Transporter 5TM are small for a 48h 

incubation time, and the manufacturer advises the latter stoichiometry to be used for transfection, we 

decided on using the 1:4 (µg/µL) ratio for the production of exosomes loaded with NEP-OFPSpark.  

 

Figure 16 - % of transfected cells with NEP-OFPSpark. Comparison between different periods of incubation and 

between different proportions of DNA: Transporter 5TM (µg/µL) and comparison with a 1:4 (µg/µL) ratio for DNA: 

Lipofectamine after 3 hours of incubation. Data expressed as mean +/- SEM (at least 3 fields of view per condition 

were used. Statistics analysis was performed using two-way ANOVA with Turkey’s multiple comparison test: * 

p<0.05, **p<0.01, *** p<0.001 and **** p<0.0001. 

 

4.3. Production of EVs loaded with NEP-OFPSpark 

Using the Total Exosome Isolation commercial kit from Invitrogen we were able to obtain EVs from 

HEK293T cells that were transfected with NEP-OFPSpark. Other authors had already proved that the 
kit was suitable for the obtention of EVs and represent a good and faster alternative to some traditional 

methods of EVs isolation 190,191. EVs were obtained from cells that were not transfected (negative 

control), from cells that were incubated only with Transporter 5TM and finally from cells that were 

transfected with NEP-OFPSpark. The objective of having all these conditions was to determine if EVs 

that were loaded with NEP-OFPSpark had different properties than the EVs that were obtained from 

control cells, and also to ascertain if the Transporter 5TM polymer somehow affected the proprieties of 

the EVs. Finally, 3 different isolations of EVs loaded with NEP-OFPSpark were carried out. 

 

4.3.1. Protein Content of EVs 

Total content of protein was assed using a BCA kit. Results from the first isolation are shown in 

Table 4.  EVs that were isolated from cells expressing NEP are the ones with more protein, as expected. 

For the second and third isolations, EVs obtained from transfected cells always showed higher protein 
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content (28 - 41 % more protein than non-transfected cells). The results of protein quantification on 

these samples for all 3 isolations is shown on Table 5. 

Table 4 – Total content of protein (µg/µ L) in each EV sample for the first EV isolation  

Negative Control 513.8	

Total Protein (𝛍𝐠/
𝛍𝐋) 

Transporter 5™ + EVs 755.8	

EVs + NEP-OFPSpark 914.8	

 
 
Table 5 -Total content of protein (µg/µL) in EV samples of different isolations. 

 Total Protein (𝛍𝐠/𝛍𝐋) 

 Isolation #1 Isolation #2 Isolation #3 

EVs + NEP-OFPSpark 914.8 684.1 579.7 

 

In case of contamination of EV samples with soluble proteins, these values will not reliably describe 
protein content in EVs. In the future, the effect of further steps of purification on protein content will also 

be evaluated.  

 

4.3.2. Characterization of size and number of EVs 

The size distribution and concentration of EVs was assessed using NTA. Overall, for the three 

different conditions and for the different isolations, the distribution of sizes follows basically the same 
pattern (Figure 17). These distributions represent the average of all runs obtained from each sample. 

Typically, size distributions are centered around 110 nm, independently of the sample origin. Populations 

of EVs with approximate average sizes that correspond to 2x (~220 nm), 3x (~330 nm), and 4x (~440 

nm) that of the smaller population in each sample are also consistently found for all samples. These are 

likely to correspond to aggregations of individual EVs. The number of very large particles was somewhat 

different from sample to sample, reflecting different levels of aggregation for different sample histories. 

Note that NTA detection parameters, such as laser intensity, detection gain and intensity threshold, were 

adjusted with 100 nm beads. This is likely to create a bias towards the detection of particles with similar 
dimensions. In the future, measurements will be carried out using detection parameters adjusted with 

different size beads, for comparison of results and to preclude any possible bias created by the 

parameters chosen for data acquisition and analysis.  
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Figure 17 – Distributions of EV diameter obtained from NTA analysis. a) EVs from non-transfected cells. b) EVs 
from cells exposed to Transporter 5™. c) EVs-NEP-OFPSpark- 1st isolation. d) EVs-NEP-OFPSpark- 2nd isolation. 
e) EVs-NEP-OFPSpark – 3rd isolation. 
 
Table 6 – Average sizes +/- S.E.M (nm) of the EVs for each isolation 

 Average size ± S.E.M (nm)  

Negative Control 141.5	±	4.4	

-	  Transporter 5™ + EVs 139.5	±	1.8	

EVs + NEP-OFPSpark 141.2	±		2.2	/	148.9	±	10.3	/	138.0	±	1.4	

More important than the average size (Table 6) is the size mode, or most likely size, as this is less 

impacted by aggregation (Table 7).  Once again, there are no significative differences between the 

different conditions. As discussed in Chapter 1, the size of the exosomes usually ranges from 40 – 100 
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nm. A significant fraction of the measured EVs exhibit somewhat larger dimensions than these, 

suggesting that the sample contains other classes of EV’s than only exosomes.  

 

 
Table 7 - Size mode +/- S.E.M (nm) of the EVs. Multiple values correspond to different experiences. 

 Size mode ± S.E.M (nm)  

Negative Control 110.7	±	4.1	

 

Transporter 5™ + EVs 121.8	±	3.7	

EVs + NEP-OFPSpark 120.2	±	2.7/	109.3	±	3.9/	115.9	±	4.6	

	

Finally, the concentration of particles appears to not be influenced once again by the presence of 

Transporter 5TM and OFPSpark, since for each experience, all conditions have a concentration of 

particles in the same order of magnitude (Table 8).  

Table 8 - Particles concentration +/- S.E.M (particles/mL). Multiple values correspond to different experiences.  

