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Abstract 

 

Alzheimer’s Disease (AD) is an age-related neurodegenerative disorder and the 

leading cause of dementia worldwide. AD affects cognitive functions with an intensity that 

leads to several functional losses. The aggregation of amyloid β (Aβ) peptides with 

subsequent formation of fibrils that deposit in senile plaques is considered one of the key 

triggers of the disease. The continuous increase in AD incidence demands the urgent 

development of effective therapeutic strategies. Despite extensive research, currently 

available medicines only focus on controlling the symptoms but do not cure the disease. 

Regarding the advances in the discovery of new treatments for this devastating disease, 

natural compounds are gaining increasing relevance. 

In this work, the ability of eight natural compounds – ferulic acid (FA), nicotine (NIC), 

caffeine (CAF), caffeic acid (CA), ascorbic acid (AA), vanillic acid (VA), gallic acid (GA) and 

vitamin B12 (VB12) - to inhibit the Aβ1-42 aggregation as well as to disrupt mature fibrils 

was evaluated. To this end, a thioflavin T (ThT) fluorescence assay was employed to 

quantify the content of Aβ fibrils. The attained results revealed that CA, GA, and VB12 are 

the most promising molecules for AD therapy by inhibiting the Aβ1-42 fibrillation and 

disaggregating mature fibrils.  

As the in vivo environment may affect the drugs' efficacy in inhibiting the amyloid 

aggregation or disrupting mature fibrils, it is critical to evaluate their anti-amyloidogenic 

activity in the presence of specific cellular components. Thus, this study also assesses the 

ability of CA, GA, and VB12 to prevent Aβ1-42 aggregation and/or to disrupt mature fibrils in 

a cellular membrane-like environment. To this end, liposomes made of 1,2-dimyristoyl-sn-

glycero-3-phosphocholine (DMPC), cholesterol (CHOL), sphingomyelin (SM), and l-α-

phosphatidylserine (PS) - the major lipid components of neurons - were used as an in 

vitro model of neuronal membranes. The anti-amyloidogenic activity of CA, GA, and VB12 in 

the cell membrane-like environment was compared to the bulk solution and discussed 

based on their lipophilicity. The results suggest that lipid membranes affect the natural 

compounds’ anti-amyloidogenic properties due to the partition of the molecules to the lipid 

membrane, which prevents them from interacting with Aβ. Even so, CA, GA, and VB12 

showed strong anti-amyloidogenic properties in the cell membrane-like environment, 

supporting the view that these compounds could be a promising approach for preventing 

and curing AD. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/membrane-lipids
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Knowing the limiting characteristics of natural compounds, the encapsulation of CA, 

GA, and VB12 into liposomes composed of 1,2-distearoyl-sn-glycero-3-phosphocholine 

(DSPC), CHOL, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (18:0 PEG2000 PE), and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG2000 amine) is 

proposed in this work. CA, GA or VB12-loaded liposomes functionalized with transferrin 

(Tf) were produced, envisaging the dual-targeting of the natural compounds to the blood-

brain barrier (BBB) and neuronal cells due to the overexpression of Tf receptors in these 

cells. The produced liposomes presented sizes smaller than 200 nm, with low polydispersity 

and neutral zeta potential, being suitable for brain delivery. The nanoparticles exhibited 

adequate encapsulation efficiencies, sustained release of natural compounds, and physical 

stability under storage conditions for up to 2 months. The developed drug delivery systems 

(DDSs) were capable of delaying the formation of Aβ fibrils and disrupting mature fibrils, 

highlighting their great potential for the prevention and treatment of AD. 

Since AD is a chronic illness, the long-term administration of therapeutic molecules is 

needed. Therefore, the toxicity of the prolonged administration of liposomes composed of 

DSPC, CHOL, and DSPE-PEG2000 amine was evaluated in adult wild-type mice (C57Bl6). 

These animals were subjected to 10 doses administered intravenously over 3 weeks. The 

obtained results highlight the safety of the developed neutral liposomes and support their 

use as safe nanocarriers, even when repeated doses are needed. 

 

Keywords: Neurodegenerative disease, Amyloid β peptide, Fibrillation, Fibril 

disaggregation, Natural compound, Anti-amyloidogenic properties, Lipid membrane model, 

Liposomes, Drug delivery, Brain delivery, Blood-brain barrier, Nanocarrier, Nanoparticles, 

Transferrin 
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Resumo 

 

A Doença de Alzheimer (DA) é uma doença neurodegenerativa relacionada com o 

aumento da idade e é a principal causa de demência no mundo. A DA afeta as funções 

cognitivas com uma intensidade que leva a diversas perdas funcionais. A agregação do 

peptido β amilóide (Aβ) com posterior formação de fibras que se depositam em placas senis 

é considerada um dos principais desencadeadores da doença. O aumento contínuo da 

incidência de AD exige o desenvolvimento urgente de estratégias terapêuticas eficazes. 

Apesar da extensa pesquisa, os medicamentos convencionais focam apenas no controle dos 

sintomas e não curam a doença. Com os avanços na descoberta de novos tratamentos para 

esta doença devastadora, os compostos naturais ganham cada vez mais relevância. 

Neste trabalho, a capacidade de oito compostos naturais – ácido ferúlico (FA), nicotina 

(NIC), cafeína (CAF), ácido cafeico (CA), ácido ascórbico (AA), ácido vanílico (VA), ácido 

gálico (GA) e vitamina B12 (VB12) - para inibir a agregação de Aβ1-42, bem como para 

desagregar fibras foi avaliada. Para este fim, um ensaio de fluorescência de tioflavina T 

(ThT) foi usado para quantificar o conteúdo de fibras Aβ. Os resultados obtidos revelaram 

que CA, GA e VB12 são as moléculas mais promissoras para a terapia da DA por inibir a 

agregação e desagregar fibrilas. 

Como o ambiente in vivo pode afetar a eficácia das drogas em inibir a agregação ou 

desagregar fibras, é fundamental avaliar a atividade anti-amiloidogénica na presença de 

componentes celulares específicos. Assim, este estudo também avalia a capacidade de CA, 

GA e VB12 para prevenir a agregação de Aβ e/ou desagregar fibras num ambiente 

semelhante à membrana celular. Para isso, lipossomas compostos por 1,2-dimiristoil-sn-

glicero-3-fosfocolina (DMPC), colesterol (CHOL), esfingomielina (SM) e l-α-fosfatidilserina 

(PS) - os principais componentes lipídicos dos neurónios - foram usados como modelo in 

vitro de membranas neuronais. A atividade anti-amiloidogénica de CA, GA e VB12 no 

ambiente semelhante à membrana celular foi comparada com o ambiente aquoso e 

discutida com base nas lipofilicidades dos compostos. Os resultados sugerem que as 

membranas lipídicas afetam as propriedades anti-amiloidogénicas dos compostos naturais 

devido à afinidade das moléculas para a membrana lipídica, o que as impede de interagir 

com Aβ. Mesmo assim, CA, GA e VB12 mostraram fortes propriedades anti-amiloidogénicas 

no ambiente semelhante à membrana celular, apoiando a visão de que estes compostos 

podem ser uma abordagem promissora para prevenir e curar a DA. 
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Conhecendo as características limitantes dos compostos naturais, a encapsulação de 

CA, GA e VB12 em lipossomas compostos por 1,2-diestearoil-sn-glicero-3-fosfocolina 

(DSPC), CHOL, 1,2-diestearoil-sn-glicero- 3-fosfoetanolamina-N-[metoxi(polietilenoglicol)-

2000] (18:0 PEG2000 PE) e 1,2-diestearoil-sn-glicero-3-fosfoetanolamina-N-

[amino(polietilenoglicol)-2000] (amina DSPE-PEG2000) é proposta neste trabalho. Foram 

produzidos lipossomas carregados com CA, GA ou VB12 e funcionalizados com transferrina 

(Tf), visando o direcionamento duplo dos compostos naturais para a barreira 

hematoencefálica (BHE) e células neuronais devido à sobre-expressão de receptores de Tf 

nessas células. Os lipossomas produzidos apresentaram tamanhos inferiores a 200 nm, com 

baixa polidispersidade e potencial zeta neutro, sendo adequados para entrega cerebral. As 

nanopartículas apresentaram eficiências de encapsulação adequadas, libertação sustentada 

dos compostos naturais e estabilidade física sob condições de armazenamento até dois 

meses. Os sistemas de entrega de drogas (SEDs) desenvolvidos foram capazes de retardar a 

formação de fibras Aβ e desagregar fibras, destacando o seu grande potencial para a 

prevenção e tratamento da DA. 

Como a DA é uma doença crónica, é necessária a administração contínua de moléculas 

terapêuticas. Portanto, a toxicidade da administração prolongada de lipossomas compostos 

por DSPC, CHOL e DSPE-PEG2000 amina foi avaliada. Ratos adultos (C57Bl6) foram 

submetidos a 10 doses administradas por via intravenosa ao longo de 3 semanas. Os 

resultados demonstram que os lipossomas não apresentam toxicidade para administração 

repetida. Os resultados obtidos destacam a segurança dos lipossomas neutros 

desenvolvidos e confirmam que podem ser utilizados como nanotransportadores seguros, 

mesmo quando doses repetidas são necessárias. 

 

Palavras-chave: Doença neurodegenerativa, Peptído β amilóide, Fibrilação, Desagregação 

de fibras, Composto natural, Propriedades anti-amiloidogénicas, Modelo de membrana 

lipídica, Lipossomas, Entrega de droga, Entrega no cérebro, Barreira hematoencefálica, 

Nanotransportador, Nanopartículas, Transferrina 
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Chapter 1  

Introduction 

 

Alzheimer's disease (AD) is a chronic illness caused by an irreversible and 

progressive brain degeneration, which compromises patients' memory, cognition, and 

personality, eventually leading to death. AD represents the most common cause of 

dementia, accounting for over 70% of the cases globally [1]. Statistics by the World Health 

Organization (WHO) indicate that more than 40 million people are currently diagnosed with 

AD worldwide, and the incidence of AD is expected to triple in 30 years [2]. Despite the 

persistent attempts of the pharmaceutical and research sectors, AD continues to be a 

serious emotional, social and economic burden since the disease remains untreatable. 

Regrettably, most currently available AD drugs only temporarily improve the disease's 

symptoms. However, the recent approval of Aduhelm brings hope to AD therapy, although 

its effectiveness is still a matter of debate. Along this line, new medicines capable of 

preventing, delaying, or even curing AD are urgently needed.  

Although the exact mechanisms that cause AD are still debated, it is widely accepted 

that senile plaques in patients' brains are associated with the disease. These neuritic 

plaques comprise misfolded forms of amyloid-β (Aβ) peptides aggregated into fibrils and 

cause neurotoxicity directly or indirectly by inducing overt inflammation and oxidative 

stress [3]. Moreover, substantial evidence reveal that biological membranes play a crucial 

role in the protein misfolding process [4]. Preventing the aggregation of Aβ or 

disaggregating misfolded Aβ structures are thus viable therapeutic options for preventing 
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or treating AD, respectively. Aducanumab was recently approved by the U.S. Food and Drug 

Administration (FDA) for AD therapy, particularly in those with the illness at the early 

stages. Marketed as Aduhelm, aducanumab is a monoclonal antibody that bind to the senile 

plaques, enhancing their removal from the brain [5]. Regardless, the effectiveness of 

aducanumab is debated [6], and more effective therapeutic alternatives are still being 

evaluated. 

  Natural compounds were the first molecules used as therapeutic agents. Nowadays, 

the study of some of these natural compounds revealed that they present neuroprotective 

effects, arousing an increasing interest in the scientific community and the pharmaceutical 

industry. A diversity of natural compounds was described as suitable for preventing and 

attenuating several neurological diseases, including AD [7]. Despite the promising results in 

preclinical studies, there is still no solid evidence that natural compounds can prevent or 

treat the disease clinically. This has been connected to some of their characteristics, 

including low solubility, absorption, and bioavailability, in vivo instability, lack of specificity, 

high systemic clearance, and inability to cross the blood-brain barrier (BBB), which prevent 

them from reaching the brain [8]. 

  Drug delivery systems (DDSs) targeting the brain seem to be a promising strategy to 

increase the bioavailability of natural compounds and transport across the BBB. DDSs can 

protect the natural compounds from biological degradation and transport the molecules to 

the brain by masking their limiting physicochemical properties. Thus, low doses of natural 

compounds are slowly released into the brain, increasing the efficiency of the therapeutic 

effects [8]. 

  The main goals of the present work were: i) to evaluate the natural compounds’ ability 

to inhibit the Aβ1-42 fibrillation and disaggregate mature fibrils in a neuronal cell membrane-

like environment using liposomes as biomembrane models; ii) to design and produce 

targeted liposomes as nanocarriers for the brain delivery of natural compounds and 

evaluate their anti-amyloidogenic properties; and iii) to evaluate the safety of the developed 

nanocarriers in vivo. 

  This dissertation is organized into six chapters. This chapter – Introduction – presents 

the subject and main goals of this research work. Chapter 2 – State of the Art – overviews 

AD and natural compounds-based therapeutics. Nanotechnology is also described as a 

suitable therapeutic strategy, and a review of the studies that have developed targeted 

nanoparticles (NPs) for the brain delivery of natural compounds for AD is presented. Part 
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of the content of this chapter has been published in manuscripts 4, 5, 9, and 10, and in the 

book chapter 1. Chapter 3 – Anti-Amyloidogenic Activity of Natural Compounds in the 

Presence of a Neuronal Membrane Model – starts with screening various natural 

compounds for anti-amyloidogenic properties in a bulk solution. Then, the effect of in vitro 

neuronal cell membranes on natural compounds’ therapeutic activity was assessed using 

liposomes as cell membrane models. The results presented in this chapter have been 

published in papers 2, 3, and 6. Chapter 4 – Transferrin-Functionalized Liposomes for 

Alzheimer's Disease Therapy with Natural Compounds – presents the methodology, 

attained results and respective discussion for the development and therapeutic evaluation 

of transferrin-functionalized liposomes for natural compounds delivery. The results of this 

chapter were submitted for publication. Chapter 5 – in vivo Toxicity of Liposomes – presents 

an extensive toxicity study following multi-dose intravenous administration of the 

developed liposomes in mice, compared with traditional cationic liposomes. The findings 

from this chapter were published in paper 1. Finally, an overall summary of this project and 

its main conclusions are presented in Chapter 6 – Concluding Remarks. 
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Chapter 2  

State of the Art 

 

2.1. Alzheimer's Disease 

As people get older, neurodegenerative diseases become more common. 

Neurodegenerative diseases refer to a group of disorders that predominantly damage the 

neurons in the brain. These are incurable and severe disorders that cause nerve cells to 

degenerate or die over time. As neurons are damaged, there is a loss of brain activity leading 

to movement and mental functioning issues such as thinking, remembering, and reasoning 

to the extent that it affects the patients' daily lives and activities. The group of symptoms 

that are caused by brain disorders, promoting that an individual cannot fulfill his/her basic 

activities independently, is called dementia [1]. 

Dementia is a serious global health concern affecting around 50 million people 

worldwide, with nearly 10 million new cases diagnosed annually. The WHO estimates that 

the incidence will triple by 2050 [2]. AD is the most common neurodegenerative disease 

and the leading cause of dementia in the elderly, accounting for around 70% of cases 

globally. AD was first discovered in 1906 by the German neurologist Alois Alzheimer after 

noticing changes in the brain tissue of a 51-year-old woman who had died of an unusual 

mental illness [3].  
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AD is characterized by severe loss of cognitive functions and declarative memory, 

communication issues, and psychiatric symptoms such as apathy, spatial disorientation, 

general disinterest, depression, agitation, and aggression [4]. AD patients frequently 

experience a loss of emotional control, usually accompanied by physical or verbal violence. 

As the disease progresses, AD patients develop motor problems to such an extent that they 

disable them from walking and performing daily tasks such as dressing or eating. AD 

remains a progressive disease and, so far, irreversible [5].  

 

 2.1.1. Epidemiology 

 Increasing age is the most well-known risk factor for AD. The prevalence of AD 

increases dramatically with age, with less than 1% of people under 65 diagnosed with AD. 

The disease affects approximately 3% of individuals aged between 65 and 74 years old. AD 

incidence increases to 17% in people aged between 75 and 84 years old. Individuals 85 or 

older with AD reach 32%. Almost half of the world's population over the age of 75 was 

diagnosed with AD. Nevertheless, it is important to emphasize that AD does not represent a 

normal part of aging, and older age alone is not enough to trigger the disease [6]. 

 Usually, AD remains undiagnosed in the first years. The average period between the 

onset of the symptoms and the diagnosis of AD is 2.8 years. After that, the average life 

expectancy is around 8 to 10 years. The life expectancy of AD patients older than 80 

significantly decreases to 3.4 years. However, some AD patients can live much longer, often 

15 or even 20 years after diagnosis [7]. 

 Following age, the major risk factor for AD is sex. Women are disproportionately 

affected by AD, accounting for almost two-thirds of the world's population with AD. This can 

be explained by women's longer life expectancy than men, making them more likely to reach 

the ages of greater risk. However, recent findings suggest that there may be biological 

explanations for this disparity beyond longevity [8]. 

 The WHO estimates that more than 40 million people are diagnosed with AD, globally. 

With the mean life expectancy increasing, it is expected that the AD incidence will increase 

to 66 million by 2030, 80 million by 2040, and 150 million by 2050 [9]. Because current 

treatments are merely symptomatic, AD will remain an increasing clinical, social, and 

economic burden in the following years. 
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 2.1.2. Pathogenesis 

 AD patients' brains are microscopically characterized by intraneuronal 

neurofibrillary tangles (NFTs) and extracellular senile plaques. NFTs consist of paired 

helical filaments formed by hyperphosphorylated tau, a protein responsible for the 

assembly and stability of microtubules in neuronal cells and axoplasmic transport. NFTs are 

commonly localized in the hippocampus, entorhinal cortex, amygdala, and perirhinal cortex. 

Senile plaques are extracellular deposits of Aβ peptides [10]. In an early stage, senile 

plaques appear in the brain's basal, temporal, and orbitofrontal neocortex areas and spread 

across the neocortex, hippocampus, amygdala, diencephalon, and basal ganglia in later 

stages. As AD progresses, Aβ is found in the mesencephalon, lower brain stem, and 

cerebellar cortex. Hyperphosphorylated tau and insoluble tangles appear first in the limbic 

system (entorhinal cortex, hippocampus, dentate gyrus) and then in the cortical region. 

Macroscopically, the AD patients' brain exhibits modified morphology, including 

enlargement of the ventricular system and atrophy of the frontal, temporal and parietal 

cortex due to synaptic degeneration and neuron death [11]. Although both NFTs and senile 

plaques are considered the major players in the AD progression, more importance is given 

to the amyloid plaques as evidence supports a direct relationship between the disease 

severity and the concentration of Aβ aggregates.  

 Aβ is a physiological peptide with a characteristic β-pleated sheet configuration that 

derives from the proteolytic cleavage of the amyloid precursor protein (APP), a 

transmembrane protein with cell surface receptor properties. The APP gene codes for 

multiple isoforms of a glycoprotein that contain a membrane-spanning sequence, a long N-

terminal extracellular region, and a short C-terminal cytoplasmic tail. Although the shorter 

APP695 is the most abundant form of APP in the brain, different APP isoforms are also 

produced with sizes ranging from 695 to 770 amino acids. APP is highly expressed in 

neurons, although it can also be found in lower amounts in other tissues [12]. 