 Number of particles ± S.E.M (x 108 per ml) 

Negative Control 9.20 ± 2.58	

Transporter 5™ + EVs 36.5 ± 1.43  	

EVs + NEP-OFPSpark 30.1	±	5.91/	12.1	±	2.43/	8.01	±	1.22	

	

4.3.3. Spectroscopic characterization of the EVs 

The spectroscopic characterization of the EVs is of relevance, as it describes the content of NEP-

OFPSpark in the EV sample, as well as the properties of EV’s containing NEP-OFPSpark. In Figure 18 
the emission spectrum of the different EV isolations are shown. Through observation of the spectra we 

can infer that the EVs – NEP-OFPSpark sample has indeed NEP-OFPSpark, since its spectrum is equal 

to the spectrum of the recombinant protein (OFPSpark), with a clear peak at 570 nm (Figure 12 – B).  

Although NEP-OFPSpark is present in the sample, we cannot say from this alone with certainty that the 

EVs are carrying it, as there is the possibility that NEP-OFPSpark is present in a soluble form isolated 

from EV’s. Nonetheless, by filtering the EV sample and afterwards repeating the spectrum we could 

confirm the presence of NEP-OFPSpark in the EVs. 
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 Figure 18 – Fluorescence emission Spectra of EVs obtained from: non-transfected cells (Negative control); cells 

exposed to Transporter 5TM alone (EVs – Transporter 5TM); cells transfected with NEP-OFPSpark.  

In order to calculate the concentration of NEP-OFPSpark in the samples, we used a linear 

calibration using samples of known recombinant OFPSpark concentration (Figure 19). Note that all 

spectra exhibit an emission peak around 565-570 nm. 

 

Figure 19 – Fluorescence emission spectra of the various dilutions of OFPSpark. [1:1 OFPSpark] = 0.91µM. 

 

 Afterwards, the fluorescence spectra were integrated, and a linear regression was performed 

(Figure 20). 

Figure 20 – Calibration curve of OFPSpark concentration. 
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Finally, the spectrum of each sample containing EVs with NEP-OFPSpark was obtained and 

integrated. Concentrations of NEP-OFPSpark were then recovered from the application of the linear 

regression shown in Table 9.  

 
Table 9 - Concentration of NEP-OFPSpark (nM) present in each sample of EVs-NEP-OFPSpark for each 
experience. 

 NEP-OFPSpark Concentration (nM) 

Isolation #1 13.78 
Isolation #2 9.05 
Isolation #3 8.90 

 

4.3.4. Characterization of EVs with FFS 

While NTA allows for the global characterization of EVs in the sample, it is unable to offer any 
information on the properties of a given sub-set of vesicles. This is because it relies on the light scattering 

intensity of each sample, which cannot be differentiated for a specific population. A promising alternative 

is the use of fluorescence to follow only the diffusion behaviour of a specific group of vesicles. In our 

case, we are interested on vesicles containing NEP-OFPSpark. Through detection of fluorescence 

fluctuations of OFPSpark fluorescence in solution while using a confocal microscope, it is possible to 

estimate particle sizes. While in a homogeneous population, such approach would make use of FCS 

analysis of fluctuation data, in highly heterogeneous samples, that is not possible, and an alternative 

must be considered. Such an alternative has already been demonstrated for the characterization of EVs, 
as discussed in the Methods section 178. This approach is totally empirical and model-free, so that the 

vesicle sizes and intensities recovered cannot be affected by model-based biases. 

In order to first test the methodology, POPC LUVs loaded with the fluorescent labelled phospholipid 

DOPE-Rho in a Lipid/Probe ratio of 1000 were first analysed. These LUVs are obtained by extrusion of 

multilamellar vesicles across polycarbonate membranes with 100 nm pores, so that the average vesicle 

size after extrusion is found at or slightly below 100nm. Generally, two populations of vesicles are 

obtained. One dominant corresponding to approximately 100 nm and another slightly less frequent 

corresponding to smaller vesicles which translocate across the pores without resistance. Larger 

particles should only correspond to particles that aggregate after extrusion. 

Translocation times (tD) across the confocal volume and maximum intensity of the fluctuation event 

for each liposome were measured as described in the Method’s section. The results are purely empirical 

observations and are model-free. A threshold is defined for the minimum duration of an event. In the 
case of the results shown here, this minimum was always defined as 0.4ms. Final results are shown as 

2D countour map in Figure 21. There is clearly a peak in the translocation times centred around a 

translocation time of 1.5ms and an event intensity of 30. In case the dimensions of the confocal volume 

are known, then translocation times can be converted to the hydrodynamic diameter (DH) through the 

Stokes-Einstein relation (Equation 7 and 8). To that end, diffusion times were measured through FCS 

using a fluorophore solution of known diffusion coefficient (Rho110). The results of this analysis clearly 
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confirm a peak in the size histogram for liposomes with a diameter of 100 ± 20nm, confirming the validity 

of the approach. A large number of events are still detected for larger vesicles and these are likely to 
correspond to aggregating or adsorbed vesicles, which exhibit considerably slowed down diffusion. 

Figure 21 - Fluorescence fluctuation spectroscopy analysis of 100nm LUVs loaded with Rho-DOPE. A) Diffusion 
times (tD, in ms) vs maximum fluorescence intensity for each event represented as 2D countour map. B) Particle 
diameter sizes (in nm) calculated from the diffusion times, vs maximum fluorescence intensity for each event 
represented in a 2D contour map. C) Histogram of the diameters calculated from (B). 

 

Importantly, it should be noted that when low excitation intensity was used to measure the same 

sample, results were somewhat biased to lower vesicle sizes. It is clear that when the intensity of the 

event is only moderately higher than the background signal, it is almost impossible to define with 

precision the onset and end of a given fluctuation event. As a result, in these conditions, the duration of 

the event and vesicle sizes are almost always underestimated. In the future, greater attention will be 

devoted to this issue and measurements will be performed at different illumination intensities to preclude 

similar biases.  

Next, we analysed with the same methodology the EVs that were isolated from cells transfected 

with NEP-OFPSpark. Purified recombinant OFPSpark in solution was also analysed, so that information 

on NEP concentration could also be extracted from the fluorescence intensities observed for each event. 
In Figure 22 -A it is possible to observe that diffusion times for the EVs are measured up to 1.4ms, with 
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a maximum at almost 0.8ms. Diffusion times recovered for OFPSpark were limited to below 0.6ms 

(Figure 22-B). 

 

Figure 22 - Fluorescence Fluctuation spectroscopy of EVs with NEP-OFPSpark (A) and recombinant OFPSpark 
(B).  
 

These results clearly shown that a significant fraction of fluctuation events measured on the EV 

sample can potentially correspond to the single NEP-OFPSpark in solution. These events are expected 

to have the same intensity and comparable diffusion times as the events observed for recombinant 

OFPSpark alone (Figure 22-B). Nevertheless, most events measured on the EV sample (Figure 22-A) 
can be safely distinguished from free protein diffusion, either from fluorescence intensities or diffusion 

times. Surprisingly, the majority of the events detected in the EV sample, show only moderately higher 

fluorescence intensities than OFPSpark in solution. The results seem to suggest that the number of 

occupations of NEP within a single EV is extremely low.  

It should be noted that the average fluorescence intensity of the FFS experiment with EVs was 

significantly lower than the one for liposomes. As a result, and given our observations from liposomes 

at lower intensity, it seems likely that the diffusion times for EVs are likely to be underestimated due to 

very low signal/noise ratio. The conversion of diffusion times to vesicle sizes, seems to indicate that this 

is indeed likely to have happen (Figure 23). Size values range from ~10nm to ~60nm, which is 

dramatically lower than recovered values from NTA, where peak sizes of 110 were recovered. Further 
experiments carried out at different illumination intensities are necessary to obtain a clearer picture 

regarding NEP occupation numbers in vesicles and their dimensions. It is crucial to carry out these 

measurements at higher illumination intensities, which will be done in the future. Additionally, FFS 

measurements can also be made using 2 detection channels and membrane dyes fluorescent at higher 

wavelengths, so that the presence of OFPSpark in solution or within a vesicle can be directly inferred 

from the increase in signal in only one or both channels. 
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Figure 23 - Size diameter in nm of the particles in the sample containing EVs isolated from cells expressing NEP-
OFPSpark obtained from the diffusion times.  

 

4.4. Activity assays with ECE-1 substrate 

ECE-1 substrate is a internally quenched fluorogenic substrate that can be cleaved by NEP and 

IDE 192,193.  This peptide contains a fluorophore (MCA; FRET donor) that has an emission spectrum that 

overlaps with the absorbance spectrum of a quencher (DNP; FRET acceptor), also contained in the 

peptide, resulting in a transference of energy between the fluorophore and the quencher that quenches 

the fluorescence – Förster Resonance Energy Transfer (FRET). When the peptide is cleaved at any 

position, the separation of fluorophore and FRET quencher eliminates FRET, and an increase in the 

signal is observed (Figure 24) 177. In this way, monitoring the fluorescence intensity of this peptide, 

allows for an evaluation of the activity of a protease. The maximum fluorescence intensity is reached 
when there is no more substrate for the enzyme. 

  

Figure 24 - Hydrolyzation of ECE-1 substrate by NEP. 
 

Purified porcine NEP’s activity was tested using ECE-1 substrate. This enzyme does not cut 

peptides with high specificity and always in the same region. Therefore, we can study and optimize the 

conditions at which the enzyme has more activity using a generic protease substrate such as the ECE-

1 peptide. With a peptide concentration of 10µM, we evaluated the ability of NEP to successfully cleave 

ECE-1 and characterized the impact of the protease concentration on the process. In addition, we also 

ascertained how the presence of EDTA influences NEP’s activity. 
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As predicted, MCA fluorescence intensity increases with time, confirming that NEP has indeed 

activity against ECE-1 substrate (Figure 25).  At 37 ºC, we observed that the reaction rate is faster for 

higher NEP concentration. 10 µM of peptide are cleaved by 5 and 10nM of NEP in approximately 1,5 

and 1 h respectively.  The same pattern is observed for 45 ºC, suggesting that the enzyme is stable at 

this temperature as well. When EDTA is added to the reaction mixture, a clear drop in NEP activity is 
observed. As mentioned in Chapter 1, NEP is a zinc dependent peptidase and EDTA is able to remove 

zinc from the enzyme 194, thus affecting its ability to cleave ECE-1 substrate, i.e.,  gradually inactivating 

NEP and therefore diminishing the final MCA’s concentration in solution which results in a lower value 

of MCA fluorescence intensity (Figure 25). Interestingly, at the beginning of the experiment NEP is still 

active in the presence of EDTA, and inactivation only occurs around t ~ 35 min at 37 ºC, and t ~ 20 min 

at 45 ºC. This delay reflects the kinetics of displacement of zinc from the enzyme, which occurs faster 

at higher temperatures.  

 

Figure 25 – Hydrolysis of ECE-1 substrate by different concentrations of purified porcine NEP with or without EDTA. 
(Top) Assay at 37 ºC. (Bottom) Assay at 45 ºC. All values are represented as the mean +/- S.E.M (n=3). 

 

We then proceed with these control assays by testing the activity of the EV samples against ECE-

1 substrate. In order to evaluate if EV samples could have significant fluorescence signal at 370 nm 

(wavelength where the ECE-1 substrate fluorescence is recorded in the above experiments), 

fluorescence spectra were recorded for EV populations from transfected and non-transfected (negative 

control, NC) HEK293T cells (Figure 26). The intact ECE-1 substrate peptide, which exhibit very low 

fluorescence intensity, still presents more fluorescence than EV samples. Considering that in the course 

of the experiment, the signal from digested ECE-1 substrate increases by approximately 1 order of 
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magnitude, we can safely assume that the fluorescence of samples containing ECE-1 substrate and 

EVs is mostly originating from the peptide.   

Figure 26– Fluorescence emission spectra of ECE-1 substrate and of the EVs isolated from HEK293T cells.  EVs 
were obtained from transfected (with NEP-OFPSpark) and non-transfected (Negative control, NC) cells. 