 The Aβ sequence is found within the cell surface, with a peptide fragment 

incorporated into the membrane. The APP can be processed through two main pathways: 

non-amyloidogenic and amyloidogenic (Figure 2.1). In the non-amyloidogenic pathway, the 

proteolytic enzyme α-secretase cleaves the APP within the Aβ domain in its transmembrane 

region to produce the soluble carboxyl-truncated form of APP (SAPPα), which includes the 

first 16 amino acid residues of Aβ. The remnant C-terminal proteolytic product with 83 

amino acids (C83) is cleaved by γ-secretase yielding two non-amyloidogenic fragments, p3 
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and AICD. In the amyloidogenic pathway, the APP cleavage by β-secretase produces another 

soluble form of APP (SAPPβ) and a 99-amino-acid C-terminal fragment (C99). Then, γ-

secretase cleaves the APP near the N-terminus of Aβ, producing Aβ peptides ranging from 

38 to 43 residues [12]. 

 

Figure 2.1. Non-amyloidogenic and amyloidogenic processing of the amyloid precursor 

protein (APP). 

 

  Depending on the pattern of cleavage of APP, Aβ can vary in length at the C-terminus. 

The regulatory activity of the three different proteolytic enzymes, α-, β-, and γ -secretases, 

in their specific cleavage sites produces various products, including Aβ1-40 and Aβ1-42. Aβ1-40 

is the most abundant isoforms of Aβ peptide, accounting for around 90%, and it is mainly 

produced by the APP cleavage in the trans-Golgi network. However, Aβ1-42 is considered the 

more amyloidogenic isoforms of Aβ since it aggregates more readily than Aβ1–40. This 

isoform is mainly produced in the endoplasmic reticulum [13]. 

  After being released from cells in a water-soluble form, Aβ peptides may misfold and 

gradually aggregate into oligomers, known as the lag phase (Figure 2.2). Elongation then 

occurs, resulting in the formation of protofibrils. In the last stage, protofibrils assemble into 

insoluble mature fibrils (stationary phase), which deposit into extracellular senile plaques 

[14]. It appears that the Aβ aggregation requires the conformational transitions of α-helices 

https://chemistry-europe.onlinelibrary.wiley.com/doi/full/10.1002/cphc.202100124#cphc202100124-fig-0001
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to β-sheets. Initially, soluble monomeric form of Aβ with α-helix conformation aggregated 

in species-rich antiparallel β-sheet structures. The transition of antiparallel to parallel β-

sheet results in converting oligomers into fibrils [15]. 

 

Figure 2.2. Schematic representation of amyloid β (Aβ) fibril formation. Images of Aβ1-42 

(25 µM) in phosphate buffer saline (PBS) were acquired by transmission electron 

microscopy (TEM). Scale bars correspond to 100 nm (left) and 200 nm (right). 

 

 The aggregation and fibrillation of Aβ have been pointed as the main trigger of the 

neurotoxicity and pathogenesis of AD. Numerous findings revealed that the toxicity of Aβ 

depends on its aggregation status. While monomers were shown to be nontoxic, oligomers 

have been indicated as the most toxic species of Aβ. Protofibrils followed by fibrils also 

induce some toxicity, although to a lesser extent [16]. 

 

 2.1.3. Genetic 

  From a genetic perspective, AD is a heterogeneous pathology with familial (around 

15-25% of AD cases) and sporadic variants (approximately 75-85% of AD cases) [17]. 

Familial AD is an autosomal dominant condition that commonly begins before the age of 65 

years. Mutations at the APP gene on chromosome 21 were first found to cause the familial 

form of the disease. Although several APP mutations have already been identified, they 

explain a reduced number of familial AD cases. Presenilin 1 (PSEN1) and presenilin 2 
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(PSEN2) gene mutations are responsible for the majority of cases of familial AD. Currently, 

32 APP, 179 PSEN1, and 14 PSEN2 gene mutations have been identified [18]. 

  Mutations in APP or presenilins genes are thought to alter the cleavage site, resulting 

in increased synthesis of Aβ1-42 peptides. PSEN1 and PSEN2 mutations affect the 

concentrations of Aβ1-42 since these genes encode the major component of γ-secretase, 

which is involved in the APP cleavage and consequent Aβ peptide production. The Aβ1-42 

oligomerization and plaque deposition in the human brain were found to be enhanced in 

the presence of presenilin mutation. Moreover, an increased ratio of Aβ1-42/Aβ1-40 has been 

found in transgenic mice and humans' brain [19]. 

  Sporadic AD has a considerable genetic component, ranging from 50% to 70% of total 

cases. Several risk genes for AD have been identified, with the apolipoprotein E (ApoE) gene, 

located on chromosome 19, considered the major genetic risk factor for AD. The three 

majors human ApoE alleles are ApoE ε2, ApoE ε3, and ApoE ε4. The most common allele is 

the ApoE ε3, which is found in about 77% of the world's population. It is considered to play 

a neutral role in AD. In turn, ApoE ε2 is the least common allele, accounting for around 8%, 

and it is thought to play a protective role on AD onset. The ApoE ε4 is roughly 15% in healthy 

individuals, but it rises to around 40% in AD patients. The presence of one ApoE ε4 allele 

anticipates the AD onset's age in approximately 5 to 10 years. In the presence of the two 

alleles, these values rise to 10 to 20 years. The ApoE ε4 allele increases the risk of AD three 

times in heterozygotes and 15 times in homozygotes. However, this allele is neither 

necessary nor sufficient for developing AD [20]. 

  The molecular mechanism behind the ApoE ε4 allele-promoted AD incidence results 

of a cascade of events. ApoE protein acts as a carrier of cholesterol (CHOL) to the brain, 

which modulates the APP processing by increasing the β-secretase activity, resulting in 

increased production of Aβ peptide [21]. 

Rare variants in the triggering receptor expressed on myeloid cells 2 (TREM2) gene, which 

encodes a receptor expressed in myeloid cells that modulates inflammatory responses – 

have been demonstrated to triple an individual’s risk of developing AD. TREM2 is a 

transmembrane receptor expressed in myeloid cells, and its link with AD suggests that 

immunological and inflammatory pathways are involved in the cause of AD, rather than as 

a consequence. TREM2 variants associated with AD induce partial loss of function of the 

TREM2 protein and affect microglial cell activity, especially their response to amyloid 

plaques {Carmona, 2018 #334}. 
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 2.1.4. Amyloid Cascade Hypothesis 

  The amyloid cascade hypothesis (ACH) has been the most influential model of AD 

pathology (Figure 2.3).  The ACH postulates that the neurodegeneration observed in AD is 

initiated by the abnormal accumulation of Aβ plaques in various brain areas [22]. According 

to this hypothesis, mutations in the APP, PSEN1, and PSEN2 genes induce deregulation in 

APP processing, causing the increase in the production of Aβ peptides and in the Aβ1-42/Aβ1-

40 ratio, or the generation of prone-to-misfold mutant Aβ peptides, facilitating their 

aggregation. In the early stages of the disease, Aβ oligomers (soluble non-fibrillar Aβ 

assemblies with 2 to 12 peptides) impair synaptic functions and attenuate microglial 

phagocytic functions through strong proinflammatory responses. As a result, the efficiency 

of microglia to clear Aβ aggregates decreases, promoting its deposition in the brain as 

diffuse plaques. While Aβ non-fibrillar species, namely oligomers, have been linked to the 

onset of AD symptoms, secondary events are related to amyloid plaques [23]. The formation 

of these diffuse plaques results in microglial and astrocytic activation, altered ionic 

homeostasis, oxidative stress, and hyperphosphorylation of tau protein with NFTs 

formation at a later stage of the disease. NFTs accumulate inside the neurons leading to 

neurotransmitter system deficits, synaptic dysfunction, and neuronal loss in critical areas 

associated with cognitive functions such as memory. This cascade of events culminates in 

cell death leading to dementia [24]. 
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Figure 2.3. Amyloid cascade hypothesis (ACH). 

 

 

2.2. The Role of Amyloid β-Biomembrane Interactions in 

Alzheimer's Disease 

  Although initially considered an abnormal product of the APP cleavage, the Aβ 

peptide is now established as a regular metabolic product found in healthy peoples' 

cerebrospinal fluid and serum. Nontoxic soluble Aβ peptides with an unordered structure 

are found in biological fluids at low concentrations (<10–8 M) [25]. However, it is well 

documented that Aβ only forms fibrils at a concentration above 1 μM in vitro, thus 

suggesting the presence of some mechanism that promotes the abnormal aggregation of Aβ 

in vivo. Although the structural conversion of monomeric Aβ into aggregates has not yet 

been fully clarified, substantial evidence reveals that cell membranes play a crucial role in 

enhancing the Aβ aggregation rates. In turn, neuronal membrane damage caused by the 
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interaction between Aβ and biomembranes has been related to the early impairments 

observed in AD patients [15]. The disruption of lipid membranes induced by Aβ has been 

considered one of the major pathological mechanisms of AD. Moreover, increasing evidence 

indicates the variation of membranes' properties such as fluidity and permeability are 

possible mechanisms for toxicity mediated by Aβ. Three distinct mechanisms of membrane 

permeabilization as consequence of Aβ-biomembrane interactions have been proposed so 

far (Figure 2.4) [26].  

 

Figure 2.4. Molecular mechanisms of Aβ-induced membrane permeabilization. 

 

  The carpeting effect involves the destabilization of the membrane permeability via 

the direct interaction of Aβ with the membrane's surface, without specific binding sites. This 

interaction leads to an asymmetric pressure between the two lipid layers of the membrane 

and consequence deregulation of small molecules' leakage (Figure 2.4 A). According to the 

pore formation model, oligomeric pores crossing the transmembrane are formed, allowing 

the exchange of ions through the lipid bilayer with consequent destabilization of the ionic 

homeostasis (Figure 2.4 B). In the detergent-like model, mature Aβ fibrils adsorbed on the 

membrane's surface remove lipids from the bilayer producing micelles-like structures that 

lead to defects in the membrane (Figure 2.4 C) [15]. 

 

 2.2.1. Cell membranes 

  Cell membranes are important cellular components involved in most biochemical 

processes. Considered the shield of animal eukaryotic cells, cell membranes work as 
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permeable selective barriers between the inside and the outside environments. Thus, by 

controlling both the influx and the efflux of compounds, cell membranes are involved in the 

regulation of homeostasis processes and the transport of molecules [27]. Other key 

functions of cell membranes include the maintenance of chemical and electrical gradients, 

regulation of membrane-bound enzyme activity, supply of substrates for metabolism, 

promotion of signal transduction, and protein trafficking [28]. 

  First proposed in 1972 by Singer and Nicolson, the fluid mosaic membrane model 

describes biological membranes as fluid and complex structures composed of a 

phospholipid bilayer with embedded proteins able to freely diffuse within the lipid bilayer. 

This structure is mainly composed of phospholipids, sterols, and sphingolipids (Figure 2.5). 

Phosphatidylcholine (PC) is the most abundant phospholipid in eukaryotic cell membranes, 

accounting for approximately 40-60% of the lipid content. Phosphatidylethanolamine (PE) 

(15-25%), phosphatidylserine (PS) (5-15%), and phosphatidic acid (PA) (1-2%) are found 

in smaller amounts [29]. Due to the amphipathic nature of phospholipids, biological 

membranes are relatively impermeable to water-soluble compounds.  

 

Figure 2.5. Schematic illustration of a cell membrane. 

 

  CHOL is another major component of cellular membranes and the most predominant 

sterol, representing 15 to 50% of the total lipid content [30]. This molecule provides 

mechanical strength to the bilayer, therefore affecting the structural organization and 

packing of the surrounding phospholipids. CHOL molecules also regulate the phase 

behavior of membranes, promoting an ordering and rigidizing effect of the physiologically 
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fluid state of the membrane, and displaying an opposite impact on gel state membranes. 

Thus, CHOL has been proposed to reduce membrane permeability [31]. 

  Sphingomyelin (SM) is the main sphingolipid found in animal cell membranes. Its 

interaction with CHOL and proteins leads to the formation of dynamic lipid rafts that exhibit 

a more ordered and tightly packing than the surrounding bilayer, typically defined as the 

liquid-ordered phase of membranes [28]. These microdomains have a relatively short 

lifetime and are involved in signal transmission and cell recognition [32].  

  Despite cell membranes exhibiting different compositions and organization 

depending on the organelles and cell type, there is also an asymmetry in the lipid 

composition of the two monolayers of the cell membrane. While the most abundant lipids 

in the outer monolayer are PC, CHOL, and SM, the inner monolayer is mainly composed of 

phosphatidylinositol (PI), PS, and PE [28]. Such asymmetry contributes to specific functions 

that include recognition events, regulation of membrane budding, and structural stability 

[33]. Evidence has highlighted the importance of membrane heterogeneity in maintaining 

biological membranes functions [34]. 

 

 2.2.2. Biomembrane models 

  High-resolution mechanisms of Aβ-membrane interactions remain unclear due, in 

large part, to the complexity and dynamics of cell membranes [26]. In this context, lipid-

based membrane models emerged to offer a simple yet valuable alternative way of studying 

membrane processes. By simplifying the physiological conditions, in vitro membrane 

models provide the possibility of discriminating the peptide-membrane interactions 

without the confounding presence of uncontrolled conditions that would occur in in vivo 

studies [35].  

  Several in vitro lipid membrane models have been employed to mimic biological 

membranes for peptide-membrane interactions studies, including lipid monolayers, 

supported lipid bilayers (SLBs), micelles and liposomes. These models allow simulating the 

lipid content of cell membranes under both physiological and pathological conditions by 

adjusting several biophysical parameters, such as the molecular packing, physical phase, 

lateral pressure, lipid composition, pH, ionic strength, and temperature [35]. 

  Artificial lipid membranes are valid models with high predictive value and 

reproducibility, low cost, easy handling, and short experimental times [35]. Each of these 
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models has advantages and disadvantages and can be prepared with different degrees of 

complexity to better mimic the composition of biological cell membranes. 

 

  2.2.2.1. Lipid monolayers 

  Lipid monolayers are popular models of cell membranes and include Langmuir 

monolayers and solid-supported lipid monolayers (Figure 2.6). These monolayers present 

advantages due to their simplicity and the precise control of the area per molecule at the 

air/liquid or air/solid interface. These monolayers can be compressed to better regulate 

their structure and physical state [36]. Solid-supported lipid monolayers offer an advantage 

over the non-immobilized monolayers since the surface immobilization limits the motion of 

phospholipids while still allowing the study of drug-lipid interactions. These immobilized 

monolayers also constitute more realistic models since they better mimic the dynamics of 

the phospholipids in the biological membranes.  

 

Figure 2.6. Schematic representation of a A) lipid monolayers and B) solid-supported lipid 

monolayer. 

 

  Pieces of evidence state that it is possible to establish a direct relationship between 

the thermodynamics of monolayer and bilayer membranes. Therefore, simpler monolayer 

models are often chosen for membrane phenomena studies. However, lipid monolayers 

only mimic the outer leaflet of cellular membranes. Also, monolayers are less 

thermodynamically stable than lipid bilayers. Since these models are 2D representations of 

the 3D biological membranes, 3D monolayer structures such as micelles could offer an 

advantage over the monolayers [35]. 

 

  2.2.2.2. Micelles 

  As represented in Figure 2.7, micelles are the most simple 3D model of cell 

membranes [37]. Other unique features make micelles attractive tools, such as the 
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possibility of controlling the resulting size and shape of the micelles by choosing the lipid 

composition and the aqueous medium [38].  Also, depending on the type of amphiphilic 

molecules selected for the micelles' design, it is possible to prepare micelles with different 

surface charges to study the electrostatic forces involved in membrane processes. Although 

their relatively small size and high curvature are pointed out as advantageous, some studies 

report that the surface curvature of micelles is significantly higher than those of biological 

membranes [39]. Additionally, the optical properties of micelles are not ideal for some 

spectroscopy experimental techniques due to the background noise from the scattered light. 

Besides, the partition of small molecules into micelles is often ill-defined [37]. Another 

disadvantage of using micelles as biomimetic membrane models is that micelles are also 

composed of a monolayer instead of a bilayer, as in biological membranes [39]. 

 

Figure 2.7. Schematic representation of a lipid micelle. 

 

  2.2.2.3. Supported Lipid Bilayers 

  SLBs are biomimetic models where a bilayer is supported onto a hydrophilic surface 

(Figure 2.8). Depending on the support, SLBs can be prepared with different shapes and 

curvatures such as planar, spherical, or cylindrical [40]. SLBs as membrane models allow 

obtaining quicker and more reproducible results than free-floating vesicles  [41].  Besides, 

the use of solid surfaces as a support for the bilayer increases the bilayer's stability when 

compared with free-standing lipid vesicles by limiting the lipid motion through surface 

immobilization [39]. This also facilitates the characterization of the membrane, enabling the 

use of more time-consuming and sensitive methodologies [42]. Moreover, the use of 

metallic supports allows the characterization of electrochemical features of the membrane 

[43]. 
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Figure 2.8. Schematic representation of a A) supported lipid bilayer (SLBs), B) polymer-

SLBs, and C) tethered lipid bilayer. 

 

  Still, SLBs exhibits some drawbacks due to the proximity between the substrate and 

the lipid bilayer, which hampers the free diffusion of ions and accommodation of 

transmembrane proteins. To overcome these limitations, new variations of SLBs such as 

polymer-supported bilayers and tethered bilayers (Figure 2.8) have been proposed in the 

past. In polymer-supported bilayers, one polymer layer is usually bound to the surface of 

the support and the lipid bilayer is placed on the polymer [44]. While in tethered bilayer 

lipid membranes, the inner leaflet of the lipid bilayer is covalently linked to the surface 

through a spacer group [41].  

  Although solid supports confer robustness and stability to the model, they also 

present some limitations. The supported membrane is not truly decoupled from the 

underlying substrate, and the interaction between the bilayer and the support can lead to 

shape changes that may alter the system's physiological response. Also, being a 2D model, 

SLBs are not the most representative models for the membranes' structure and curvature 

[45].  

 

  2.2.2.4. Liposomes 

  Liposomes appear as a popular model due to their 3D structure representing both cell 

membranes' inner and outer leaflets. Liposomes are vesicles constituted of one or more 
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phospholipid bilayers oriented concentrically around an aqueous compartment (Figure 

2.9). Liposomes can be prepared with different lipids components that approximate the 

composition of membranes in vivo [46]. Liposomes can be classified by their size and 

number of bilayers, as shown in Figure 2.9 [47]. Regarding the number of bilayers, 

liposomes can be divided in two categories, multilamellar lipid vesicles (MLVs) that are 

composed by many concentric lipid bilayers, and unilamellar lipid vesicles (ULVs). ULVs can 

then be named by their size as small (SUVs), large (LUVs) and giant (GUVs) unilamellar 

vesicles [48]. LUVs are the most suitable liposomes for studying peptide and drug-

membrane interactions due to their curvature being more similar to that of biological 

membranes. Despite liposomes' curvature being higher than the one observed in biological 

membranes, these still present an advantage over the other models by better resembling to 

biological membranes [35].  