 

Using the EVs obtained from the 2nd isolation we evaluated their proteolytic activity using ECE-1 

(Figure 27). Surprisingly, breakdown of the peptide is clearly visible in the presence of highly 

concentrated EVs obtained from non-transfected cells, confirming that residual proteolytic activity from 

enzymes in the EV sample is constitutively present. Proteolytic activity of these vesicles is comparable 
to that of 10nM purified porcine NEP (Figure 27).   

Nevertheless, proteolytic activity is considerably higher in samples with EVs isolated from cells 
expressing NEP-OFPSpark. In fact, for both EV concentrations used in Figure 23, ECE-1 substrate 

breakdown is almost instantaneous, as seen from the dramatic increase in MCA fluorescence (Figure 
27). The fast increase of fluorescence is afterwards accompanied with a small decrease of fluorescence. 

One possible explanation for this behavior is that the interaction of the peptide with the EVs (which are 

highly concentrated in these experiments) promotes an additional increase of fluorescence beyond the 

increase of fluorescence due to the cut of the control peptide. Afterwards, as the peptide is further 

degraded by the enzyme and no longer partitions to the EV membrane, the fluorescence intensity 

stabilizes to a final value. Such a process would only be observable for very fast proteolysis in the 
presence of a very high concentration of vesicles, as is the case here.  

The concentrations of NEP-OFPSpark in these samples was 9 and 0.9nM. The proteolytic activity 

of both these samples is much larger than the proteolytic activity of 10nM purified porcine NEP, 
confirming that the activity of the human NEP in the isolated EV samples is orders of magnitude higher 

than the one measured for purified porcine NEP. Though to our knowledge there is no study comparing 

porcine NEP with human NEP in the literature, a study showed that trypsin from different origins, 

including porcine and human, produce different degrees of hydrolysis 195. Moreover, it is possible that 

the purification and storage of porcine NEP compromises its activity.  
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Figure 27 - Proteolytic activity of the EVs (obtained from the 2nd isolation) against ECE-1 substrate. Fluorescence 
intensity of ECE-1 substrate: in the absence of purified enzyme or isolated EVs (green); in the presence of EVs 
from non-transfected cells ([EVs-NC] = 9.20x108 particles/mL (blue); in the presence of 10nM purified porcine NEP 
(yellow); in the presence of [EVs loaded with NEP] =1.21x109 particles/mL at [NEP-OFPSpark] = 9 nM (purple) and 
in the presence of [EVs loaded with NEP]=1.21x108 particles/mL [NEP-OFPSpark] = 0.9 nM (red).T = 37 ºC. Data 
expressed as Mean+/-S.E.M (n=3). 
 

The same assay was repeated using EVs obtained from the 3rd isolation. This time incubating the 

substrate peptide with a broader range of concentrations ([NEP-OFPSpark] = 0.9nM – 0.9pM) (Figure 
28).  

Figure 28 - Figure 24– Proteolytic activity of the EVs (obtained from the 3rd isolation) against ECE-1 substrate. 
Fluorescence intensity of ECE-1 substrate: in the presence of EVs from non-transfected cells ([EVs-NC] = 8.11x10 
7 particles/mL (dark green); in the presence of 10nM purified porcine NEP (blue); in the presence of different 
dilutions of EVs loaded with NEP at [NEP-OFPSpark] = 0.9 nM (red) with [EVs-NEP]=8.01x107 particles/mL, 90pM 
with [EVs-NEP]=8.01x106 (yellow), 9.0pM (purple) with [EVs-NEP]=8.01x105 particles/mL, 0.9pM (pink) with [EVs-
NEP]=8.01x104 particles/mL. T = 37 ºC. Data expressed as Mean +/- S.E.M (n=3). 

 

The results from Figure 28 confirms the concentration dependence of EV proteolytic activity. The 
data obtained using a dilution of the EV sample to a [NEP-OFPSpark] = 9pM, also clearly shows that 



 52 

the enzyme in the EV sample is highly stable, as activity is maintained for at least 12h after the onset of 

the reaction at 37 ºC. Dilutions of EVs below a [NEP-OFPSpark] = 0.9pM lead to negligible proteolytic 

activity. 

 

4.5. Ab 1-42 fibrillation assays 

After proving that the isolated EVs have activity against a control peptide we wanted to prove that 

they also have activity against Ab in vitro. For that we used ThT assay to monitor the formation of Ab 

fibrils. For concentrations below 20µM, it is known that ThT does not interfere with the formation of 

amyloid fibrils 196. ThT has a benzylamine and a benzathiole ring that are connect thanks to a carbon-

carbon bond, functioning as a molecular rotor. When in solution, these two rings can rotate freely around 

the carbon-carbon bond, resulting in the quenching of the excited states that are generated by photon 

excitation. As a result, ThT has negligible fluorescence in its soluble free form. ThT binds to the surface 

of cross-β structures within amyloid fibrils. Upon that binding, the two rings can no longer rotate freely, 

and that results in a decrease of the quenching of the excited state. As a result the quantum yield of ThT 

increases dramatically upon fibril formation and this can be easily monitored in a microplate reader 
197,198. 

The kinetics of Ab 1-42 fibrillation was studied using different concentrations – 1µM, 2.5µM and 5µM 

of Ab peptide. Peptide stock solutions were prepared with great care as described in the Methods section 

to ensure minimal oligomerization in the stored samples, as this greatly accelerates fibrillation and 

reduces reproducibility of measurements. In fact, it is known that the obtained data from these 

experiences is affected by poor reproducibility 199.The effect of temperature in fibril formation was also 
investigated at 37ºC and 45ºC. In Figure 25, it is possible to see the dependence of amyloid fibrillation 

on temperature and the concentration of Ab 1-42 monomers. When fibrils start to form, ThT binds to 

fibrils and there is an increase of fluorescence until all Ab is incorporated in fibrils. We observed that the 

kinetics of amyloid fibrillation follows a sigmoidal behavior, as already observed by other authors 200. 

The maximal value of fluorescence increases with the concentration of Ab 1-42, since a larger number 

of monomers allows the formation of more fibril content (Figure 29-A and 29-B).  In fact, this increase 

in the number of fibrils formed is almost linear (Figure 30), as previously observed201, 200. This linearity 

allows for the quantification of total fibril content at a given time of the kinetics and can be used to 

estimate the extent of fibril formation inhibition. Regarding the effect of temperature on the formation of 

Ab 1-42 fibrils, we can see that for the same concentration, at 45ºC, total fibrillation is reached more 

rapidly than at 37ºC. 

Unlike what is seen for the other concentrations, for [Ab] = 5µM, the final ThT fluorescence is 

significantly larger at 37 ºC than at 45 ºC (Figure 29-C). The most plausible explanation is that this was 

an error originating from the use of peptide aliquots with moderately different concentrations for the 
experiments at each temperature. 
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Figure 29 - Ab1-42 fibrillation was monitored by the increase of ThT fluorescence. (A) Effect of initial Ab1-42 
concentration at 37ºC and (B) at 45ºC. (C) Effect of temperature with an initial Ab concentration of 5µM, (D) 2.5µM 
and (E) 1µM.   Variation of Lag time with temperature and concentration of Ab monomer. (D) Effect of Ab 
concentration and temperature on the rate of fibrillation. Data expressed as Mean +/- S.E.M (n=3 at least). Solid 
lines correspond to fit of the average of the data to Equation 9. 
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Figure 30  - ThT maximal value of fluorescence according to Ab1-42 initial concentration (A) at 37ºC and (B) at 
45ºC obtained from Figure 29-A and B. 

 

Three different phases can be distinguished in the formation of fibrils. A first one, where there is no 

increase of fluorescence, and therefore there is formation of fibrils, a second one where there is an 

increase of fluorescence due to the formation of fibrils and binding of ThT, and finally a third one where 

there is no increase in ThT fluorescence due to complete incorporation of  Ab in fibrils. The first phase 

is called lag-phase, where we have the primary nucleation of oligomers from monomers. At a given point 

oligomeric Ab is converted into profibrils with b-sheet secondary structure, and this gives rise to 

fibrillation. This marks the onset of the second phase (elongation phase), where predominantly 

monomers are added to aggregates contributing to its growth, and finally we have the plateau phase 
202.  Additionally, one must take into consideration that during each of the three phases we can have 

processes happening that ideally characterize the other phases, for instance, the formation of oligomers 

can occur during the elongation phase.  The kinetics of fibrillation can be described by the empirical 

Equation 9, describing the time-dependence of ThT fluorescence (I): 

𝐼 = 𝐼n +	𝑚o × 𝑡 +	
(q.	rs×5

;.	t
K(uKuv)

L
 ,                                              Eq. 9 

where t0 represents the time for which half of the maximal value of intensity is reached (𝐼w) and 𝜏 is the 

inverse of the fibrillation rate K (K = 𝜏*;). 𝐼n is the intensity at time 0, while m0 and mf are empirical 

parameters describing the rates of change of I during the lag and plateau phase. Moreover, the lag time 

for fibril formation can be calculated from Equation 10: 

𝐿𝑎𝑔	𝑡𝑖𝑚𝑒 = 	 𝑡n − 2𝜏                                                  Eq. 10 

Both lag time and the fibrillation rate were calculated for each condition (Figure 31). As expected 

by the analysis of the curves in Figure 29, when decreasing the initial Ab 1-42 concentration we observe 

an increasing of the lag time, for both temperatures, since more time is needed for the fiber’s formation 

(Figure 31-A). Furthermore, at 45ºC the lag time calculated for a given concentration considerably 

decreases when comparing with the lag times obtained at 37ºC. Concerning the rate for fibril growth, 

the rate increases with peptide concentration, i.e., a higher initial peptide concentration allows for fibers 
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to grow more rapidly and a decrease of the time between the final of the lag-phase and the beginning 

of the plateau-phase (Figure 31-B). Temperature also has an effect on this rate, as fibers are formed 

more rapidly at a higher temperature.  Once more, these findings were already observed previously 200.  

Figure 31 - Variation of Lag time in hours with temperature and concentration of Ab monomer. (B) Effect of Ab 

concentration and temperature on the rate of fibrillation in s-1. Values were obtained using Equations 9 and 10  

Data represented as mean +/- S.E.M (n=3 at least). Statistical analysis was performed using two-way ANOVA with 

Turkey’s multiple comparison test: * p<0.05, **p<0.01, *** p<0.001 and **** p<0.0001. 

After optimizing the conditions for Ab 1-42 aggregation, purified porcine NEP activity was tested 

against Ab 1-42. Using an Ab initial concentration of 5µM, at 37ºC, we compared the effect of NEP for 

different enzyme concentrations: 5nM, 10nM, 20nM, 40nM. The results show that the enzyme has 

indeed activity against Ab (Figure 32). While 40 nM of NEP completely inhibited Ab fibrillation, the 

measurements carried out with 5nM, 10nM and 20 nM of the enzyme, resulted in a significant decrease 

of final ThT fluorescence values, confirming partial inhibition of incorporation of Ab into fibrils. 

Figure 32 - ThT fibrillation assay for 5 µM Ab 1-42 at 37ºC in the presence of different concentrations of purified 
porcine NEP. Data expressed as mean+/- S.E.M (n=3). 
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 From a linear regression of the data from Figure 30 – A, final fibril content can be estimated for 

each experiment. Figure 33 shows that the increase of NEP concentration has a dramatic impact on 

the final fibril content. After 8h, 5nM of NEP inhibited fibril formation by about 40%, while 10 and 20 nM 

NEP induced 70 and 95% inhibition of fibrillation, respectively. For 40 nM NEP, complete inhibition of 

fibrillation is achieved. 

Figure 33 - % of monomer in amyloid fibrils after 8 hours according to NEP concentrations. Data obtained from 
Figure 32. 

For this experience, the lag times and the rate of fibril growth were also calculated for NEP 

concentrations of 0nM, 5nM, 10nM. As expected, the lag time increases with concentration of NEP, 

proving that the enzyme activity delays the onset of protofibril formation (Figure 34-A). While fibril 

growth rates are also diminished in the presence of NEP, a concentration dependence is not as clear 

as it is for the increase of the lag time (Figure 34-B). 