 

Figure 2.9. Schematic representation of multilamellar lipid vesicles (MLVs) and unilamellar 

liposomes-based on size: giant unilamellar vesicles (GUVs), large unilamellar vesicles 

(LUVs), and small unilamellar vesicles (SUVs). 

 

  By mimicking both the inner and outer leaflet of cell membranes, liposomes offer an 

advantage over lipid monolayers and micelles, which only mimic the membranes' outer 

leaflet. Despite SLBs being more robust than liposomes, lipid vesicles are preferred because 

of their resemblance to the structure and curvature of natural membranes. Liposomes are 
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versatile biomimetic models that can be used for various studies, including specific 

membrane processes such as fusion, membrane trafficking, cell adhesion, molecular 

recognition, and pore formation [42]. Despite their enormous potential as in vitro 

membrane models, liposomes also exhibit some limitations. Like the other models, 

liposomes do not fully mimic the complexity of biological membranes [49].   

  Although each one of the presented membrane models exhibits their advantages and 

disadvantages, liposomes are the ones that best mimic the entire lipidic assembly of cellular 

membranes. In fact, various lipid components of biological membranes can be included 

when producing liposomes. To mimic the inner leaflet of the cell membrane, negatively 

charged phospholipids can be used such as PS, and to mimic the outer leaflet of the 

membrane PC, SM and glycosphingolipids are the most appropriates lipids. Therefore, 

liposomes are being the most used lipid membrane model in peptide-membrane interaction 

studies [39]. 

 

 

2.3. Natural Compounds for Alzheimer's Disease Therapy 

  Some medications are prescribed for attenuating the disease's symptoms [50]. So far, 

three cholinesterase inhibitors are commercially available for AD treatment: galantamine, 

rivastigmine, and donepezil. These drugs increase the acetylcholine brain levels by 

inhibiting the acetylcholinesterase enzyme activity. As acetylcholine helps send messages 

between nerve cells, higher acetylcholine concentrations in the brain lead to cognitive 

improvement. Memantine, an antagonist at glutamatergic NMDA receptors, is another drug 

commonly used to treat moderate to severe AD cases. By regulating the activity of 

glutamate, a molecule involved in information processing, storage, and retrieval, 

memantine improves the AD symptoms, including memory, attention, and reasoning. In 

addition to not providing a cure, these drugs induce several side effects, including headache, 

constipation, confusion, dizziness, nausea, vomiting, loss of appetite, and increased 

frequency of bowel movements [50]. Therefore, it is fundamental to seek new strategies for 

AD therapy. 

  Developing new drugs is a costly and time-consuming process that is often delayed 

due to the failure of drug candidates in the clinical trials phase. Over the years, natural 

https://www.sciencedirect.com/topics/chemistry/phospholipid
https://www.sciencedirect.com/topics/chemistry/sphingomyelin
https://www.sciencedirect.com/topics/chemistry/glycosphingolipid
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compounds have aroused increasing interest as promising alternatives to synthetic drugs 

due to their presumable safety for human intake since they are widely consumed in daily 

life, which facilitates their clinical approval. Due to their neuroprotective effects, a diversity 

of natural compounds from different origins has been proposed for AD therapy [51]. Instead 

of controlling the disease symptoms, natural compounds have been demonstrated to target 

the various aspects of the disease pathogenesis (Figure 2.10). These include the inhibition 

of Aβ production and aggregation or the promotion of Aβ clearance from the brain. Natural 

compounds have also been proposed for AD therapy by reducing neuroinflammation and 

oxidative stress and inhibiting NFTs formation.  

 

Figure 2.10. Schematic representation of ACH-based therapeutic strategies. Down and up-

oriented arrows indicate the decrease and the increase of the phenomena, respectively.  

 

 2.3.1. Natural Compounds in Clinical Trials 

  For the assessment of the natural compounds' therapeutic efficiency and potential 

side effects, human trials have been performed in the last years. In the first stage, natural 

compounds are required to be safe for human use and then can further proceed to the other 

successive phases. Although several natural compounds have shown promising effects in 
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preclinical studies and proved to be safe in phase I of clinical trials, only a small number 

have progressed to phase II, III and IV of clinical trials (Table 2.3) [50]. 

 

Table 2.1. Natural compounds in phase II, III, and IV of clinical trials for AD therapy. 

Bioactive 

compound 

Trial 

Phase 
Trial status 

Number 

of 

subjects 

Duration Outcomes 
Ref

. 

Nicotine II Ongoing 300 2 years No results yet  

Bryostatin II Completed 150 12 weeks 
Cognitive functions 

improved 
[52] 

Ginkgo biloba II Completed 410 24 weeks 
Cognitive functions 

improved 
[53] 

Homotaurine III Completed 1052 78 weeks 
Cognitive functions 

improved 
[54] 

Docosahexaenoic 

acid (DHA) 
III Completed 485 24 weeks 

Cognitive functions 

improved 
[55] 

Vitamin D and 

memantine 
III Ongoing 90 24 weeks No results yet  

Vitamin E and 

memantine 
III Completed 613 5 years 

Slowed cognitive 

decline 
[56] 

Vitamin E and 

selegiline 
III Completed 341 2 years 

Slowed disease 

progression 
[57] 

Huperzine A IV Ongoing 300 52 weeks No results yet  

 

  Nicotine was the first natural compound to be tested in human trials for AD 

prevention or treatment in 1992. Interesting, although nicotine improved the perceptual 

and visual attentional deficits in a pilot study conducted for 2 weeks with 70 AD patients, it 

was not further studied for several years [58]. Nicotine supplementation is controversial 

due to its association with tobacco consumption and high dependence. However, several in 

vitro studies showed the potential of this natural compound for AD therapy [59]. Only most 

recently, nicotine has attracted attention in the scientific community and is now currently 

being studied in an ongoing randomized, placebo-controlled phase II trial with 300 

participants with mild cognitive impairment. In this 2-year trial, subjects will be 

randomized (50:50) and a transdermal patch containing nicotine (21 mg/day) will be used 

or placebo (ClinicalTrials.gov Identifier: NCT02720445). 

  Another natural compound, bryostatin, was also studied in a phase II clinical trial for 

AD therapy. Farlow et al. (2018) [52] evaluated the effects on cognitive function of 

bryostatin on AD patients in a placebo-controlled trial with 150 participants. The subjects 

were randomly divided into two groups, the placebo group and one group of patients 
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administered with 20 or 40 µg of bryostatin for 12 weeks. This study showed the ability of 

the natural compounds in improving the cognitive functions of patients.  

  Ginkgo biloba (Ginkgo biloba L., Ginkgoaceae) has been studied as a therapeutic drug 

for AD in several clinical trials in the last 10 years. Bachinskaya et al. (2011) [53, 60] 

examined the effect of ginkgo biloba extract EGb 761® on neuropsychiatric symptoms of 

dementia. Outpatients with mild to moderate dementia (AD with or without 

cerebrovascular disease or vascular dementia) (n=410) were considered in this study. 

Patients received 240 mg of extract or placebo once daily for 24 weeks. The treatment with 

ginkgo biloba was safe and improved the neuropsychiatric symptoms, including apathy, 

irritability, and depression. With the same conditions, Herrschaft et al. (2012) [61] revealed 

that the treatment with ginkgo biloba improved patients' cognition and life quality.  

  The administration of natural compounds for AD has also been evaluated in phase III 

clinical trials. The effects of homotaurine intake were evaluated in a phase III placebo-

controlled clinical trial with AD patients from mild to-moderate symptoms. A total of 1052 

patients were randomly divided into three groups, one group receiving placebo, and the 

other two groups treated with 100 or 150 mg of homotaurine for 78 weeks. The obtained 

results showed that this natural compound has the ability to improve cognitive functions 

[54].  

   Other natural compounds have revealed to be more promising for AD therapy and 

have already been able to reach the phase III of clinical trials, such as docosahexaenoic Acid 

(DHA). Quinn et al. (2010) started a placebo-controlled phase III clinical trial to evaluate the 

effect of DHA supplementation on cognitive impairment [55]. Here, 485 healthy participants 

with age-related cognitive decline were randomly divided into two groups and daily 

administered orally with placebo or 900 mg of DHA orally for 24 weeks. The treated patients 

showed improved cognitive and memory functions.  

  The co-administration of memantine with different vitamins also reached phase III of 

clinical trials. The co-administration of vitamin D and memantine was first evaluated in a 

pilot study with 43 AD patients for 24 weeks [62]. The subjects were randomized in three 

groups, being the first treated with a combination of vitamin D and memantine, and the 

second and the third groups being administered with only vitamin D or only memantine, 

respectively. The results showed that co-therapy with both compounds is more effective in 

improving cognitive function than vitamin D or memantine alone. After the promising 

results obtained in this pilot study, the co-administration of both compounds has been 
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further studied in human trials. Currently there is an ongoing phase III clinical trial to study 

their concomitant use in 90 patients with diagnosis of moderate AD. In this 24-week trial, 

subjects will be randomly divided into two groups (only memantine and vitamin D plus 

memantine) to assess if co-administration with vitamin D increases the efficacy of 

memantine (ClinicalTrials.gov Identifier: NCT01409694). 

  The combination effect of memantine with other natural compound, vitamin E, was 

also evaluated in a phase III clinical trial. Dysken et al. (2014) studied the combination 

effects of vitamin E and memantine in a placebo-controlled clinical trial with 613 AD 

patients from mild to moderate symptoms [56]. The subjects were randomized in three 

groups, being the first treated with a combination of vitamin E and memantine, and the 

second and the third groups being administered with only vitamin E or only memantine, 

respectively. Treatment with vitamin E alone has proved to be effective in slowing down the 

cognitive decline; however, coadministration with vitamin E did not improve memantine 

effects.  

   The co-therapy of vitamin E with selegiline was also studied in clinical trials. 

Selegiline is a monoamine oxidase inhibitor that prevents dopamine degradation [63]. Sano 

et al. (1997) [57] conducted a double-blind, placebo-controlled clinical trial with 341 

patients with moderate AD symptoms for 2 years. The patients were randomly divided into 

four groups, a placebo group, one receiving vitamin E, one receiving selegiline, and another 

one receiving both drugs. Vitamin E was administered daily at a dose of 2000 IU per day, 

and 10 mg of selegiline daily. Co-therapy proved to slow efficiently the progression of the 

disease [57]. 

  Huperzine A is currently the only natural compound in phase IV of clinical trials after 

being proven to improve cognitive functions in mild to moderate AD patients in a study 

conducted in 2011 with 177 patients for 16 weeks [64]. This natural compound is now being 

evaluated in an ongoing phase IV clinical trial. In this placebo-controlled trial, 300 AD 

patients with mild cognitive impairment were randomized (50:50) and administered with 

huperzine A (200 ug/day) or placebo for 52 weeks (ClinicalTrials.gov Identifier: 

NCT02931136).  

  Other natural compounds can also be a promising approach for AD prevention and 

therapy in present and near future. For example, curcumin and melatonin have presented 

promising results in in vitro and therefore have been studied in small-scale pilot studies. 

Despite having a limited size of subjects, pilot studies can provide useful information for the 
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preparation of further clinical trials [50]. Valuable information can also be obtained from 

human trials with no positive outcomes. For example, resveratrol has been studied in phase 

III clinical trials for AD therapy but did not show significant improvement [65]. A similar 

result was verified in two different phase III clinical trials to study the combination effect of 

vitamin E with AD drugs (vitamin E/donepezil [66] and vitamin E/selenium [67], 

respectively), where no positive outcomes were verified. 

 

 2.3.2. Limitations of Natural Compounds to their Clinical Application 

  Despite their promising value for AD therapy, natural compounds have some limiting 

features that prevent them from reaching the brain in effective concentrations. Among 

them, the compounds' low solubility, absorption, and bioavailability, in vivo instability, lack 

of specificity, high systemic clearance, and harmful effects stand out. Premature degradation 

due to the low stability to light, oxygen and temperature also decreases the bioavailability 

of therapeutic molecules. This was reported for several natural compounds such as 

resveratrol [68], vitamin E [69] and curcumin [70]. In addition to these limitations, the 

molecules' difficulty in crossing the BBB and reaching the brain remains the major obstacle 

for developing effective therapies [71]. 

 

 

2.4. Blood-Brain Barrier 

  Drug delivery to the brain has been one of the most challenging issues that 

researchers have faced in developing effective treatments for brain illnesses. Due to the 

BBB, only a tiny portion of administered drugs can reach the brain. The BBB is an organized 

interface between the peripheral circulation and the central nervous system (CNS) that acts 

as a barrier protecting the CNS from damage [72]. It is the primary site for exchanging 

molecules between the blood and the CNS, being fundamental in ensuring a stable fluid 

microenvironment required to execute complex neural functions. On the one hand, the BBB 

blocks the transport of potentially toxic or harmful substances from the bloodstream to the 

brain. On the other hand, it allows the transport of nutrients, maintaining the CNS 

homeostasis. Thus, this interface maintains the CNS homeostasis by regulating the ionic 

balance and metabolites influx/efflux [73]. 
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  The BBB's structure is crucial to its functional ability to protect and maintain the brain 

microenvironment. The BBB is found throughout the brain, except for areas that control the 

body's autonomic nervous system and endocrine glands. The main functions of the BBB 

result from the combination of the physical barrier, transport barrier (specific transport 

mechanisms mediating solute flux), and metabolic barrier (enzymes that metabolize 

molecules in transit) [74]. 

  

 2.4.1. Structure and Composition 

  The BBB is formed by endothelial cells of brain capillaries. Astrocytes and pericytes 

are positioned close to the capillary endothelium with the primary function of supporting 

the BBB. The astrocytes' ends are placed over the continuous basal lamina forming a 

restricted barrier. In turn, the pericytes are mesenchymal cells with smooth muscle 

properties located in the perivascular space, between the capillary wall and the extremities 

of astrocytes. They regulate the BBB permeability by releasing vasoactive substances. As 

they decrease with age, there is an increase in the BBB permeability. In large vessels, the 

pericytes are replaced by smooth muscle cells. Neurons and microglia also communicate 

with BBB endothelial cells. The basal lamina comprises type IV collagen, fibronectin, 

heparin sulfate, and laminin [75]. 

 There are two other sites in the CNS that form a barrier between the blood and 

cerebrospinal fluid: the arachnoid epithelium forming the middle layer of the meninges and 

the choroid plexus epithelium. Here, the permeation of ions and other small hydrophilic 

solutes is significantly reduced through the tight junctions in the intercellular slot that form 

a physical barrier. Thus, the passive diffusion of molecules through the BBB is limited to 

high liposoluble molecules with a low molecular weight (<400 Da) [76]. 

 

 2.4.2. Transport Mechanisms 

  Numerous transport mechanisms present at the BBB provide the brain with essential 

nutrients and protect it from toxic substances. The transport of molecules across the BBB 

can occur through different systems depending on their physicochemical properties, as 

summarized in Figure 2.11 [77].  
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Figure 2.11. Transport mechanisms across the blood-brain barrier (BBB). 

 

➢ Tight junction: Most molecules cross the BBB via paracellular transport due to 

the tight junction between adjacent endothelial cells. The tight junctions regulate the lateral 

diffusion between the apical and the basolateral plasma membrane, preserving the plasma 

membrane protein and the lipid polarity. Thus, they prevent the passage of protein, 

controlling the traffic from the blood to the CNS. The BBB functions are mainly due to tight 

junctions [78]. 

➢ Lipid-mediated free diffusion: As membranes are held together by weak forces, 

some molecules can move from side to side of the lipid bilayer in a spontaneous transport 

mechanism known as lipid diffusion. Only gaseous molecules such as oxygen and carbon 

dioxide and small lipophilic molecules are capable of entering the brain passively by 

diffusion through the BBB. This ability is connected to the molecule's lipid solubility. 

Compounds positively charged can cross the BBB by interacting with the membrane's 

negatively charged glycocalyx and phospholipid head groups. Thus, the molecules' entry 

into the CNS depends on the molecules' physicochemical properties such as size (<400 Da), 
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charge, hydrogen bonding potential (<10 hydrogen bonds with water), and lipophilicity 

[79]. 

➢ Transport proteins: An array of specific membrane proteins embedded in the 

apical and basal membranes mediates small solute traffic across the hydrophobic portion 

of the bilayer. This regulates the entry of ions, nutrients, and essential molecules for CNS 

metabolism, including glucose, amino acids, nucleosides, and monocarboxylic acids. 

Membrane transport proteins are divided into carrier proteins that allow the passage of 

specific molecules; and channel proteins that form thin pores to transport ions. While some 

carrier proteins allow for passive molecular transport (facilitated diffusion), others can 

carry molecules against their concentration gradient when joined to an energy source. 

Channel proteins passively transport ions based on their concentration gradient. Aside from 

that, membrane transport proteins allow the efflux of waste products [80]. 

➢ Receptor- or adsorptive-mediated transcytosis: Hydrophilic macromolecules 

essential for the brain homeostasis, such as hexoses, neuropeptides, and proteins, cross the 

BBB by endocytosis in vesicles, which can be specific (receptor-mediated transcytosis, or 

RMT) or less specific (adsorptive-mediated transcytosis, or AMT). On the RMT, molecules 

bind to their receptors on the luminal side of endothelial cells and endocytosis is initiated. 

The receptor–ligand complex is invaginated, leading to the formation of intracellular 

transport vesicles. The vesicles are then subjected to exocytosis to release the ligand to its 

basolateral side. The receptor is then recycled. On the other hand, AMT relies on 

electrostatic interaction between the positively charged ligand and the negatively charged 

endothelial cells to initiate endocytosis and then transcytosis. This process depends on 

energy, time and concentration [81].  

➢ Adenosine triphosphate-binding cassette transporters (ABC transporters): 

Efflux transport is essential for the protection of the brain from endogenous substances. The 

main role of ABC transporters, which are predominantly inserted in the apical membrane, 

is to act as active flux pumps that consume adenosine triphosphate (ATP) and transport 

potentially neurotoxic molecules out of the CNS. Thus, these receptors have an important 

neuroprotective and detoxifying role. Nonetheless, ABC transporters reduce drug 

penetration into the brain and enhance efflux, transporting medicines from the parenchyma 

to the luminal membrane and back into the bloodstream [82]. P-glycoprotein (P-gp) is an 

ATP-dependent protein highly expressed in endothelial cells, that actively carries several 

molecules out of the brain by acting as an efflux pump. P-gp belongs to the class of multidrug 
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resistance receptors with capability to efflux drug molecules out of the brain leading to 

reduced efficiency of drugs [83]. 

 

 

2.5. Nanocarriers for Brain Drug Delivery 

  Distinct approaches have been explored in the last decades to circumvent the various 

limitations of natural compounds. Nanocarriers seem to be a proper strategy to overcome 

these issues by protecting compounds from biological degradation [84] and masking their 

limiting physicochemical properties without modifying them [85]. NPs are colloidal carriers 

in the nanoscale range (10-9 m) with interesting properties, including small size, larger 

surface area, high stability, and capacity to interact with receptors present at the BBB [86, 

87]. Additionally, the controlled and sustained release provided by nanocarriers allow 

maintaining active doses of therapeutic agents for long periods [88]. Moreover, 

nanocarriers reduce the amount of compounds needed to produce therapeutic effects due 

to the improvement of their pharmacological activity, thus decreasing side effects [89]. 

Nano-scaled DDSs present numerous beneficial properties such as biodegradability, 

biocompatibility, nontoxicity, non-immunogenicity, high stability in body fluids, and the 

ability to interact with specific receptors [90].  

  NPs can interact with the BBB, allowing them to easily cross it and distribute drugs in 

a controlled manner [91]. The ability of NPs to cross the BBB is determined by their 

physicochemical and biomimetic properties, such as surface charges and NPs 

manufacturing material. Because they interfere with the pattern of proteins adsorbed from 

plasma, the surface charge and hydrophobicity of NPs impact their absorption and/or rate 

of transcytosis. NPs with a hydrophobic surface are quickly opsonized and recognized by 

the reticuloendothelial system (RES) [92]. The final particle size is another major factor 

influencing the drug delivery to the brain since small carriers (below 100 nm) promote 

toxicity, and large ones (over 200 nm) do not cross the BBB. 
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 2.5.1. Types and Properties of Nanoparticles 

  Different NPs can be produced using various materials depending on the drug 

properties to be encapsulated [93]. The most used NPs are summarized in Figure 2.12 and 

detailed in the following subsections. 

 

Figure 2.12. Schematic representation of the most used nanoparticles (NPs) for the 

delivery of natural compounds for Alzheimer’s disease (AD) therapy. 

 

  2.5.1.1. Liposomes 

  Liposomes, first described by Bangham in 1964 [94],  are among the most popular 

DDSs. Liposomes are spherical vesicles composed of one or more phospholipid bilayers 

enclosing aqueous compartments. The amphiphilic property of phospholipids, which 

display hydrophilic polar heads and lipophilic tails, allows to encapsulate both hydrophilic 

compounds in the aqueous space and lipophilic compounds in the lipid bilayer [95]. This 

singular composition makes the structure of liposomes similar to the biological membranes, 

thereby allowing their fusion with cell membranes and the release of the content into the 

cytoplasm. The biocompatibility, bioavailability, high loading capacity, and ease of 

production of liposomes are other properties that stand out [96]. Moreover, these lipid 

vesicles guarantee the controlled and sustained release of therapeutic agents, ensuring the 

maintenance of active doses for an extended period. Consequently, the pharmacological 
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activity of compounds is achieved with reduced doses, thereby decreasing side effects 

induced by high amounts of therapeutics. 

  Liposomes can be classified by their size and number of bilayers, as mentioned in 

section 2.2.2.1. LUVs are often preferred for drug delivery applications due to having a 

higher trapped volume than SUVs, which allows the loading of higher amounts of drugs. 

Also, when compared to MLVs, LUVs require fewer lipids to entrap the same amount of 

drugs. However, SUVs usually have a higher blood-circulation time due to their smaller sizes 

[97]. 

  Conventional liposomes (Figure 2.13 A) composed of neutral and/or anionic lipids 

were the first generation of lipid vesicles created and used in the pharmaceutical industry. 

The most used lipids in the formulation of conventional liposomes are PC and CHOL [46]. 

However, the rapid uptake by the RES after systemic administration of conventional 

liposomes represents the major drawback for their therapeutic efficacy in vivo. It was in this 

context that the second generation emerged. To increase the liposomes' stability and their 

blood circulation time, sterically-stabilized liposomes (Figure 2.13 B) were introduced by 

adding a coating to the liposomes' surface. The hydrophilic polymer polyethylene glycol 

(PEG) has proved to be a great strategy by offering an extra surface hydration layer that 

sterically inhibits both electrostatic and hydrophobic interaction between liposomes and 

serum components, therefore reducing the clearance of liposomes by RES [98].  

 

Figure 2.13. Schematic representation of A) conventional and B) sterically-stabilized 

liposomes. 



32 
 

 

  2.5.1.2. Solid Lipid Nanoparticles 

  Solid lipid nanoparticles (SLNs) are nanocarriers composed of a solid hydrophobic 

lipid core that encapsulates hydrophobic drugs. The incorporation of hydrophilic molecules 

can be achieved at the NP's surface. This type of nanocarrier is produced using an oil/water 

emulsion with a solid lipid at room temperature [99]. SLNs usually present a mean size 

between 40 to 200 nm, allowing their transport across the BBB and escape from the RES. 

SLNs have attractive properties, including a large surface area and high drug loading [100]. 

Their synthesis is cheap, highly reproducible, and free of organic solvents. SLNs can be 

stable for about 3 years, and a controlled drug release for several weeks is achievable. 

Triglycerides, fatty acids, and waxes are examples of lipids used to synthesize SLNs [101]. 

 

  2.5.1.3. Nanostructured Lipid Carriers 

   Nanostructured lipid carriers (NLCs) are composed of a solid lipid matrix and a liquid 

lipid (oil) at room temperature. The mixture of the solid lipid with an incompatible liquid 

lipid produces NPs with a high drug loading and good release properties. The use of liquid 

lipids affects the entrapment efficiency due to the numerous crystal defects in solid lipids, 

causing imperfections in the matrix that provide sufficient space for the successful 

accommodation of a large amount of drug molecules [99]. 

  The use of NLCs as DDSs allows for controlling the drug release, increasing the drug 

stability, and incorporating lipophilic and hydrophilic molecules, avoiding using organic 

solvents. NLCs exhibit a biphasic drug release pattern with an initial burst release followed 

by a sustained release. The liquid lipid in the outer NPs' layers forms a drug-enriched 

portion, leading to the burst release. NLCs retain molecules in the solid matrix and protect 

them from degradation [102]. 

 

  2.5.1.4. Lipid-Core Nanocapsules 

  Lipid-core nanocapsules (LNCs) are DDSs composed of an oil core with a polymeric 

membrane or coating.  LNCs can transport drugs in their reservoir or within a cavity 

enclosed by a polymer wall. A slower drug release is observed with high polymer 

concentrations. It occurs due to the decrease of the permeability in the polymer membrane 
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of the vesicular carrier. LNCs are characterized by a lipoprotein-like structure and average 

size ranging from 20 to 100 nm. LNCs can be considered hybrids between liposomes and 

polymeric NPs because they have an oily core with a rigid tensioactive membrane [103]. 

Therefore, this DDS is appropriate for the transport of hydrophobic molecules. 

 

  2.5.1.5. Microemulsions and Nanoemulsions 

  Microemulsions (MEs) are homogeneous isotropic mixtures and can be of two types: 

oil-in-water (o/w) or water-in-oil (w/o). They are composed of water, oil, and surfactant, 

commonly mixed with a co-surfactant [104]. Usually, by mixing an oil phase with an 

aqueous phase containing a surfactant and a co-surfactant, the MEs are spontaneously self-

assembling without any relevant energy input. MEs characteristically have a diameter 

between 5 to 100 nm. These NPs are easily produced, highly soluble, thermodynamic stable, 

and translucent. MEs present a suitable drug release profile and slow degradation. 

Furthermore, MEs demonstrate to have high absorption rates and diffusion. Regarding drug 

transport, MEs accommodate drugs mainly in the oil phase. Nevertheless, at the equilibrium 

stage, the drug can be entrapped in the continuous phase, in the dispersed phase, and in the 

surfactant interphases. The drug release from MEs depends on several factors, such as the 

system's stability on biological conditions and drug location. However, MEs present some 

disadvantages. It is quite complicated to encapsulate lipophilic molecules with high 

molecular weight within these nanocarriers. MEs can also present some toxicity since they 

require large amounts of surfactants to stabilize them [105]. 

  Nanoemulsions (NEs) are emulsions that contain particles with a diameter ranging 

from 20 to 100 nm [106]. Emulsifiers are essential to produce droplets of small size by 

decreasing the interfacial tension [106]. NEs present enhanced stability compared with 

conventional emulsions. However, NEs present some disadvantages, such as their stability 

which can be disturbed by pH or temperature, and the release profile is usually slow [107].  

 

  2.5.1.6. Polymeric Nanoparticles 

  Several polymers have been extensively used for developing DDSs for being soluble 

in water, biocompatible and biodegradable [108]. The degradation of polymeric materials 

can occur due to chemical, photo, mechanical or thermal stimuli [109]. Also, enzymes, acidic 

pH, and other biological conditions affect polymer degradation. The instability of polymeric 



34 
 

materials in biological scenarios influences the drug release, which allows the release of the 

encapsulated drug and avoids the accumulation of the material in the body.  

  Various polymeric materials have been used to develop DDSs for AD therapy with 

natural compounds such as poly (lactic-co-glycolic acid) (PLGA). PLGA microparticles (MPs) 

and NPs are the most popular PLGA-based carriers. The size of the PLGA carriers influences 

the blood circulation time since RES can easily recognize PLGA vehicles if no surface 

modification strategy is used [110]. The toxicity of PLGA carriers also depends on their size. 

Small PLGA NPs can promote several inflammatory processes by releasing cytokines and 

depolarizing the mitochondria [111]. PLGA NPs also can induce oxidative stress by 

producing reactive oxygen species (ROS) [112]. However, it is reported that PLGA NPs with 

diameters over 100 nm can be used safely [113].  

  Despite being widely used for biomedical applications, PLGA NPs exhibit drawbacks 

such as poor loading capacity, high cost associated with the production techniques, and high 

burst release. PLGA NPs usually release a large amount of drug once they reach the blood 

circulation, decreasing the effective drug concentration in the target tissues [114]. Another 

limitation of these NPs is the low entrapment efficiency of hydrophilic drugs, requiring 

suitable NPs preparation methods, such as double emulsion [115]. 

  Chitosan has gained attention as a polymeric material for DDSs due to its 

biodegradability and biocompatibility. Chitosan NPs can enhance the drug aqueous' 

solubility, systemic absorption, stability, and resistance to enzyme degradation. 

Furthermore, chitosan allows the controlled release of drugs, reducing their toxicity, and 

can be produced without using organic solvents [116]. Some studies have suggested using 

chitosan to coat other types of NPs to reduce their collateral effects on the body and promote 

their bioavailability [117]. Further, chitosan presents good mucoadhesive properties [118]. 

However, there are some drawbacks to using chitosan NPs as DDSs, mainly related to its 

low solubility at physiological pH [119].  

 

 2.5.2. Brain Targeting Strategies 

  Different strategies can be employed for nanocarriers to reach the brain. RMT is the 

more relevant mechanism to transport NPs across the BBB, followed by AMT [120]. 

Therefore, the conjugation of specific ligands to the NPs' surface has been widely employed 
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to enhance their transport across the BBB [121]. Figure 2.14 displays the numerous ligands 

that can be conjugated at the NPs' surface. 

 

Figure 2.14. Schematic representation of a functionalized NP. 

 

  In the case of RMT, the appropriate choice of the ligand is crucial to increase the 

transport efficiency of the NPs since the receptor needs to be expressed at the target site, in 

this case, at the BBB. Indeed, receptor saturation needs to be considered to avoid 

competition with other ligands [122]. Tf receptor (TfR) and insulin receptor are the most 

expressed receptors by the BBB endothelial cells [123]. Insulin-like growth factor receptor, 

low-density lipoprotein (LDL) receptor, scavenger receptor class B type I, leptin receptor, 

and lactoferrin (Lf) receptor are also found at the BBB. More recently, the nicotinic 

acetylcholine receptor and diphtheria toxin receptor have also been described [81]. The 

most used ligands are antibodies, peptides, proteins, and aptamers. 

  Furthermore, the attachment of positively charged molecules has been used to 

increase the nanocarriers' transport across the BBB by AMR [124]. However, positively 

charged NPs are usually more toxic than neutral or anionic NPs.  

 

  2.5.2.1. Transferrin Receptor 

  TfR is currently the most relevant target for enhanced drug delivery to the brain since 

it is present in a more significant amount in BBB’s capillary endothelium than in other 

organs [125]. Various molecules have been used as ligands in nanocarriers functionalization 

to target the TfR, including Tf itself, antibodies, and targeting peptides [126]. 
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  Tf is a 76 KDa blood–plasma glycoprotein generated mainly in the liver that plays a 

crucial function in iron metabolism by being responsible for ferric-ion delivery. Because Tf 

is easily obtained from human sources at a high abundance and relatively low cost, it is the 

most studied targeted ligand for TfR-mediated brain delivery. Tf is also nonimmunogenic, 

so it can be safely administered without inducing toxicity. However, Tf shows a loss of 

specificity in the biological environment due to the high amounts of endogenous Tf. Due to 

the competitive binding, plasmatic Tf molecules can reduce the affinity of Tf-functionalized 

NPs for the TfR, resulting in diminished therapeutic efficacy [127]. 

  To address this limitation, other approaches using ligands that bind noncompetitively 

to an alternate location of the TfR have been investigated. These alternative ligands, such as 

antibodies, do not compete with the Tf present in blood circulation, thus preventing the TfR 

saturation and increasing specificity [128]. Antibodies, particularly monoclonal antibodies, 

exhibit high specificity against TfR, which allows achieving high levels of targeting using 

small amounts. Monoclonal antibodies present other advantages over polyclonal 

antibodies, including longer half-life, homogeneous structure, and the ability to be mass-

produced [129]. So far, different monoclonal antibodies have been described, with 

particular attention to OX26 [130]. 

  Nonetheless, the difficulty of synthesizing high-quality monoclonal antibodies and 

their high molecular weight are the main limitations to their application, highlighting the 

importance of developing more effective targeting strategies. In the last years, single-chain 

variable fragments (scFv) against the TfR have been investigated as targeting moieties in 

alternative to antibodies. ScFv are short peptides produced by fusing antibodies' heavy and 

light chains through a short polypeptide linker. While preserving the binding specificity of 

antibodies, these fragments exhibit better pharmacokinetic properties due to their higher 

ability to permeate tissues and faster blood/tissue clearance due to their smaller size [131]. 

In addition, ScFv bind to an alternative site of the TfR, avoiding the competition with 

endogenous Tf. These peptides also exhibit higher cost-effectiveness than antibodies [132]. 

Among the various peptides described for TfR targeting to date, T7 (HAIYPRH) and T12 

(THRPPMWSPVWP) are the ones more explored [133]. 

  Other less-explored approaches, such as aptamers, have been described. Aptamers 

are single-stranded oligonucleotides or peptides that fold into three-dimensional structures 

and bind to molecular targets like cell receptors. In addition to presenting equal or higher 

affinity/specificity to the target receptor than antibodies, aptamers offer unique 
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advantages, including increased stability, smaller sizes, easier modification and 

immobilization, and improved reproducibility [134]. 

 

 2.5.3. Functionalized Nanoparticles for the Brain Delivery of Natural 

Compounds for Alzheimer's Disease Therapy 

  Numerous efforts have been made to develop suitable natural compounds-loaded 

DDSs with clinical interest for AD. However, few studies have reported nanocarriers with 

brain targeting ability for AD therapy. The most relevant information from these studies is 

summarized in Table 2.2. 

 

Table 2.2. Functionalized NPs for the brain targeted delivery of natural compounds for AD 

therapy. 

Natural 
compound 

Carrier 
Targeting 

ligand 

BBB 

Receptor 

Mean 
diameter 

(nm) 

Zeta 
potential 

(mV) 
Ref. 

Curcumin 

Liposomes 
Anti-TrF 

mAb 
Tf 153 -8 [135] 

Liposomes Tf Tf 101 -21 [136] 

NLCs Lf Lf 104 -6 [137] 

PLGA NPs 
Tet-1 

peptide 

GT1b 

(Neurons) 
150 to 200 -30 to -20 [138] 

PLGA NPs B6 peptide Tf 50 to 250 4 [139] 

Polymeric 

NPs 
ApoE3 LDL 197 -2 [140] 

POs 

Tet-1 and 

TrF 

peptides 

GT1b 

(Neurons) 

and  Tf 

50 to 60 -6 to -5 [141] 

Curcumin and 

PQVGHL peptide 
PLGA NPs 

Cyclic 

CRTIGPSVC 

peptide 

Tf 140 -26 [142] 

Curcumin and 

NGF 
Liposomes 

Wheat germ 

agglutinin 

and 

cardiolipin 

Adsorptive 

transcytosis 
105 to 165 

-5 and -

15 
[143] 

Curcumin, NGF, 

rosmarinic acid 

and quercetin 

SLNs Tf Tf 160 to 210 -41 to -30 [144] 

Quercetin 

SLNs and 

NLCs 
Tf Tf 200 -30 [145] 

Liposomes 
RPM-7 and 

Lf 

Bradykinin 

B2 and Lf 
105 to 165 3 to 37 [146] 
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Galantamine Liposomes 

Lys-Val-

Leu-Phe-

Leu-Ser 

 

Serpin-

enzyme 

complex 

 

127 to 165 -36 to -27 [147] 

Osthole Liposomes Tf Tf 104 -7 [148] 

Epigallocatechin 

gallate 

Selenium 

NPs 

Tet-1 

peptide 

GT1b 

(Neurons) 
25 to 29 13 [149] 

Grape extract SLNs OX26 mAb Tf 182 to 188 0 [150] 

Resveratrol SLNs OX26 mAb Tf 254 -4 [150] 

Huperzine A PLGA NPs Lf Lf 153 36 [151] 

 

  Curcumin is currently the most studied natural compound in terms of targeted 

delivery to the brain via NPs. Liposomes have been synthetized by Mourtas et al. (2014) 

[135] to encapsulate curcumin and target the Aβ deposits and the BBB. Functionalized 

liposomes with an antibody for the TfR were produced for this purpose. The prepared NPs 

showed a negative zeta potential and a mean diameter of less than 160 nm, making them 

suitable for brain delivery. Ex vivo studies on post-mortem brains of AD patients have proven 

that the nanosystem has a great affinity for Aβ deposits, delaying Aβ aggregation. 

Furthermore, the results showed that the addition of the antibody significantly increased 

the intake of curcumin-decorated liposomes in an in vitro BBB model.  

  Liu et al. (2021) [136] also developed curcumin-loaded liposomes with the surface-

modified Tf molecules. Morris water maze and open-field test results revealed that the 

developed nanosystem improves AD mice's memory and learning ability without inducing 

toxicity. Furthermore, the liposomes decreased the Aβ levels and oxidative stress in AD 

mice. 

  Meng et al. (2015) [137] developed LDL-mimic NLCs functionalized with Lf for the 

brain-targeted delivery of curcumin. The NPs proved to have optimal features for brain 

targeting, including a mean diameter of around 100 nm and negative zeta potential. 

Experiments performed in an AD rat model demonstrated that the addition of Lf increased 

the uptake of the nanosystem in brain capillary endothelial cells. Ex vivo images confirmed 

the ability of this system to cross the BBB and accumulate in the brain. Further, the presence 

of Lf reduced the AD-induced damage.  

  Mathew et al. (2011) started by proposing the encapsulation of curcumin in PLGA NPs 

[152]. The in vitro effect of the NPs was evaluated using a neuroblastoma cell line. The 

obtained results proved that the developed NPs were biocompatible, not inducing toxic 
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effects on the cellular morphology and activity. Encapsulated curcumin retained the ability 

of Aβ clearance, although to a smaller extent than free curcumin. To address this issue, the 

group later modified the surface of the developed NPs with Tet-1 peptide to target neuronal 

receptors, thus increasing the bioavailability in brain tissue [138]. Tet-1 peptide exhibits a 

high affinity to neurons [149]. In vitro studies showed that the NPs uptake by the neuronal 

cells is enhanced by functionalization with the Tet-1 peptide. This nanosystem can improve 

the curcumin’s Aβ clearance activity compared with the previously developed non-modified 

NPs. Surface modification of the NPs with Tet-1 peptide did not affect curcumin's 

therapeutic properties and enhanced the nanocarrier efficiency.  