 

Figure 34 - Effect of purified porcine NEP in the recovered lag time (hours) (A) and fibrillation rate (s-1) (B) of Ab 1-
42 at different concentrations of NEP. Data expressed as mean+/- S.E.M. Statistical analysis was performed using 
one-way ANOVA with Turkey’s multiple comparison test: * p<0.05, **p<0.01, *** p<0.001 and **** p<0.0001. 
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The presence of pre-formed amyloid fibrils is expected to promote fibrillation of Ab monomers. We 

studied how the presence of already formed fibrils influenced Ab fibrillation and NEP’s activity in this 

new condition (Figure 35). Preformed fibrils were added to a 5µM concentration of Ab monomers. In 

one sample, 20nM of NEP was added, and in another (positive control), no enzyme was added. The 

pre-existing fibrils were removed from different samples, and because of that it is not possible to quantify 

how much pre-fibrillate was added to each new sample. This also explains why there is a considerable 

error associated to the fibrillation curves obtained in these conditions. The initial ThT fluorescence is 

higher in the presence of preformed fibrils as expected. The lag-time is also essentially abolished, and 
fibrillation takes place almost immediately due to the presence of fibrils. While NEP does not seem to 

be able to degrade preformed fibers, it is partially successful in inhibiting further incorporation of Ab into 

fibrillar structures, since ThT fluorescence is consistently lower than the positive control in the absence 

of enzyme. The fibrillation rate is very similar for the samples in the absence of NEP, independently of 

the presence of preformed fibrils, implying that although the pre-aggregates are able to accelerate fibril 

formation, they do not influence the rate at which incorporation of Ab into fibers take place. On the other 

hand, NEP reduces the fibrillation rate considerably (Figure 35). 

Figure 35 - Effect of pre-fibrillates in the fibrillation of 5 µM Ab 1-42 at 37ºC. Fibrillation in the presence of pre-
formed fibrils (red). Fibrillation in the presence of pre-formed fibrils and 20 nM purified porcine NEP (green). 
Fibrillation in the absence of pre-formed fibrils and NEP (pink). Data expressed as mean+/- S.E.M (n=3). 

 

Regarding the final intensity fluorescence, the value is slightly higher for the sample without pre-

formed fibrils, which is a result that was not expected. Since both conditions had the same concentration 

of monomers, they should form almost the same amount fibers, and therefore the final value of ThT 

fluorescence should be at least the same, although adding pre-formed fibrils should induce higher levels 

of ThT incorporation. One explanation for this may lie in the possibility that in the presence of pre-formed 

fibers, a considerable number of fibers may precipitate/adsorb to the walls of the well, resulting in a very 

moderate decrease of fluorescence.   

Finally, the fibrillation inhibiting activity of the samples of EVs obtained from HEK293T cells 

transfected with NEP-OFPSpark, in isolation number 3, was tested (Figure 36). Using a concentration 
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of 5µM of Ab1-42 monomers, at 37 ºC, we observed that there is a decrease in the maximal value of 

ThT fluorescence, indicating that these samples of EVs are able to prevent the formation of fibrils to 

some extent.  

Figure 36 - Inhibition of Ab1-42 fibrillation by EVs with NEP-OFPSpark. Fibrillation was monitored through ThT 
fluorescence. T= 37 ºC. Measurements are shown for the fibrillation experiment in the absence of EVs (light green) 
and in the presence of EVs with NEP-OFPSpark (dark green). [NEP-OFPSpark] = 0.9 nM. Results are also shown 
for EVs + ThT in the absence of peptide (blue) to confirm that the Intensity of ThT fluorescence is not affected by 
the presence of membranes, and for ThT in the absence of either EVs or peptide (pink). [Ab1-42] = 5µM. Data 
expressed as mean+/-S.E.M (n=3). 
 

For comparison of the inhibitory fibrillation activity of human NEP within EVs and purified porcine 

NEP, ThT fibrillation curves for 5 µM Ab 1-42 in the presence of porcine NEP were plotted together with 

data for EV NEP (Figure 37). Results show that the extent of fibrillation inhibition by EVs presenting 

human NEP at a concentration of 0.9 nM is comparable to the inhibition induced by porcine NEP at 5 

nM, suggesting once more the greater activity of the human NEP within EVs relative to the porcine NEP. 
Further studies should be carried out in order to confirm this hypothesis. 

Figure 37 - Comparison between the inhibitory activity of purified porcine NEP and NEP-OFPSpark within EVs on 
Ab 1-42 fibrillation. Fibrillation was monitored through ThT fluorescence. T= 37 ºC. Measurements are shown for 
the fibrillation experiment in the absence of NEP (orange) and in the presence of EVs with NEP-OFPSpark (pink). 
[NEP-OFPSpark] = 0.9 nM. Results are also shown in the presence of purified porcine NEP at 5 (yellow) and 10 
nM (green). [Ab 1-42] = 5 µM. Data expressed as mean+/-S.E.M. 
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Overall, the results obtained in these fibrillation assays show that porcine NEP can prevent the 

formation of Ab 1-42 fibers in vitro. Additionally, EVs loaded with human NEP are also shown to inhibit 

Ab 1-42 fibrillation with considerable efficiency. 

 

4.6. Amyloid oligomerization with Ab 1-42-HiLyte assays 

Previously, we followed the formation of fibers of Ab1-42 by monitoring the fluorescence of ThT. 

One of the drawbacks of that assay is that it does not allow to follow the formation of smaller Ab species, 

like oligomers. To overcome that, fluorescence anisotropy assays were performed 203. HL488 is an 

extrinsic fluorescence probe that can be used to label Ab monomers in order to study oligomerization. 