  Fan et al. (2018) also used PLGA NPs with an active targeting strategy for curcumin 

delivery for AD therapy [139]. The authors intended to increase its bioavailability on the 

target tissue and overcome its low solubility issue. The NPs were modified with B6 peptide 

to target the Tf receptor. The developed PLGA NPs exhibited mean diameters ranging 

between 50 to 250 nm and positive zeta potential values. In vitro studies using a mouse 

neuronal cell line showed increased cellular uptake of encapsulated curcumin compared 

with its free form and proved that the NPs are biocompatible, showing no cytotoxicity and 

good blood compatibility. Bioassays using transgenic AD mice demonstrated that the 

encapsulation of curcumin in PLGA NPs enhanced its ability to improve the spatial learning 

and memory of the studied animals. Ex vivo studies proved that the entrapped curcumin 

reduces the Aβ fibrils formation and tau hyperphosphorylation more efficiently in the 

mice’s brains than in its free form.  

  Mulik et al. (2010) [140] used another polymer - poly(butyl) cyanoacrylate - to 

develop NPs for curcumin delivery, stabilized with poloxamer 188 that showed a negative 

zeta potential. This group intended to enhance cellular uptake of curcumin by modifying the 

NPs’ surface with apoE3. The encapsulation of curcumin in the prepared NPs increased its 

stability and in vitro cellular internalization in a neuronal cell model of human 

neuroblastoma cells. Consequently, the NPs enhanced the therapeutic efficacy of curcumin 

against Aβ-induced cytotoxicity by reducing ROS levels. The synergistic effect of curcumin 

and ApoE3 was observed due to the antioxidant and anti-amyloidogenic activities of ApoE3 

[140].  

  Jia et al. (2016) proposed POs for the targeted delivery of curcumin [141]. The POs 

were composed of PLGA and PEG block co-polymer, and the nanocarrier's surface was 

modified with Tet-1 peptide and Tf molecules to enhance the transport across the BBB. 
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Pharmacokinetic studies with healthy mice showed that the biodistribution of curcumin in 

brain tissue significantly improved with its encapsulation. Furthermore, POs modified with 

both targeting moieties showed a significantly higher accumulation in brain tissue than non-

modified ones, and POs modified with only one targeting molecule, proving that both 

molecules have efficient targeting effects. Therefore, the modified nanocarriers ameliorated 

the cognitive dysfunction induced by Aβ.  

  The co-delivery of curcumin with other therapeutic molecules was also studied in the 

last years. Huang et al. (2017) proposed PLGA NPs to co-deliver curcumin and PQVGHL 

peptide for AD therapy [142]. PQVGHL peptide is an Aβ production inhibitor that binds to 

the cleavage site of β-secretase on APP [153]. These NPs were modified with cyclic 

CRTIGPSVC peptide that targets TfR to enhance the transport across the BBB. The 

developed NPs exhibited mean diameters of about 140 nm, negative zeta potential values, 

and encapsulation efficiency values of around 20% for both curcumin and PQVGHL peptide. 

Cytotoxicity studies using one human and two mouse neuronal cell lines proved that these 

NPs are biocompatible, causing no harmful effects to the studied cells. The authors used 

bEnd.3 mouse brain endothelial cells as an in vitro model of the BBB and demonstrated that 

modification with the targeting peptide increased the permeation of the NPs across the BBB 

model. Animal studies using transgenic AD mice showed that encapsulation of curcumin 

improved spatial memory and decreased the Aβ and ROS levels in the treated animals [142]. 

  In turn, Kuo and Lin (2015) developed liposomes for the co-delivery of curcumin and 

nerve growth factor (NGF) for AD therapy [143]. The surface of the liposomes was 

conjugated with wheat germ agglutinin (WGA) molecules to enhance the transport across 

the BBB. Cardiolipin molecules were also used to modify the surface of the nanocarriers to 

increase the liposomes’ affinity to Aβ. The obtained liposomes exhibited mean diameters 

ranging between 105 to 165 nm, negative zeta potential values, and encapsulation efficiency 

values of 15 to 35% for NGF and 40 to 65% for curcumin. In vitro studies using different 

human cell lines showed that the developed nanocarriers were biocompatible, inducing no 

cytotoxicity. In vitro studies using a BBB model showed that modification of the liposomes’ 

surface with WGA significantly increased the permeability of the nanocarriers across the 

monolayer. The developed nanosystem also protected neuronal cells against apoptosis 

induced by Aβ fibrils. 

  Kuo et al. (2020) [144] designed Tf-functionalized SLNs to co-deliver NGF, curcumin, 

rosmarinic acid, and quercetin. The SLNs’ functionalization with Tf improved their passage 
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across the BBB. Furthermore, the nanosystem decreased the drug-induced cytotoxicity to 

BBB cells through sustained release and enhanced the drugs’ antioxidant activity. 

  Pinheiro et al. (2020) [145] developed lipid NPs, including SLNs and NLCs, to enhance 

quercetin's bioavailability and site-specific delivery into the brain. The NPs’ surface was 

functionalized with Tf to facilitate the passage across the BBB. In vitro cytotoxicity studies 

demonstrated that the NPs are safe. Permeability studies across hCMEC/D3 cell 

monolayers, a commonly used BBB model system, showed that NLCs exhibit higher 

permeability than SLNs. The NPs’ functionalization did not improve their permeability 

across the monolayer compared to non-functionalized NPs, due to the saturation of TfR. The 

ability of the developed nanosystems to inhibit the Aβ fibrillation was studied, and the 

results demonstrate that quercetin-loaded NLCs (both non-functionalized and 

functionalized) prevented the fibril formation, unlike SLNs. This difference between the two 

lipid NPs was attributed to their different crystalline structures, implying an additional 

capacity for accommodating and releasing quercetin from their lipid matrix. 

  Kuo et al. (2017) proposed other lipid-based NPs – liposomes - for the brain delivery 

of quercetin. Liposomes were functionalized with RMP-7 and Lf to permeate a BBB model 

of human brain microvascular endothelial cells and rescue degenerated human 

neuroblastoma cells [146]. RPM-7 peptide is an analog of the inflammatory mediator, 

bradykinin, recognized by its receptors overexpressed at the BBB [154]. The results 

demonstrated that the functionalization of liposomes increased the transport of NPs across 

the BBB model without inducing toxicity or damage to the tight junctions. Moreover, the 

DDS significantly decreased the Aβ-induced neurotoxicity, protecting the neurons against 

apoptosis and improving the viability of human neuroblastoma cells. Tau phosphorylation 

was also reduced [146]. 

  Functionalized liposomes were also proposed by Mufamadi et al. (2013) [147] to 

deliver another natural compound – galantamine – into PC12 cells derived from a 

pheochromocytoma of the rat adrenal medulla. For this purpose, a synthetic peptide (Lys-

Val-Leu-Phe-Leu-Ser) was attached to the liposomes’ surface for the targeted delivery of 

galantamine. The obtained NPs were stable, with a high negative zeta potential and a mean 

size lower than 165 nm, fundamental features to ensure brain delivery. Further, the results 

revealed that the nanosystem increased the galantamine uptake by PC12 cells. 

Furthermore, ex vivo results indicated that the peptide enhanced the accumulation of this 
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compound into PC12 cells, which was not observed with free galantamine and non-

functionalized liposomes. 

  In turn, Kong et al. (2020) [148] designed Tf-modified liposomes to enhance the 

bioavailability and brain targeting of osthole. In vitro studies revealed the liposomes’ ability 

to cross the BBB using an in vitro BBB model. Moreover, the functionalized nanosystem was 

found to protect APP-SH-SY5Y cells against neurotoxicity. In vivo studies using an APP/PS1 

mouse model of AD indicate that Tf-modified liposomes increased the accumulation of 

osthole in the mice brain and alleviated the AD-related pathology, including Aβ plaque 

deposition, apoptosis, oxidative stress, and neuroinflammation. 

  The encapsulation of another natural compound – epigallocatechin gallate (EGCG) - 

in functionalized NPs has also been addressed. Selenium was used to formulate NPs for the 

delivery of EGCG. Zhang et al. (2014) [149] attached EGCG to selenium NPs and 

functionalized them with Tet-1 peptide. The authors demonstrated that the DDS inhibited 

the formation of Aβ fibrils and promoted their disaggregation in vitro. However, the 

enhanced cellular uptake efficiency was only observed for the PC12 cells. 

   Loureiro et al. (2017) [150] developed a targeting DDS using stable SLNs to 

encapsulate resveratrol and grape extracts. Grape extracts contain several polyphenols, 

including resveratrol. The authors demonstrated that the grape extracts and resveratrol-

loaded SLNs strongly inhibit Aβ fibril formation. An in vitro BBB model was used to evaluate 

the ability of these NPs to cross the BBB. For this purpose, the NPs were functionalized with 

OX26 (monoclonal antibody for the TfR) and LB509 (non-specific antibody for the BBB). 

The results suggest that the functionalization of SLNs with OX26 increased the SLNs uptake 

and transcytosis by human brain-like endothelial cells compared to the SLNs functionalized 

with LB509 and non-functionalized SLNs [150].  

  The brain-targeted delivery of huperzine A was addressed by Meng et al. (2018) [151] 

by developing PLGA NPs. To enhance the intranasal delivery, mucoadhesive properties 

were added to the NPs by coating their surface with a positively charged derivative of 

chitosan. The intranasal route was chosen to avoid the BBB. The intranasal route allows NPs 

to reach directly to the brain from the nasal cavity along the nerves bypassing the BBB [155]. 

The targeting of neuronal cells was also envisaged by attaching Lf molecules to the NPs’ 

surface. In vitro studies showed the NPs were efficiently internalized by human 

neuroblastoma cells. Lf modification increased the cellular uptake through receptor-

mediated transport. In vivo studies using Kunming mice (model for age-related decline) 
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showed a higher accumulation of modified PLGA NPs when compared with non-modified 

NPs, suggesting that the modification with positively charged chitosan enhanced the nose-

to-brain huperzine A delivery due to its mucoadhesive properties [151].  
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Chapter 3  

Anti-Amyloidogenic Activity of Natural 

Compounds in the Presence of a Neuronal 

Membrane Model 

 

3.1. Introduction 

  The aggregation of Aβ monomers into toxic fibrils has been linked to the pathogenesis 

of AD [1]. According to scientific evidence, the Aβ peptide undergoes an α-helix to β-sheet 

conformational transition during the fibril formation [2]. Amyloid aggregation is a complex 

and heterogeneous process that highly depends on the surrounding environment [3]. 

Especially, biological membranes are suggested to be key players in the Aβ misfolding 

process by enhancing the aggregation rates and stabilizing specific protein arrangements 

[4]. 

  Several researchers are making encouraging advances regarding the prevention and 

treatment of AD. It is believed that decreasing the levels of toxic Aβ in the brain, either by 

inhibiting the aggregation process or disaggregating mature fibrils into nontoxic species, is 

one of the promising approaches for AD therapy [5]. There is a growing consensus in the 

literature that naturally occurring compounds could be promising as therapeutics or as part 

of a prevention strategy for AD due to their anti-amyloidogenic properties [6]. 
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  Thus, the first goal of this chapter was to evaluate the ability of eight natural 

compounds – ferulic acid (FA), nicotine (NIC), caffeine (CAF), caffeic acid (CA), ascorbic acid 

(AA), vanillic acid (VA), gallic acid (GA) and vitamin B12 (VB12) - to inhibit the Aβ1-42 

aggregation as well as to disrupt mature fibrils in an aqueous medium. To this end, a 

thioflavin T (ThT) fluorescence assay was used to detect the content of amyloid fibrils.  

  Given the rate of failures in AD drug development, there is a serious need to identify 

strategies that increase the number of compounds entering the pipeline and progress 

successfully towards a new therapy for AD [7]. Better replicating of in vivo conditions in in 

vitro studies will enable stopping earlier the study of molecules without success in vivo, thus 

preserving resources that can be assigned to testing drugs with a greater chance of success 

[7]. In this context, in vitro lipid membrane models emerged to offer a helpful tool to mimic 

in vivo conditions. These engineered synthetic membranes create a well-defined 

environment with comparable composition and structural features to cell membranes [8].  

  As the in vivo environment may affect the drugs’ efficacy in inhibiting the amyloid 

aggregation or disrupting mature fibrils, it becomes crucial to study their anti-

amyloidogenic activity in the presence of specific cellular components [3, 9]. Thus, the 

second goal of this chapter was to evaluate the ability of the natural compounds with anti-

amyloidogenic activity in the aqueous medium to prevent the Aβ aggregation and disrupt 

mature fibrils in a cellular membrane-like environment. To this end, an in vitro model of 

neuronal membranes was designed to predict the molecules’ therapeutic activity before 

testing them in vivo. The detailed reproduction of in vivo conditions in in vitro studies is of 

utmost importance to reduce the number of compounds failing to enter the pipeline, thus 

preserving resources that can be devoted to discovering and developing effective drugs. 

Thus, liposomes made of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), CHOL, SM, 

and L-α-phosphatidylserine (PS) - the major lipid components of neurons - were used as 

neuronal membrane models [10]. ThT fluorescence assay and transmission electron 

microscopy (TEM) were employed to quantify the amyloid fibrils content and observe the 

structural morphology of Aβ1-42, respectively. Attenuated total reflectance - Fourier 

transform infrared spectroscopy (ATR-FTIR) and circular dichroism (CD) were used to 

evaluate the secondary structure of Aβ1-42. The anti-amyloidogenic activity of the natural 

compounds in the cell membrane-like environment was compared to the bulk solution and 

discussed based on the compound's lipophilicity. 
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3.2. Materials and Methods 

 3.2.1. Materials 

  Human amyloid-β peptide (1-42) (Aβ1-42, purity>95%, MW 4514) was acquired from 

GenScript Biotech (Piscataway, NJ, EUA). Sigma-Aldrich (St. Louis, MO, USA) provided FA 

(purity>99%, MW 194), NIC (purity≥99%, MW 162), CAF (purity>99%, MW 194), GA 

(purity≥99%, MW 170), AA (purity>99%, MW 176), VA (purity>97%, MW 168), CA 

(purity>99%, MW 180) and VB12 (purity≥98%, MW 1355), 1,1,1,3,3,3-hexafluoro-2-

propanol (HFIP, purity≥99%, MW 168), chloroform (purity≥99%, MW 119) and ThT (MW 

319). The lipids DMPC (purity>99%, MW 678), CHOL (ovine wool, purity>98%, MW 387), 

SM (chicken egg yolk, purity≥95%, MW 711) and PS (porcine brain, purity>99%, MW 825) 

were acquired from Avanti Polar Lipids Inc. (Alabaster, AL, USA). Uranyl acetate dihydrate 

(purity>99%, MW 424) was obtained from Electron Microscopy Sciences (Hatfield, PA, 

USA). Phosphate buffer saline (PBS tablets, pH 7.4 ± 0.1, 137 mM sodium chloride, 2.7 mM 

potassium chloride and 10 mM phosphate buffer) was purchased from VWR International 

(Radnor, PA, EUA) and prepared using ultrapure water (Milli-Q Academic, Millipore, 

France). 

 

 3.2.2. Preparation of Liposomes 

  Based on the lipid composition of neuronal membranes, lipid vesicles comprised of 

DMPC:CHOL:SM:PS (65:15:10:10 molar ratio) were used as lipid membrane mimics [11]. 

Liposomes were produced by the thin-film hydration method followed by extrusion, 

according to a previous report [12]. In the first stage, lipids were dissolved and mixed in 

chloroform to ensure the mixture's homogeneity. Dichloromethane, ethanol, or a 

combination of chloroform and methanol are also commonly used as organic solvents. Then, 

the organic solvent was removed by evaporation under a nitrogen stream to obtain a thin 

lipid film. For significant volumes of organic solvents, rotary evaporation using a round 

bottom flask is often preferred. The lipid film was then rehydrated with PBS at a final 

concentration of 5 mM, and the lipid mixture was vigorously vortexed for 10 minutes. When 

hydrated, phospholipids spontaneously assemble into liposomes due to their amphiphilic 

nature. They tend to assemble in vesicles to decrease the system’s free energy by reducing 
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the contact of phospholipids' hydrophobic tails with water [13]. The phospholipids 

dispersed in an aqueous buffer yield a heterogeneous population of MLVs, both in size and 

shape. Therefore, LUVs were produced by extruding the suspension eleven times through a 

Nuclepore™ track-etched polycarbonate membrane (Maidstone, UK) with pores of 400 nm, 

200 nm, and finally 100 nm at 37 °C. The extrusion must be performed at temperatures 

above the phase transition temperature of the lipids. At lower temperatures, the liposomes’ 

lipid membrane is rigid and inflexible, which hinders their passage through the pores. 

Figure 3.1 shows the step-by-step of the methodology used. 

 

Figure 3.1. Step-by-step of the thin-film hydration technique for liposome production. 

 

 3.2.2. Physicochemical Characterization of Liposomes 

  The produced liposomes were characterized by their physicochemical properties, 

including hydrodynamic diameter, polydispersity index (PdI), and zeta potential. The mean 

diameter and PdI of the lipid vesicles were determined by dynamic light scattering (DLS), 

while zeta potential of the liposomes was assessed by electrophoretic light scattering (ELS), 

both using a Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK). Size 

measurements were achieved with a backscatter angle of 173°. The obtained values were 

determined from three measurements of eleven runs each. Zeta potential values resulted 
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from three measurements of twenty runs each, determined by the Smoluchowski 

mathematical model. 

 

  3.2.2.1. Dynamic Light Scattering 

  DLS technique allows determining the average dimensions and size distribution of 

NPs by detecting fluctuations in scattered light intensity as a function of time. When light 

irradiates an NPs suspension, NPs scatter some of the incident light. The amount of 

scattered light is constant if the NP is not moving. However, in colloidal suspensions, 

Brownian movements cause the NPs to move continually, causing changes in the intensity 

of scattered light. 

  The rate of variation of the scattered light is directly proportional to the movement of 

the NPs, which can be related to their diffusion coefficient. Because NPs diffusion is affected 

by temperature (the higher the temperature, the faster the movement), viscosity (the higher 

the viscosity, the slower the movement), and NPs size (the bigger the NPs, the slower the 

movement), and because the solvent and temperature are known and constant, the Stokes-

Einstein equation (Equation 3.1) can be used to determine the NPs size [14]: 

𝑅𝐻 =
𝑘𝑇

6𝜋𝜂𝐷
                                                      Equation 3.1 

where RH is the hydrodynamic radius, k is the Boltzmann constant, T is the absolute 

temperature, η is the viscosity of the medium, and D is the diffusion coefficient.  

  DLS can also be used to determine the PdI, which is a measure of the size 

heterogeneity of NPs in a suspension. A suspension is considered monodisperse, i.e., NPs 

with approximately the same size, when PdI values are lower than 0.1. On the other hand, if 

NPs have varying sizes, the sample is classified as polydisperse. The presence of aggregates 

can skew the results since the equipment analyze them as a single larger particle, resulting 

in higher PdI [14]. 

 

  3.2.2.2. Electrophoretic Light Scattering 

  ELS, also known as laser doppler electrophoresis, is used to estimate the zeta 

potential of NPs. Zeta potential refers to the overall charge that a particle acquires in a 

particular medium. Measurements of zeta potential are commonly used to study the 
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stability of colloidal systems. If particles in suspension have a high zeta potential (negative 

or positive), they will tend to repel each other, thus preventing their aggregation. However, 

if the zeta potential of the particles is low, there will be no force to keep them from 

aggregating. Particles with zeta potential values larger than |30| mV are usually considered 

stable [15]. 

  The sample is placed in a capillary cell with two electrodes at the capillary's ends for 

measurements. When an electric field is applied, electrophoresis occurs since charged 

particles of the sample are attracted to the electrode of opposite charge. While the sample 

undergoes electrophoresis, an emitting beam hits the particles. The light is scattered by the 

particles, which is detected by a photodetector. The light frequency shift is proportional to 

the velocity of the particles, allowing the determination of the electrophoretic mobility, μ, 

using the following equation (Equation 3.2): 

𝜇 = 
𝜈

𝐸
                                                            Equation 3.2 

where ν is the velocity and E the applied electric field. 

  The zeta potential is then determined using the Smoluchowski equation (Equation 

3.3): 

ζ = 
𝜂𝜇𝐸

𝜀
                                                          Equation 3.3 

where ζ is the zeta potential, η is the viscosity coefficient, and ε is the dielectric constant 

[15]. 

 

 3.2.3. Aβ1-42 preparation 

  Stock solutions of monomeric Aβ1-42 were prepared as described previously [16]. In 

brief, lyophilized Aβ was dissolved in HFIP at 0.25 mg/mL. The solution was stirred at 250 

rpm for 3 days at room temperature to ensure the disaggregation of preformed aggregates. 

The organic solvent was then evaporated under a nitrogen stream. The attained film was 

dissolved in PBS at a concentration of 20 µM, and the solution vortexed for 2 min followed 

by 2 min of sonication in a cold-water bath sonicator (ultrasonic cleaner, VWR, USA).  

  For fibril destabilization assays, Aβ1-42 fibrils (10 µM) were prepared by incubating 

Aβ1-42 monomers solution in presence or absence of in vitro neuronal membrane models 

(500 µM) at 37 °C and 300 rpm for 2 h. 
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  Stock solutions of Aβ1-42 monomers and fibrils were immediately used on aggregation 

and disaggregation assays, respectively. 

 

 3.2.4. Thioflavin T Fluorescence Assay 

  ThT is a cationic benzothiazole, a classic amyloid dye often employed to investigate 

the Aβ fibril formation because of its strong fluorescence emission upon binding to amyloid 

fibrils. It is presumed that the quantity the amyloid fibrils is proportional to the intensity of 

fluorescence. 

  The ability of eight natural compounds - FA, NIC, CAF, CA, AA, VA, GA, and VB12 - to 

inhibit the Aβ1-42 fibrillation and disrupt preformed fibrils was monitored through a ThT 

binding assay as previously described [17]. Briefly, each natural compound in PBS (800 µM) 

was mixed with Aβ1-42 monomers of fibrils (8 µM) in a 96-well plate (non-treated, flat 

bottom, UV-Star®). Respective controls in absence of natural compound were also 

prepared. A 50 µM ThT solution previously filtered (0.2 µm) was immediately mixed to the 

samples. The plate was then sealed to prevent evaporation, and incubated at 37 °C for 4 h, 

with continuous medium agitation to ensure the homogeneity of the samples. The 

fluorescence intensity was recorded with 2 min intervals using a Synergy™ 2 Multi-Mode 

Microplate Reader (BioTek Instruments, Winooski, VT, USA) with excitation and emission 

filters of 420/50 nm and 485/20 nm, respectively. 

  The influence of in vitro neuronal membrane models on the anti-amyloidogenic 

activity of the natural compounds – CA, GA, and VB12 – was also studied. For aggregation 

assays in a neuronal membrane-like environment, DMPC:CHOL:SM:PS liposomes (400 µM) 

were mixed with a CA, GA, or VB12 solution in PBS (800 µM) in a 96-well plate. The plate 

was sealed and incubated at 37 °C for 30 min with medium agitation, to ensure that the 

natural compounds’ partition equilibrium between the aqueous and lipid phases is attained. 

Aβ1-42 monomers (8 µM) were added to the liposomes/natural compound mixture at lipid-

to-peptide molar ratio ([L]/[P]) of 50:1 and a compound-to-peptide molar ratio ([C]/[P]) of 

100:1. Respective controls without natural compound were also prepared. A ThT solution 

in PBS (50 µM) was added to the samples. The plate was sealed and incubated at 37 °C for 4 

h, with constant medium agitation to ensure the homogeneity of the samples. ThT 

fluorescence intensities were obtained as explained above.  
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  For fibril disaggregation experiments in a neuronal membrane-like environment, Aβ1-

42 fibrils (8 µM) formed in presence of liposomes (400 µM) were mixed with a solution of 

GA, CA, or VB12 in PBS (800 µM) in a 96-well plate. Respective controls without natural 

compounds were prepared. The ThT solution (50 µM) was added to the samples, the plate 

was sealed, and then incubated at 37 °C for 2 h with continuous medium agitation. ThT 

fluorescence intensities were recorded as described above. 

 

 3.2.5. Kinetic Model of Aβ1-42 Fibrillation  

  Following ThT fluorescence data acquisition, controls were subtracted to the 

corresponding samples. ThT fluorescence intensities (F) were normalized according to the 

data of control  (Aβ) and fitted as function of time (t) (hours) according to Equation 3.4 [18]: 

F(t) = F0 + 
𝐹𝑚𝑎𝑥

1+𝑒
[−𝑘(𝑡−𝑡1 2⁄ )]

                                          Equation 3.4 

where F0 is the ThT fluorescence intensity at the beginning of the kinetics (t=0 h) and Fmax 

is the maximum ThT fluorescence intensity. t1/2 and k indicate the time taken to reach half 

of the Fmax and the elongation rate constant of the fibrillation kinetics, respectively. The lag 

time of the fibril growth (tlag) was calculated based on these two parameters, according to 

the following equation (Equation 3.5): 

tlag = t1/2 - 
2

𝑘
                                                 Equation 3.5 

 

 3.2.6. Transmission Electron Microscopy 

  TEM is one of the most efficient and versatile tools for the characterization of 

nanomaterials morphology. This microscopic technique is characterized by a higher 

resolution compared to conventional light microscopes. TEM is based on the principle of 

electron wave-particle duality. Since an electron is a charged particle, it can be accelerated 

in an electric field, and electric and magnetic fields can deflect its trajectory. As this 

accelerated electron also behaves like a wave, it is possible to control its wavelength by 

potential differences. The wavelength depends on the velocity, according to the following 

equation (Equation 3.6): 

𝜆 =  
ℎ

𝑚 𝑣
                                                      (Equation 3.6) 
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where λ is the electron wavelength, h is Planck’s constant, m is the electron mass, and ν is 

the electron velocity. Therefore, depending on the accelerating voltage used, it is possible 

to choose the wavelength of the electron beam. The higher the accelerating voltage, the 

shorter the wavelength.  

  Figure 3.2 illustrates a simplified diagram of TEM operation. Initially, a beam of 

electrons is applied and accelerated by an electric field formed by a voltage difference. The 

set of condenser lenses focus the electron beam on strong magnetic fields to a spot on the 

sample to be investigated. Then, the beam hits the sample, and the electrons interact with 

the matter. Depending on the sample density, some electrons are scattered, and some are 

transmitted through the sample. The electrons are then magnified and focused on an 

objective lens, leading to the image's appearance on the screen.  

 

Figure 3.2. Simplified diagram of TEM operation.   

 

  The objective diaphragm ensures the exclusion of inelastically scattered electrons to 

enhance the image's contrast. The beam that reaches the phosphor screen has different 

amounts of electrons that pass through particular regions of the sample. This difference is 

responsible for the image contrast. Darker areas of the image represent the regions of the 



68 
 

sample through which fewer electrons were transmitted due to the greater thickness or 

density. Contrariwise, brighter areas result from the increased electronic transmission, 

representing thin regions of the sample. 

  TEM was used to monitor the structural morphology of Aβ1-42 peptide upon 4 h of 

incubation with CA, GA, or VB12, in the presence or absence of the in vitro neuronal 

membrane model, according to previous reports [19]. Briefly, 5 µL aliquots directly drawn 

from ThT assays solutions were placed on a carbon-formvar coated 400 mesh spacing grid 

for 5 min at room temperature and removed with filter paper. Negative staining was 

performed with a 2% (w/v) uranyl acetate solution for 45 s. The staining solution was then 

blotted, and the grid was rinsed with the uranyl acetate solution. TEM images were acquired 

using a JEM 1400 electron microscope (JEOL, Tokyo, Japan) with an acceleration voltage of 

80 kV. 

 

 3.2.7. Attenuated Total Reflection-Fourier Transform Infrared 

  FTIR spectroscopy allows for studying the interaction of infrared radiation with 

matter, including organic or inorganic, solid, liquid, or gaseous. Because each distinct 

chemical bond absorbs incident light at a particular wavelength, this approach can identify 

chemical bonds in molecules. When a given bond absorbs radiation, it will become excited, 

and consequently, the frequency of its molecular vibration will increase. A molecule's 

infrared vibrational spectrum comprises several bands resulting from the transition 

between pairs of vibrational levels related to the ground electronic state. 

  ATR accessories are particularly helpful for collecting infrared spectra of samples that 

are difficult to investigate using the standard transmission approach. They are appropriate 

for examining dense or highly absorbing solid and liquid materials, such as aqueous 

samples, threads, coatings, powders, and adhesives. 

  ATR-FTIR spectra of Aβ1-42 peptide upon 4 h of incubation with CA, GA, or VB12, in the 

presence or absence of the in vitro neuronal membrane model, were gathered as reported 

in a previous study [19]. Briefly, 5 µL of the end-point products from ThT assays were placed 

on the surface of the FTIR crystal, followed by solvent evaporation under a nitrogen flow. 

Spectra were collected in the amide I region of Aβ (1600 to 1700 cm-1), as this region is 

considered the most sensitive to proteins/peptides secondary structures. Spectra of the 

background and control samples were also obtained and subtracted from the 
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corresponding spectrum. ATR-FTIR measurements resulted from 64 scans and were 

obtained using an ALPHA-P spectrophotometer (Bruker Corporation, Billerica, MA, EUA). 

  Following ATR-FTIR spectroscopy acquisition, spectra were processed according to 

previous work [17]. Fourier self-deconvolution algorithm with a smoothing factor of 0.4 

was applied to the spectra to enhance their resolution, followed by the baseline correction. 

The resulting spectra were deconvoluted using the Gaussian-Lorentzian function, and 

successive iterations were completed until convergence was reached. Antiparallel β-sheet 

structures have two typical bands at 1615-1627 cm-1 and 1674-1695 cm-1. β-turn structures 

display a single band at 1662-1686 cm-1, while parallel β-sheets are characterized by a band 

at 1623-1641 cm-1. α-helix structures exhibit a single band around 1648-1657 cm-1 [20]. 

ATR-FTIR data analysis was completed using Origin 2021 software (OriginLab Corp., MA, 

USA). 

 

 3.2.8. Circular Dichroism 

  CD spectroscopy is a widely-used technique to investigate the secondary structure, 

folding, and interactions of proteins in solution. This method depends on the differential 

absorption of left and right circularly polarized radiation by chromophores which either 

have intrinsic chirality or are placed in chiral environments. Proteins have some 

chromophores that originate CD signals. The CD spectra can be examined to determine the 

content of regular secondary structural characteristics like α-helix and β-sheet in the far UV 

region (240-180 nm), which corresponds to peptide bond absorption [21]. 

  CD spectra were recorded on a JASCO J-815 spectropolarimeter (JASCO Corporation, 

Tokyo, Japan), according to the previous work [22]. Briefly, 120 μL aliquots of the end-point 

products from ThT assays were placed on a 1 mm path length quartz cell. CD spectra were 

recorded between 200 and 260 nm with a scan rate of 50 nm/min at 37 °C. Spectra of the 

background and blank samples were also collected and subtracted from the corresponding 

protein spectrum. Each spectrum results from the mean of 16 scans. Fourier self-

deconvolution algorithm with a smoothing factor of 0.2 was applied to enhance the spectra 

resolution. 
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 3.2.9. UV-Vis Derivative Spectrophotometry 

  UV/Vis spectrophotometry is a widely used technique in analytical chemistry for 

quickly, easily, and accurately estimating the concentration of compounds in solution [23]. 

Spectrophotometers are composed of a radiation source and a detector. The radiation 

source emits a monochromatic light beam, which hits the substances in a given solution. 

While part of the radiation is absorbed, another is transmitted through the sample, reaching 

the detector. The amount of absorbed radiation is then determined by the difference 

between the incident light and the light that reached the detector. This relationship is 

translated by the following equation (Equation 3.7) [24]: 

𝐴 = − 𝑙𝑜𝑔10 (
𝐼

𝐼0
)                                                (Equation 3.7) 

where A is the absorbance, I is the light that reached the detector, and I0 is the incident light. 

  Quantifying substances by spectrophotometry is based on the Lambert-Beer law 

(Equation 3.8).  

𝐴 =  𝜀. 𝑐. 𝑙                                                   (Equation 3.8) 

where A is the absorbance, ε is the molar absorptivity, c is the sample concentration, and l 

is the path length [25].  

  In this experiment, derivative UV-Vis spectrophotometry was used to assess the 

partition coefficient (KP) values of CA, GA, and VB12. Conventionally, KP is calculated in a 

biphasic octanol/water system. However, liposome/water systems simulate the membrane 

characteristic of biological membranes ensuring the presence of electrostatic interactions 

between drugs and the polar groups of the phospholipids that are not simulated in the 

octanol/water system [26]. Besides that, the combination of derivative spectroscopic 

methods with liposome/water systems ensures the study of drug distribution between the 

lipid and aqueous media without calculating the drug amount in each phase. Furthermore, 

the derivative spectrophotometry eliminates the background signals caused by the 

liposome light scattering, providing an improved resolution of overlapped bands [26]. 

  The KP of CA, GA, and VB12 between the lipid vesicles and the aqueous media was 

determined by derivative spectrophotometry [27]. Briefly, CA, GA, or VB12 (100 μM) was 

added to increasing concentrations of LUVs (from 0 to 4000 μM). Controls in the absence of 

natural compounds were also completed. Absorbance spectra were obtained at 37 °C, in a 
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range of 200 to 500 nm, using a Synergy™ 2 Multi-Mode Microplate Reader (BioTek 

Instruments, Winooski, VT, USA).  

  To assess natural compounds’ KP values in the presence of Aβ1-42 fibrils, preformed 

fibrils in PBS were added to increasing concentrations of LUVs (from 0 to 4000 μM). The 

plate was sealed and incubated at 37 °C for 30 min with medium agitation to allow the 

peptide-biomembrane interactions to be established. Natural compounds were added, and 

KP values were calculated as described above. The [C]/[P] of 100:1 was kept constant 

throughout the experiment. 

  A previously designed routine known as KP Calculator was used to analyze the data 

[38]. The analysis is based on three stages: (i) the blank spectrum was subtracted to the 

correspondent absorption spectrum of liposomes to correct the absorption spectrum; (ii) 

to enhance the band resolution and facilitate the detection of spectral details, the second-

derivative spectra were assessed to remove the light scattering induced by liposomes; (iii) 

KP values were determined based on the wavelength of second derivative spectra where 

the scattered light was removed, by plotting the Equation 3.9 to the experimental data 

(DT versus [L]) through the use of a nonlinear least-squares regression where the KP is the 

variable parameter [28]: 

𝐷𝑇 = 𝐷𝑊 +
(𝐷𝑚− 𝐷𝑊) 𝐾𝑃 [𝐿] 𝑉𝑚

1+  𝐾𝑃 [𝐿] 𝑉𝑚
                                   (Equation 3.9) 

where D represents the second derivative (D = dn Abs/dλn) calculated from the absorbance 

values of the total amount of natural compound (DT), the amount present in the lipid 

membrane (Dm), and aqueous phases (DW). [L] defines the lipid concentration (in M) and Vm 

is the lipid molar volume, which corresponds to 0.5977 L/mol for DMPC:CHOL:SM:PS LUVs 

[65:15:10:10]. 

  The dimensionless partition coefficient of CA, GA, and VB12 (log D) was calculated 

according to the following equation (Equation 3.10): 

log D = log (KP/Vm)                                         (Equation 3.10) 

  The theoretical octanol/buffer partition coefficients (log P) of CA, GA, and VB12 were 

determined by the Marvin Sketch Calculator (v.5.11.0) from Chemaxon™. 

 

https://www.sciencedirect.com/science/article/pii/S0927776519302425#bib0190
https://www.sciencedirect.com/topics/physics-and-astronomy/absorption-spectra
https://www.sciencedirect.com/topics/chemistry/partition-coefficient
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 3.2.10. Statistical Analysis 

  Data are expressed as the mean ± standard deviation (SD) of at least three 

independent assays. Student’s t-tests with a confidence interval of 95% were performed 

using GraphPad Prism 8 software to assess significant differences between data. 

 

 

3.3. Results and Discussion 

 3.3.1. Screening of Natural Compounds for Anti-Amyloidogenic 

Properties 

  The ability of FA, NIC, CAF, CA, AA, VA, GA, and VB12 to inhibit the Aβ1-42 aggregation 

and disrupt mature fibrils in an aqueous medium was investigated by a ThT fluorescence 

assay. Figure 3.3 shows the chemical structure of the eight natural compounds used in this 

study. To this end, Aβ1-42 monomers or fibrils were mixed with the natural compounds at a 

[C]/[P] of 100:1. Control samples in the absence of natural compounds were also prepared. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fluorescence-assay
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fluorescence-assay
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Figure 3.3. Chemical structure of the studied natural compounds. 

 

  Figure 3.4 shows the complete sets of normalized ThT fluorescence kinetic curves 

after incubating Aβ monomers with the eight natural compounds in PBS. The kinetic 

parameters of the ThT traces were determined by combining the data with a nonlinear 

mathematic model (Equation 3.4). The estimated parameters include the lag phase time (tlag, 

h), the time needed to reach half of the maximum fluorescence signal (t1/2, h), the fibril 

elongation rate (k, h−1), the maximum normalized fluorescence intensity (Fmax), and are 

summarized in Table 3.1. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/kinetic-parameter
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/kinetic-parameter
https://www.sciencedirect.com/science/article/pii/S000398612100271X#tbl1
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Figure 3.4. Normalized Thioflavin T (ThT) fluorescence of Aβ1-42 (8 μM) as a function of time 

(h) upon incubation of monomers with the natural compounds (800 μM) in PBS. 