Although it is possible that by adding a covalent probe the aggregation process can be altered, HL488 

was recently shown to have minimal impact on the properties of Ab peptides 204. Fluorescence 

anisotropy measures the rotation of a fluorophore upon excitation with polarized light. When the 
fluorophore is excited with polarized light, it also emits polarized light. The emission depolarization can 

be caused by the rotational diffusion, and therefore fluorescence anisotropy measurements show how 

much the molecule rotated after excitation. The rotational diffusion increases when the size of a 

fluorophore decreases, and the emission is depolarized to a greater extent, causing a decrease of the 

fluorescence anisotropy 177.   

However, when identical fluorophores with an overlap between their emission and absorption 

spectra participate in the same oligomers, homoFRET can occur. The consequence of significant 

homoFRET is a decrease in fluorescence anisotropy, since transition dipoles of donor and acceptors 

are generally misaligned. As a result, when oligomers containing Ab1-42–HL488 are formed, a decrease 

in fluorescence anisotropy is expected rather than an increase. The assays occurred at 37ºC, using a 

total concentration of Ab1-42 of 5µM. Unlabeled monomers in a concentration of 4.5µM were added to 

a concentration of 0.5µM of monomers labeled with HL488 (Figure 38). 

 

Figure 38 - Fluorescence anisotropy of the Ab 1-42 peptide labelled with HL488 at 37ºC. The principal species are 
represented in each fibrillation phase. The assays occurred at 37ºC, using a total concentration of Ab  1-42 of 5 
µM. Unlabelled monomers in a concentration of 4.5 µM were added to a concentration of 0.5 µM of monomers 
labelled with HL488. 
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In Figure 38, we observe that initially there is a decrease of the anisotropy <r> of Ab1-42–HL488. 

When the oligomerization starts there is a possibility that two labeled fluorophores bind to the same 

dimer, or that a small oligomer has at least two labeled peptides that are close to each other so that 

FRET can occur. For some time, this process is more important than the increase of size, so the 

fluorescence anisotropy does not increase. <r> reaches a minimal value after an hour and almost 30 

minutes. 3 hours after the beginning of the assay fluorescence anisotropy starts to increase, reflecting 

saturation of FRET and increase in fibril size. In fact, for increasingly larger fibrils, the impact of 

diminished rotation on fluorescence polarization greatly overcomes that of homo-FRET, so that 
fluorescence anisotropy increases upon the formation of very large fibrils, even in the presence of 

residual homoFRET depolarization.  

We also performed anisotropy measurements of Ab1-42–HL488 with porcine NEP, at 37ºC (Figure 

39). The results show that when adding 20nM and 40nM of NEP to Ab there is no increase of anisotropy 

at longer incubation times, confirming that NEP is able to prevent the formation of fibers. However, the 

initial decrease of anisotropy that was previously attributed to the formation of the first oligomers is still 
present when NEP was added, suggesting that NEP is not able to prevent the formation of oligomers. 

This can happen because the enzyme is added to the well moments after Ab 1-42, and if the rate of 

oligomer formation is higher than the rate at which NEP is able to cut the ligations in the peptide. The 

hypothesis should be confirmed by further homoFRET and FCS experiments, aiming to detect 

differences in oligomerization states of Ab1-42–HL488 in the presence of NEP.  

 

Figure 39  – Fluorescence anisotropy study of the effect of NEP in the oligomerization of Ab(1-42)–HL488 at 37ºC. 
The assays occurred at 37ºC, using a total concentration of Ab1-42 of 5 µM. Unlabelled monomers in a 
concentration of 4.5 µM were added to a concentration of 0.5 µM of monomers labelled with HL488. Data expressed 
as mean+/-SEM (n=3). 
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5. Conclusion 

As the result of a society in which people live longer, the number of dementia cases has been 

increasing in the past decades. With an economic burden that will duplicate in the next decade, AD is 

not only the most common type of dementia but also one of the major causes of death in the present 

days. The fact that the mechanisms responsible for AD pathogenesis are still not yet understood is 

perhaps one of the reasons why there are still no treatments that can prevent its progress. Available 

data strongly supports a central role of Ab peptide oligomerization, accumulation and fibrillation, in 

mediating AD pathogenesis 205. 

The therapeutical approaches which reached clinical trials aiming to target Ab accumulation in the 

brain relied in either immunotherapies using Ab antibodies or on the use of secretase inhibitors to 

decrease production of Ab 205. Given the failure of these clinical trials, a new approach is necessary to 

tackle the issue of Ab aggregation. Increase of Ab-proteolytic enzymes could be it. However, given the 

lack of specificity of these enzymes towards Ab, such strategy has not been pursued.  

In this regard, achieving modification strategies for exosomes to allow for delivery of NEP in a 

specific manner to the brain is particularly appealing as an innovative therapeutical approach. Found in 

the pre-synaptic areas of neurons and in activated astrocytes and microglia, NEP levels tend to 

decrease in aged brains and in areas with high density of amyloid plaques, suggesting that even if NEP 

cannot degrade Ab oligomers it can still be implicated in AD pathogenesis.  

Currently, drug delivery is essentially accomplished by the use of liposomes – synthetic spherical 

vesicles that consist of one or more phospholipid layer 206 -  and polymeric nanoparticles 207. However, 
both delivery systems present some limitations: liposomes may have poor stability in vivo, and 

nanoparticles may face problems regarding biocompatibility 208. To overcome these problems, 

exosomes can be used as a carrying drug system – they have stability during long periods, 

biocompatibility, and are able to target tissues 209. With their small size, exosomes are able to cross the 

BBB and deliver large molecules, such as proteins, in the brain. In addition, exosomes originated from 

MSCs have been shown to carry NEP and later decreasing the levels of Ab in N2a cells.  

The purpose of this dissertation was the detailed characterization of EVs loaded with proteolytic 

enzymes and the detailed analysis of their activity against Ab 1-42. Firstly, two amyloid degrading 

enzymes, IDE and NEP, conjugated with a fluorescent protein, OFPSpark were expressed in MSCs. 