 

Table 3.1. Kinetic parameters calculated by fitting Equation 3.4 to the ThT curves of Figure 

3.4. *p<0.05, **p< 0.01 and ***p<0.001 indicate statistically differences between Aβ1-42 in 

the absence and presence of the natural compounds.  

 tlag (h) t1/2 (h) k (h-1) Max. fluorescence 

Aβ 0.40 ± 0.08 0.61 ± 0.06 7.5 ± 1.6 0.98 ± 0.04 

Aβ+FA 0.39 ± 0.08 0.72 ± 0.02 6.5 ± 1.9 0.74 ± 0.05 ** 

Aβ+NIC 0.39 ± 0.06 0.60 ± 0.05 9.7 ± 0.3 1.24 ± 0.07 ** 

Aβ+CAF 0.31 ± 0.02 0.73 ± 0.03 4.8 ± 0.2 1.26 ± 0.14 * 

Aβ+CA n.d. n.d. n.d. n.d. 

Aβ+AA 0.30 ± 0.06 0.62 ± 0.04 6.3 ± 0.5 1.17 ± 0.03 ** 

Aβ+VA 0.14 ± 0.02 * 0.76 ± 0.14 2.9 ± 0.3 * 1.73 ± 0.36 * 

Aβ+GA n.d. n.d. n.d. n.d. 

Aβ+VB12 0.34 ± 0.02 1.19 ± 0.21 * 2.5 ± 0.6 * 0.78 ± 0.01 ** 

n.d. not determined 

  From Figure 3.4, it can be seen that the ThT fluorescence kinetic curve of Aβ exhibits 

a typical sigmodal tendency. A low ThT intensity is detected in the beginning, indicating the 

residual presence of β-sheet structures. In this phase, known as the lag phase, monomeric 

Aβ aggregates into small oligomers. The ThT signal then increases due to the rapid fibrils 
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growth (elongation phase), which reaches a plateau when most peptide has aggregated into 

fibrils (stationary phase) [29]. 

  Figure 3.4 and Table 3.1 reveal that all the natural compounds affected the time 

course of Aβ1-42 fibrillation kinetic. FA, CA, GA, and VB12 prevented the Aβ fibrillation, 

however, NIC, CAF, AA, and VA demonstrated to promote the fibril formation. CA and GA are 

the natural compounds with the best anti-fibrillation properties. As shown in Figure 3.4, the 

ThT fluorescence signal of Aβ in the presence of CA and GA did not increase during 

the incubation period, implying that these compounds entirely prevented the formation of 

Aβ fibrils. VB12, in turn, significantly affected the elongation rate by reducing it by 3 times 

(p<0.05). As a result, the time required for 50% of the maximum fluorescence intensity to 

be achieved has doubled (p<0.05), thus suggesting that VB12 slows the transition from Aβ 

oligomers to mature fibrils. Moreover, VB12 also reduced the maximum fluorescence 

intensity to around 22% (p<0.01). As the ThT fluorescence is directly proportional to the 

fibril content, this data indicates that VB12 can also reduce the amount of Aβ fibrils formed. 

FA also reduced the fibril content by approximately 26% (p<0.01) without modifying the 

remaining kinetic parameters. 

  Nevertheless, NIC, CAF, AA, and VA negatively impacted the Aβ1-42 fibrillation kinetic 

by increasing the fibril content is about 24, 26, 17, and 73%, respectively. The remaining 

kinetic parameters remained unchanged (p>0.05), except for VA, which significantly 

decreased the tlag compared to the control (p<0.05), indicating that VA accelerates the 

transition of Aβ monomers to oligomers, and significantly reduced the elongation rate by 

2.6 times (p<0.05).  

  Figure 3.5 displays the complete sets of normalized ThT fluorescence kinetic curves 

after incubating Aβ fibrils with the eight natural compounds in PBS. Again, CA, GA, and VB12 

are the natural compounds with the best fibril disaggregating properties. The presence of 

these natural compounds significantly suppressed the ThT fluorescence intensity, 

suggesting the disaggregation of Aβ fibril. CA and VB12 prompted an abrupt reduction of 

the ThT signal (p<0.001) immediately upon their addition to Aβ fibrils, reducing the content 

of fibrils by approximately 80%. In turn, the GA’s disaggregating activity seems to be time-

dependent. Over time, a decrease of the ThT signal is observed, implying a gradual reduction 

in the fibril content. Immediately upon adding GA to Aβ fibrils, a decline of about 41% in the 

ThT signal is detected until GA totally inhibits the ThT fluorescence after 1.5 h of incubation 

(p<0.001), suggesting the complete fibril disruption. However, an opposite behavior was 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/incubation-time
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observed after incubating CAF, AA, and VA with Aβ fibrils. These natural compounds 

significantly increased the ThT fluorescence signal compared to the control (p<0.05) by 

approximately 17, 36, and 12%, respectively, indicating an increase in the number of fibrils. 

NIC and FA did not affect the ThT intensity (p>0.05). 

 

Figure 3.5. Normalized ThT fluorescence of Aβ1-42  (8 μM) as a function of time (h) upon 

incubation of fibrils with the natural compounds (800 μM) in PBS. 

 

  Based on the presented results, the natural compounds with the best anti-

amyloidogenic properties for both inhibiting the fibril formation and disaggregating mature 

fibrils – CA, GA, and B12 – were selected for additional assays. The influence of in vitro 

neuronal membrane on the anti-amyloidogenic properties of these natural compounds was 

investigated. 

 

 3.3.2. Influence of in vitro Neuronal Membranes on the Anti-

Amyloidogenic Activity of Caffeic Acid 

The content of this section is published in: Andrade, S., Loureiro, J.A. & Pereira, M.C. (2021). 

Caffeic acid for the prevention and treatment of Alzheimer's disease: The effect of lipid 

membranes on the inhibition of aggregation and disruption of Aβ fibrils. International Journal 

of Biological Macromolecules, 190, 853-861. 
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  3.3.2.1. Aβ Fibrillation Study 

  The effect of CA on the Aβ1-42 fibrillation kinetics in both PBS and membrane 

environment was examined by combining ThT binding experiments with mathematical 

modeling. ThT fluorescence is a methodology widely employed to detect and quantify 

amyloid fibrils in vitro since ThT molecules emit fluorescence after binding to β-sheet 

structures [30]. To this end, Aβ1-42 monomers and CA were incubated in the absence or 

presence of DMPC:CHOL:SM:PS liposomes at 37 °C, and the ThT fluorescence was monitored 

for 4 h. The characterization of the produced liposomes is shown in Table S3.1 

(Supplementary Material). The kinetics of Aβ1-42 aggregation in the absence of CA in both 

aqueous and membrane environments were also monitored. The full sets of ThT 

fluorescence data are displayed in Figure 3.6. The kinetics parameters of aggregation were 

determined by fitting Equation 3.4 to the ThT traces and are shown in Table 3.2. 

 

Figure 3.6. Normalized ThT fluorescence of Aβ1-42 (8 µM, blue circle) as a function of time 

(h) upon incubation with caffeic acid (CA) (800 µM, orange triangle) in A) PBS and B) in the 

presence of liposomes (400 µM). 

 

Table 3.2. Kinetic parameters of Aβ1-42 aggregation in the presence and absence of CA, both 

in aqueous and membrane-like environments, are determined by fitting Equation 3.4 to the 

ThT data. *p<0.05 suggests a statistical difference between Aβ1-42 in aqueous and lipid 

media. 

 
Aqueous environment Lipid environment 

Aβ1-42 Aβ1-42 + CA Aβ1-42 Aβ1-42 + CA 

tlag (h) 0.39 ± 0.09 n.d. 0.17 ± 0.03 * n.d. 
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t1/2 (h) 0.58 ± 0.09 n.d. 0.30 ± 0.04 * n.d. 

k (h-1) 7.4 ± 1.4 n.d. 12.1 ± 2.5 * n.d. 

Max. fluorescence 1.00 ± 0.02 n.d. 1.00 ± 0.01 n.d. 

n.d. not determined 

 

   In agreement with previous studies [31, 32], ThT data of Aβ1-42, both in the presence 

and absence of liposomes, display a typical sigmoidal curve (Figure 3.6). The beginning of 

each kinetic is characterized by low values of ThT fluorescence, suggesting the absence of 

β-sheet structures. In this stage, known as the lag phase, Aβ monomers are converted into 

oligomers. Then, ThT intensities increase due to the fibrils' growth, known as the elongation 

phase, until reaching a plateau when protofibrils are assembled into mature amyloid fibrils 

(stationary phase) [32]. 

  In the aqueous medium, the Aβ1-42 aggregation process exhibit a tlag of 0.39 ± 0.09 h 

(around 23 min) (Table 3.2). However, lipid vesicles induced a significant reduction of this 

parameter to 0.17 ± 0.03 h (approximately 10 min) (p<0.05), inferring that Aβ1-42 starts to 

aggregate faster in the lipid environment. The presence of the artificial lipid membranes has 

also affected the growing phase by enhancing the fibril elongation rate (k) by a factor of 

approximately 2 when compared with the aqueous environment (p<0.05). As a result, the 

time needed to reach half of the maximum fluorescence (t1/2) has halved (p<0.05). Lindberg 

et al. (2017) draw comparable conclusions using liposomes made of 1,2-dioleoyl-sn-

glycero-3-phospho-L-serine as synthetic membranes [24]. Moreover, despite the 

electrostatic repulsions between Aβ (net charge of −2.8 at pH 7.4) and PS (net charge of -1 

at pH 7.4), the interaction of Aβ1-42 with anionic lipid membranes was already discussed in 

previous works [33, 34]. It seems that other highly favorable interactions between the 

hydrophobic tail of the peptide and the core of the phospholipid bilayer overcome the 

electrostatic repulsions. Collectively, these results suggest that lipid membranes play a 

catalytic role in the Aβ1-42 fibrillation process by accelerating the elongation phase, as 

previously described [35]. Substantial evidence indicate that lipid membranes play a key 

role in the aggregation of Aβ1-42 by influencing the Aβ folding and enhancing the aggregation 

rates [24, 36]. Particularly, the composition of membranes is the main factor modulating the 

peptide-membrane interactions by affecting the Aβ structural transitions and consequent 

aggregation [37]. Negatively charged phospholipids and CHOL were identified as the main 

membranes’ components involved in the Aβ-biomembranes interactions [38]. 
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  The incubation of the peptide with CA prompted modifications in the time course of 

the Aβ1-42 aggregation kinetics in PBS (Figure 3.6). No significant difference in the ThT signal 

at the beginning and end of the experiments was detected (p>0.05), suggesting that CA fully 

prevents the fibrillation process in the aqueous environment. In addition, Figure 3.6 

suggests that the overall CA’s ability to prevent the fibril formation was not disturbed by 

the lipid membranes since no difference between the endpoint of ThT emission intensities 

of the two tested conditions was noticed (p>0.05). A plausible scenario for the similar anti-

fibrillation activity of CA in both the membrane and non-membrane environments is that 

the natural product interacts preferentially with Aβ1-42 peptides than with the lipid 

membranes.  

  Therefore, the CA-lipid membrane interactions were investigated in terms of CA’s 

lipophilicity. The CA’s KP between the aqueous and membrane phase was assessed by 

derivative UV–Vis spectrophotometry. Due to the amphiphilic nature of the phospholipids, 

this methodology provides a promising alternative to the conventional techniques by 

simulating interactions other than the hydrophobic interactions between ionized drugs and 

phospholipids’ heads, unlike the octanol/water system. Moreover, using the derivative 

allows removing the noise caused by vesicles’ light scattering, which improves the band 

resolution [39]. An example of the data processing performed to determine CA’s KP is 

illustrated in Figure S3.1 (Supplementary Material). The KP and log D of CA as well as its 

theoretical octanol/water partition coefficient (log P) at pH 7.4 are presented in Table 3.3. 

The CA’s log P was estimated using the log P calculator from ChemAxon (Hungary). 

 

Table 3.3. Partition coefficient (KP) and distribution coefficient (log D) of CA (100 µM) 

between the aqueous and lipid membrane phases (pH 7.4, 37 °C). ¥ Predicted using the 

MarvinSketch calculator (ChemAxon). 

KP log D log P ¥ 

1191 ± 195 3.3 ± 0.1 1.83 

 

  As shown in Table 3.3, the CA’s KP value of 1191 ± 195 suggests that CA has a 

moderate affinity for the lipid membrane, with some molecules partitioning from the PBS 

to the membrane media. It is thus conceivable that the molecules of CA remaining in the 

aqueous phase are enough to completely inhibit the formation of Aβ fibrils in solution. In 
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addition, it is possible to notice from Table 3.3 that the CA’s log D (3.3 ± 0.1) is significantly 

higher than its log P (1.83). This difference occurs due to the amphiphilic nature of the 

phospholipids that allows contemplating electrostatic, ion-dipole, and dipole-dipole forces 

between the phospholipids and ionized molecules, that the classic two-phase octanol/water 

system fails in considering [40]. Predictions from Marvin Sketch Calculator software reveal 

that the totality of CA molecules is negatively charged at pH 7.4. Therefore, it is expected 

that, in addition to the hydrophobic forces, CA interacts with the phospholipid bilayer 

through ion-dipole forces with the negative charge of the DMPC polar head. 

  The morphology of the ThT end-point products after 4 h of incubation was examined 

by TEM (Figure 3.7). Without CA, Aβ1-42 samples formed thin and long fibrils in the aqueous 

(Figure 3.7 A) and lipid environments (Figure 3.7 C). Some aggregates corresponding to 

protofibrils were also noticed. In contrast, when Aβ1-42 was incubated with the natural 

compound, no fibrils were detected, and only small structures and short filaments 

appeared, both in the presence (Figure 3.7 D) and absence of artificial lipid membranes 

(Figure 3.7 B). 
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Figure 3.7. TEM images of Aβ1-42 (8 µM) incubated in the A) absence and B) presence of CA 

(800 µM) in PBS. Aβ1-42 incubated with liposomes (400 µM) in the C) absence and D) 

presence of CA. Red arrows demonstrate Aβ1-42 fibrils. Scale bars indicate 100 nm. 

 

  CD measurements were performed to investigate the conformational changes of Aβ1-

42 upon its incubation with CA for 4 h, either in the presence or absence of lipid vesicles. This 

is the most used technique to characterize the secondary structure of peptides [41]. Multiple 

evidence recognize that Aβ peptide undergoes a conformational change from α-helix to β-

sheet structures during fibrillation [42]. Thus, monitoring the Aβ secondary structures upon 

adding CA allows for validating its anti-amyloidogenic activity.  

  Figure 3.8 illustrates the CD spectra of Aβ1-42 in the absence and presence of CA, both 

in the aqueous (Figure 3.8 A) and lipid (Figure 3.8 B) environments. As expected, CD spectra 

of Aβ1-42 following 4 h of incubation in the absence and presence of DMPC:CHOL:SM:PS 

liposomes exhibit a canonical peak at around 218 nm, which is representative of β-sheet-

rich structures [43]. In the presence of CA in the aqueous medium, the CD spectrum of Aβ1-

42 exhibits two negative bands at 215 and 225 nm, which is the specific fingerprint 

characteristic of α-helix structures [44]. These results are in accordance with ThT data and 

TEM images, reinforcing the CA’s ability to prevent fibril formation in PBS. In turn, when 

Aβ1-42 was co-incubated with CA in the lipid environment for 4 h, the peptide displayed a 

similar profile to what was observed previously in the absence of the natural compound, 

with an absorption minimum at 218 nm. However, the band intensity was lower as 

compared to the control sample, which highlights the capacity of CA to prevent the Aβ1-42 

fibrillation by reducing the content of β-sheet-rich structures formed. These findings agree 

with the previous reports that depicted the ability of other natural compounds, such as AA 

and VB12, to prevent the structural transition of amyloid peptides toward forming β-sheet-

rich structures [45, 46]. 
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Figure 3.8. Circular dichroism (CD) spectra of Aβ1-42 (8 μM, solid black line) upon 

incubation with CA (800 μM, dashed gray line) in A) PBS and B) in the presence of liposomes 

(400 μM).  

 

  ATR-FTIR measurements combined with deconvolution analysis using a Gaussian-

Lorentzian function were conducted to get further insights into the secondary structure of 

Aβ1-42, namely, into the content of each secondary structures. Figure 3.9 exemplifies the self-

deconvoluted spectra (black line) of the amide I region of Aβ1-42 (1600-1700 cm-1) following 

4 h of incubation in the absence and presence of CA in the aqueous and lipid environments. 

The quantitative estimation of the secondary structures of Aβ1-42 upon its incubation with 

CA in the presence and absence of DMPC:CHOL:SM:PS liposomes is shown in Table 3.4. 
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Figure 3.9.  Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra of 

Aβ1-42 (8µM) in PBS in the A) absence or B) presence of CA (800 µM). C) and D) show the 

ATR-FTIR spectra of Aβ1-42 in the presence of liposomes (400 µM), without and with CA, 

respectively. Antiparallel β-sheet, parallel β-sheet, α-helix, and β-turn structures are 

represented by orange, pink, green, and blue lines, respectively. 

 

Table 3.4. Content of secondary structures of Aβ1-42 upon 4 h of incubation at 37 °C with 

and without CA, both in aqueous and lipid environment, estimated from the Fourier self-

deconvolution of ATR-FTIR spectra, followed by the curve fitting of amide I band. *p<0.05 

and  ****p<0.0001 denote statistical differences between Aβ1-42 in the absence and presence 

of CA. 

 
Aqueous environment Lipid environment 

Aβ1-42 Aβ1-42 + CA Aβ1-42 Aβ1-42 + CA 

Antiparallel β-sheet 
1615-1627 cm-1/1674-1695 
cm-1 

7 ± 1 8 ± 4 7 ± 4 6 ± 3 

Parallel β-sheet 
1623-1641 cm-1 

47 ± 1 33 ± 1 **** 48 ± 8 33 ± 9 * 

α-helix 
1648-1657 cm-1 

37 ± 2 53 ± 1 **** 32 ± 6 50 ± 5 * 
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β-turn 
1662-1686 cm-1 

10 ± 2 6 ± 1 13 ± 7 11 ± 5 

 

  When incubated in PBS for 4 h at 37 °C, Aβ1-42 peptide exhibits predominantly a 

parallel β-sheet conformation, accounting for approximately 47% of the total content (Table 

3.4). This is the primary structural characteristic of amyloid fibrils [47]. In addition, a 

smaller content (37%) of α-helix structures was noticed, suggesting the presence of some 

Aβ monomers [48]. A low percentage of antiparallel β-sheet and β-turn structures was also 

detected, indicating the presence of few oligomers in the tested samples [49]. The content 

of secondary structures at the end of the Aβ1-42 fibrillation process is consistent with 

previous works [50]. The aggregation process of Aβ1-42 in the presence of artificial lipid 

membranes induced similar secondary structure content to the fibrillation process in bulk 

solution (p>0.05), as previously depicted [51]. 

  As shown in Table 3.4, adding CA to the monomeric solution modified the overall 

secondary structure content of Aβ1-42 regardless of the tested environment. In the aqueous 

medium, CA significantly reduced the content of parallel β-sheet structures from 47% to 

33% (p<0.0001) while increasing the α-helix conformation from 37% to 53% (p<0.0001). 