While efficient transfection efficiency was achieved with NEP, the very high autofluorescence observed 

in MSC cells precluded quantification of transfection efficiency with IDE. Production of EVs from 

HEK293T cells is significantly more straightforward than from MSC cells, so the proof of concept 

experiments for characterization of EVs was carried out from this cellular source.  HEK293T cells were 
transfected with IDE and NEP and we verified that the two enzymes were being expressed by the cells. 

Importantly, while IDE could be found in the cytoplasm and mitochondria, NEP was located almost 

exclusively in the plasmatic membrane. For this reason, we chose to proceed our studies using NEP, as 

facilitated incorporation of the enzyme in the exosomes is expected in these conditions. Cell transfection 
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was also optimized by using a PEI-based transfection vehicle, Transporter 5TM, and approximately 60% 

of the cells were successfully transfected.  

We then proceeded to the isolation of exosomes, and three different and independent isolations 

from HEK293T cells were carried out.   HEK293T were transfected with NEP-OFPSpark, and exosomes 

were purified by precipitation using the Total Exosome Isolation commercial kit. Through NTA, it was 

possible to observe that the average size of EVs was consistently found to be approximately 110 nm, 

for different isolations and independently of the presence of NEP-OFPSpark. Since exosomes are 

generally found to be smaller than 100 nm, it is clear that the population of recovered vesicles is not 

uniquely comprised of these vesicles and additional types of EVs are present. Exosome yield was 

around ~109 particles/mL. Moreover, we verified that these samples contained NEP-OFPSpark through 
spectroscopic methods.   

An FFS-based methodology was implemented to characterize the dimensions of the specific 

population of vesicles present NEP-OFPSpark content. In fact, FCS measurements are unable to 
accurately describe complex and heterogeneous populations, while the model-free FFS methodology 

used here is. The method is able to recover approximately accurate results for a population of bright 

liposomes. However, the method is likely not sensitive enough to accurately characterize vesicles 

containing a very small number of fluorophores, which elicit a fluorescence signal close to the noise. 

The methodology is likely to be of best use when using immunolabeling of EVs with bright antibodies. 

Porcine NEP activity was tested, in vitro, using the peptide ECE-1 substrate. The enzyme’s activity 

was shown to be stable up to 45 °C and to be sensitive to the presence of EDTA. When exosomes 

loaded with NEP-OFPSpark were used, the activity of human NEP-OFPSpark was shown to be much 

higher than the purified porcine enzyme, confirming the potential of NEP-loaded EVs for therapeutical 

applications requiring increased proteolytic activity.    

In order to assess the activity of NEP on Ab 1-42, firstly it was necessary to see how the process 

of Ab 1-42 fibrillation occurred without the enzyme. Consequently, we used a probe called ThT which 

becomes fluorescent when bound to amyloid fibrils, and with the increase of ThT fluorescence it is 

possible to follow the increase in the fibril content. The kinetics of fibrillization has 3 distinct phases:  a 

lag phase where the number of fibrils is close to zero, an elongation phase where there is an increase 

of the fluorescence emission that corresponds to the increase in Ab 1-42 fibril content and a plateau 

phase. Higher concentration of Ab and higher temperatures correspond to a faster kinetics of 

fibrillization. Porcine NEP activity was then tested against Ab. A decrease of the final value of ThT 

fluorescence for the same initial concentration of Ab 1-42 confirms that purified porcine NEP is capable 

of preventing the formation of Ab fibers. Moreover, NEP is able to both partially inhibit and delay 

substantially the formation of the fibers, since its presence corresponds to longer lag phases and lower 

intensities of ThT. These studies were complemented by anisotropy assays with Ab-Hilyte488, and 

although NEP is able to prevent the formation of fibers, it seems to be ineffective regarding the 

prevention of the formation of oligomers. Further studies are necessary in order to test if oligomeric Ab 

proteolysis is possible under different experiment conditions. 
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 Finally, the activity of the vesicles isolated from cells expressing NEP-OFPSpark was also tested 

against Ab 1-42. Once again, and similar to what occurred with porcine NEP, there was a decrease in 

the final value of ThT fluorescence, hence human NEP within EVs is also shown to inhibit Ab 1-42 

fibrillation to a significant extent. These results validate the therapeutical strategy of pursuing formulation 

of EVs that could compensate for a decline in NEP activity in the brain. Nevertheless, in order to use 

exosomes carrying NEP as a therapeutic approach for AD, further work needs to be developed. Firstly, 

exosomes should be isolated from MSCs cells since these cells allow for scalable production of these 

vesicles and also allow the obtention of exosomes with low immunogenicity. Additionally, they can also 

be obtained from many adult tissues, avoiding ethical problems related to the use of fetal tissue 210. To 

obtain the necessary exosome yield, MSCs can be cultured in stirred suspension bioreactors combined 

with microcarriers needed for immobilization 211, and an optimization of parameters such as pH and 
culture medium composition should also be performed. Note that since this is a product that will be used 

for therapeutic applications, the cells that are producing the exosomes must be cultured in xenogeneic-

free culture medium, i.e., FBS cannot be used. Regarding the method used for exosome isolation, here 

we used a precipitation commercial kit. This method has some drawbacks such as the sample purity, so 

ultracentrifugation-based methods should also be considered despite the long periods of time needed. 

In the end, the objective is to obtain exosome samples with high purity and yield, and also with the 

adequate size.  

NEP activity is not specific to Ab, and therefore it is not wise to simply administrate exosomes 

loaded with NEP in the blood stream. To avoid unspecific peptide degradation, exosomes should have 

specificity for amyloid material in the brain. One strategy is the use of NEP mutants with considerable 

increase in Ab specificity. Engineering of exosomes might also be necessary to avoid nonspecific 

bioaccumulation of NEP loaded vesicles in unwanted areas of the body. For example, rabies virus 

glycoprotein (RVG) is a peptide that targets brain tissue, and exosomes that express the neuron specific 
RVG peptide on the membrane have already been used to deliver molecules in the brain of mice 212. 

Luminescent conjugated oligothiophenes (LCO) can also, not only target amyloid plaques, but also 

permeate the BBB 213, thus exosomes could be modified with this compound. The host laboratory is 

currently implementing these strategies. 
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