In turn, the amount of antiparallel β-sheet and β-turn structures remained unchanged 

(p>0.05). The CA-induced Aβ1-42 conformational changes in the aqueous and lipid 

environments were comparable (p>0.05). These findings indicate that CA is effective in 

preventing Aβ1-42 from undergoing α-helix to β-sheet transition, which is strongly 

associated with the amyloid fibrils formation [52]. Thus, in agreement with ThT 

fluorescence, TEM images, and CD results, ATR-FTIR data imply that CA prevents the Aβ1-42 

aggregation process, both in the aqueous and lipid membrane-like environments.  

  Beyond Aβ, CA demonstrated to have anti-aggregating properties on other amyloid 

proteins such as α-synuclein [53], lysozyme [49], and bovine serum albumin [54]. However, 

the detailed mechanism behind such activity is still unclear. According to Alam et al. (2017) 

[55], the CA-Aβ interactions occur through hydrogen bonding between the catechol moiety 

of CA and the peptide. Li and colleagues (2010) [56] revealed that the hydrogen bond forces 

might also occur between the phenolic hydroxyl groups of CA and the polar groups of 

amyloid proteins. Furthermore, molecular modeling analysis performed by other groups 

demonstrated that hydrophobic forces between the aromatic ring of CA and the 

hydrophobic amino acid residues of amyloid proteins, such as Aβ and α-synuclein, are also 

involved in the CA-protein interactions [47, 54, 56]. 
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  3.3.2.2. Aβ Fibril Disaggregation Study 

  The efficiency of CA in disrupting preformed Aβ1-42 fibrils both in the presence and 

absence of DMPC:CHOL:SM:PS liposomes was investigated by ThT fluorescence 

measurements. Figure 3.10 displays the full sets of normalized ThT fluorescence kinetic 

traces. The percentages of CA-induced fibril disruption through the assay, both in the 

aqueous and lipid environment, are resumed in Table 3.5. 

 

Figure 3.10. Normalized ThT fluorescence intensities of mature Aβ1-42 fibrils (8 μM, blue 

circles) as a function of time (h) in the absence and presence of CA (8 μM, red squares; 80 

μM, green square; 800 μM, orange triangles) in A) PBS and B) in the presence of liposomes 

(400 μM). 

 

Table 3.5. Percentage of CA-induced Aβ1-42 fibril disruption over time, determined from 

ThT data. ** p<0.01, ***p<0.001, and **** p<0.0001 indicate a statistical difference between 

the aqueous and lipid environments. 

Aβ1-42 fibril disruption (%) 

Time 

(h) 

Aqueous environment Lipid environment 

8 µM 80 µM 800 µM 8 µM 80 µM 800 µM 

0 1 ± 1 18 ± 12 75 ± 6 8 ± 5 5 ± 9 25 ± 6 **** 

1 42 ± 3 65 ± 4 75 ± 1 21 ± 7 ** 31 ± 7 **** 48 ± 4 **** 

2 67 ± 1 77 ± 3 72 ± 1 48 ± 8 ** 58 ± 6 *** 71 ± 1 
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  As revealed in Figure 3.10 A, the presence of CA dramatically suppressed the ThT 

fluorescence intensity in the aqueous medium in a concentration-dependent manner, 

suggesting the Aβ1-42  fibril disaggregation. No significant variation (p>0.05) was observed 

in the ThT signal immediately upon the addition of CA at 8 µM ([C]/[P] of 1:1). However, as 

the incubation time increases, a significant decline in the ThT intensity is observed (p<0.05). 

As shown in Table 3.5, at the lowest concentration, the natural compound disrupted 

approximately 42% and 67% of the fibrils after 1 h and 2 h of incubation at 37 °C in the 

aqueous medium, respectively. A further increase in CA concentration to ten times ([C]/[P] 

of 10:1) yielded an additional decrease in the ThT signal (p<0.05). As displayed in Table 3.5, 

CA at 80 µM immediately reduced the fibrils' content by 18% after its addition. This CA’s 

disaggregating activity increased over time (p<0.05), disrupting approximately 65% of the 

fibrils after 1 h of incubation at 37 °C and 77% after 2 h of incubation in the aqueous 

medium. Furthermore, the highest CA concentration (800 µM) prompted an abrupt 

reduction of the ThT signal (p<0.001) immediately upon its addition to Aβ1-42 fibrils formed 

in the aqueous medium. As Table 3.5 reveals, CA reduced the content of fibrils by 

approximately 75% at the beginning of the assay. This activity remained constant over the 

experiment (p>0.05), disrupting about 75% and 72% of the fibrils after 1 h and 2 h of 

incubation at 37 °C, respectively. These results suggest that the CA’s disaggregating activity 

at 800 µM is instantaneous and sustained. Overall, this finding reveals the ability of CA to 

disrupt mature fibrils in PBS in a concentration-dependent manner. As the concentration of 

CA increases, the faster the mature Aβ1-42  fibrils disrupt. Epigallocatechin gallate, 

amentoflavone, and safranal are examples of other natural products that exhibit a dose-

dependent disaggregating activity against amyloid fibrils in buffer solutions [47, 57, 58]. 

  From Figure 3.10, it is also possible to observe that the capacity of CA to disaggregate 

mature fibrils was affected by the presence of the lipid membrane model. Following 2 h of 

incubation at 37 °C, the fibril disruption activity of CA at 8 and 80 µM was significantly lower 

in the lipid environment than in the aqueous one (Table 3.5). While CA at 8 µM lost 

approximately 30% (p<0.01) of its anti-amyloidogenic activity in the presence of 

membranes, the CA’s fibril disaggregating activity at 80 µM decreased by around 25% 

(p<0.001). In turn, instead of being immediate, as observed in the aqueous medium (Figure 

3.10 A), the CA’s disaggregating activity at 800 µM in the membrane-like environment 

increased over time (Figure 3.10 B). While at the beginning of the assay, CA reduced 

approximately 25% of the amount of fibrils (Table 3.5), this value significantly increased to 

48% after 1 h of incubation at 37 °C (p<0.05) and to 71% after 2 h of incubation (p<0.05). 
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At the end-point of the ThT binding assay (2 h), no significant difference was detected in the 

percentage of CA-induced fibril disruption between the two environments (p>0.05). 

Overall, the results imply that the CA-induced disaggregation of fibrils is modulated by the 

environment mimicked. Since CA has a moderate affinity for the lipid vesicles (Table 3.3), it 

is expected that as soon as CA is added to the fibrils in the presence of liposomes, there is a 

competitive interaction of this natural compound with the fibrils and the lipid vesicles. 

Therefore, as a result of CA-lipid membrane interactions, fewer molecules of CA are 

available in the aqueous phase to interact with the Aβ fibrils and induce their disruption, 

compared to the non-membrane-like environment. Similar conclusions were drawn by 

other groups. Vu et al. (2013) [59] revealed that the efficiency of dopamine in disrupting 

Aβ1-40 and Aβ1-42 fibrils depends on the environmental conditions, with the lipid 

composition of liposomes affecting directly the dopamine-induced disaggregation rate. 

Andrade et al. (2021) [60] also demonstrated that synthetic neuronal membranes 

compromise the VB12’s ability to maintain the disaggregation rates of Aβ1-42 fibrils over 

time. 

  To confirm the ability of CA in disaggregating Aβ1-42 fibrils in the aqueous and lipid 

environments, the morphologies of Aβ1-42 aggregates were examined by TEM in the 

presence or absence of the natural compound. When mature fibrils were incubated alone 

for 2 h, either in PBS or in the presence of DMPC:CHOL:SM:PS liposomes, fibrils revealed to 

be thin and long (Figure 3.11), with lengths ranging between 100 and 300 nm. Moreover, it 

is possible to observe that the finest fibrils are composed of rounded ring oligomers. These 

ring-like oligomers interact with each other either directly ring-to-ring or, more frequently, 

ring-on-ring with some shift. In this last event, oligomers overlap slightly, decreasing the 

fibril diameter [61]. A similar fibrils morphology was reported earlier by Selivanova et al. 

(2016) [62]. When Aβ1-42 fibrils were incubated with CA for 2 h, numerous short, 

disintegrated fragments were detected, but no fibrils were observed, regardless of the 

simulated environment (Figure 3.11 B and D). This outcome is in concordance with ThT 

fluorescence results and validates the CA’s ability to disrupt Aβ1-42 fibrils in both 

environments. 
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Figure 3.11. TEM images of Aβ1-42 fibrils (8 µM) formed in the A) absence and presence of 

C) liposomes (400 µM). B) and D) represent the resulting morphologies of Aβ1-42 after 2 h of 

incubation with CA (800 µM) at 37 °C, in the absence or presence of liposomes, respectively. 

Red arrows show Aβ1-42 fibrils. Scale bars are 100 nm. 

 

  CD measurements were conducted to investigate the conformational changes of Aβ1-

42 fibrils upon incubation with CA for 2 h, both in the presence or absence of lipid vesicles. 

As shown in Figure 3.12, Aβ1-42 fibrils formed in bulk solution and the presence of artificial 

lipid membranes formed β-sheet rich structures, as judged from the minimum at 218 nm. 

Aβ fibrils co-incubated with CA for 2 h in both media also displayed an absorption minimum 

at 218 nm, but this value was less than the control samples. Since the CD signal intensity is 

directly correlated with the β-sheet content [63], these results depict that CA reduces the 

number of β-sheet-rich structures present in the solution. These findings are in accordance 

with the ThT data and TEM images, thus corroborating the CA’s ability to disrupt preformed 

Aβ1-42 fibrils. 
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Figure 3.12. CD spectra of Aβ1-42 fibrils (8 μM, solid black line) upon incubation with CA 

(800 μM, dashed gray line) in A) PBS and B) in the presence of liposomes (400 μM). 

 

  ATR-FTIR measurements were performed to quantify the secondary structural 

components of Aβ1-42 fibrils upon incubation with CA for 2 h at 37 °C, both in the aqueous 

and lipid environment, and thus, validate the CA’s ability to disaggregate mature fibrils. 

Figure 3.13 shows examples of ATR-FTIR spectra of Aβ1-42 in the amide I region (1600-1700 

cm-1) incubated with or without CA, in PBS, or the presence or DMPC:CHOL:SM:PS LUVs. The 

content of the different protein secondary structures under each incubation condition was 

estimated by Fourier self-deconvolution followed by curve fitting. The quantitative analysis 

of the secondary structural components of Aβ1-42 is summarized in Table 3.6. 
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Figure 3.13. ATR-FTIR spectra of Aβ1-42 fibrils (8µM) formed in A) PBS and C) in the 

presence of liposomes (400 µM). B) and D) indicate the ATR-FTIR spectra of Aβ1-42 upon CA 

(800 µM) incubation with fibrils formed in aqueous and lipid environments, respectively. 

Antiparallel β-sheet, parallel β-sheet, α-helix, and β-turn structures are represented by 

orange, pink, green, and blue lines, respectively. 

 

Table 3.6. Content of the secondary structures of Aβ1-42 fibrils upon 2 h of incubation at 37 

°C with and without CA, both in the aqueous and lipid environments, estimated from the 

Fourier self-deconvolution of ATR-FTIR spectra, followed by the curve fitting of amide I 

band. **p<0.01 and ****p<0.0001  indicate statistical differences between Aβ1-42 in the 

absence and presence of CA. 

 
Aqueous environment Lipid environment 

Aβ1-42 Aβ1-42 + CA Aβ1-42 Aβ1-42 + CA 

Antiparallel β-sheet 
1615-1627 cm-1/1674-
1695 cm-1 

5 ± 8 7 ± 1 3 ± 6 8 ± 3  

Parallel β-sheet 
1623-1641 cm-1 

41 ± 12 24 ± 2 ** 58 ± 18 35 ± 5 

α-helix 
1648-1657 cm-1 

35 ± 3 60 ± 1 **** 26 ± 7 52 ± 7 ** 
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β-turn 
1662-1686 cm-1 

20 ± 11 9 ± 2 13 ± 9 4 ± 1 

 

  As shown in Table 3.6, Aβ1-42 fibrils formed in bulk solution and the presence of 

artificial lipid membranes are mainly characterized by the parallel β-sheet conformation, 

the primary structural characteristic of amyloid fibrils [64]. Smaller percentages of α-helix, 

antiparallel β-sheet, and β-turn structures are also detected, suggesting the presence of 

some monomers and oligomers [65, 66]. The incubation of CA with mature fibrils formed 

both in the presence and absence of in vitro membranes modified the overall content of Aβ’s 

secondary structures. In the aqueous medium, CA significantly increased the content of α-

helix structures (p<0.0001) while decreasing the parallel β-sheet structures (p<0.01). 

Furthermore, the amount of antiparallel β-sheet and β-turn structures remained unchanged 

regardless of the environment (p>0.05). Comparable effects were observed in the lipid 

environment (p>0.05). These findings imply that CA promotes the conversion of parallel β-

sheet, characteristic of amyloid fibrils, into α-helix structures, the main secondary 

conformation of Aβ monomers. Thus, in agreement with ThT fluorescence results, TEM 

images, and CD data, FTIR results suggest that CA disaggregates mature Aβ1-42 fibrils in the 

aqueous as well as lipid media. 

 

 3.3.3. Influence of in vitro Neuronal Membranes on the Anti-

Amyloidogenic Activity of Gallic Acid 

The content of this section is published in: Andrade, S., Loureiro, J.A. & Pereira, M.C. (2021). 

Influence of in vitro neuronal membranes on the anti-amyloidogenic activity of gallic acid: 

Implication for the therapy of Alzheimer's disease. Archives of Biochemistry and 

Biophysics, 711, 109022. 

 

  3.3.3.1. Aβ Fibrillation Study 

  The effect of in vitro neuronal membranes on the inhibition of Aβ1-42 fibrils formation 

by GA was investigated by a ThT fluorescence assay. ThT is a dye widely employed to detect 

and quantify amyloid fibrils in vitro since ThT exhibits enhanced fluorescence intensity 

upon binding to amyloid fibrils [50]. To this end, GA and the negatively charged liposomes 

comprised of DMPC:CHOL:SM:PS [65:15:10:10] (physicochemical characterization in Table 
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S3.2 of the Supplementary Material) were mixed and incubated at 37 °C for 30 min, with 

constant medium agitation. This critical stage allows GA to reach the partition equilibrium 

between the aqueous media and the lipid bilayer [51]. Then, Aβ1-42 monomers were added 

to the GA-liposomes mixture at a [L]/[P] of 50:1 and a [C]/[P] of 100:1. Both the liposomes’ 

composition and the [L]/[P] were carefully selected to simulate the characteristics of 

neuronal membranes [67, 68]. For comparison purposes, the GA’s ability to prevent the Aβ1-

42 fibrillation was also assessed in a bulk solution by replacing the liposomes with PBS. 

Control samples in the absence of GA were also prepared. 

  Figure 3.14 illustrates the complete sets of normalized ThT fluorescence kinetic 

curves. The kinetic parameters of the ThT traces were estimated by combining the data with 

a nonlinear mathematic model (Equation 3.4). The estimated parameters were the lag phase 

time (tlag, h), the time required to reach half of the maximum fluorescence signal (t1/2, h), the 

fibril elongation rate (k, h-1) and the maximum normalized fluorescence intensity (Fmax). The 

results are shown in Table 3.7. 

 

Figure 3.14. Normalized ThT fluorescence intensities of Aβ1-42 (8 µM, red circles) as a 

function of time (h) upon incubation with gallic acid (GA) (800 µM, green squares) in A) PBS 

and in the B) presence of liposomes (400 µM) at 37 °C.  

 

Table 3.7. Kinetic parameters of Aβ1-42 aggregation in the presence and absence of 

liposomes, with and without GA, estimated by fitting Equation 3.4 to the ThT data. *p<0.05 

indicates a statistical difference between Aβ1-42 in buffered medium (PBS) and the presence 

of liposomes (cell membrane-like environment). 

 
Buffered medium Cell membrane-like environment 

Aβ1-42 Aβ1-42 + GA Aβ1-42 Aβ1-42 + GA 
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tlag (h) 0.39 ± 0.09 n.d. 0.17 ± 0.04 * n.d. 

t1/2 (h) 0.58 ± 0.09 n.d. 0.33 ± 0.04 * n.d. 

k (h-1) 7.4 ± 1.4 n.d. 12.8 ± 2.1 * n.d. 

Fmax 1.00 ± 0.02 n.d. 1.00 ± 0.06 n.d. 

n.d. not determined 

 

  When Aβ1-42 monomers were incubated in the absence of GA, both in the buffered 

medium and in the lipid membrane-like environment, the ThT data exhibited a well-defined 

sigmoidal trend, as observed previously [37]. The beginning of these kinetics is 

characterized by a low ThT fluorescence signal, suggesting the presence of few β-sheet 

structures (Figure 3.14). In this stage, known as lag phase, Aβ monomers self-assemble into 

oligomers. Aβ oligomers aggregate into fibril (elongation phase), which translates into an 

increase of the ThT intensity. ThT fluorescence signal reaches a plateau when most of Aβ 

has aggregated into fibrils, known as the stationary phase [69]. 

  In the buffered medium, the kinetic of Aβ1-42 aggregation in the absence of GA exhibits 

a tlag of 0.39 ± 0.09 h (about 24 min) (Table 3.7). Nevertheless, in the presence of liposomes, 

Aβ1-42 peptide starts to aggregate faster, as revealed by the significant reduction of the tlag to 

0.17 ± 0.04 h (about 10 min) (p<0.05). The in vitro neuronal membrane model also 

significantly reduced the t1/2 to about half (p<0.05), resulting in a significant increase of the 

fibril elongation rate by a factor of approximately 1.7 (p<0.05). Comparable observations 

were found by Lindberg et al. (2017) using liposomes composed of 1,2-dioleoyl-sn-glycero-

3-phospho-L-serine as a biomembrane model [48]. Collectively, these findings reinforce the 

catalytic role of biological membranes in the Aβ fibrillation process, in concordance with 

previous evidence [31, 70]. Despite the electrostatic repulsions between Aβ and the 

liposomes (zeta potential of -12 mV), both negatively charged at physiological pH [71], the 

affinity of the peptide to anionic phospholipids was also shown in previous studies [72, 73]. 

The electrostatic repulsions are apparently overcome by other highly favorable forces 

between the Aβ’s hydrophobic tail and the lipid bilayer. 

  The addition of GA to the Aβ1-42 monomers in the buffered medium significantly 

affected the time course of the Aβ fibrillation kinetic. As shown in Figure 3.14 A, the ThT 

fluorescence signal did not increase during the incubation period (p>0.05), implying that 

GA fully prevented the formation of Aβ1-42 fibrils. Instead, GA induced a slight decrease of 

the ThT signal after 2 h of incubation in PBS (p<0.0001). This could be related to the GA's 
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capacity to disaggregate preexistent β-sheet structures in the tested samples. Previous 

evidence revealed that GA also inhibits the formation of amyloid fibrils by α-synuclein [35], 

insulin [72], lysozyme [74], and k-casein [75] in buffered media. Thus, it seems that GA 

displays a generic fibrillation inhibitory activity in bulk solutions of a vast array of 

amyloidogenic proteins. 

  Additionally, Figure 3.14 reveals that the presence of the neuronal membrane model 

did not affect the GA’s ability to inhibit the Aβ1-42 fibrillation. Similar to the buffered medium, 

GA also fully prevented the formation of fibrils in a cell membrane-like environment, as no 

increase in the ThT signal was observed (p>0.05). A plausible scenario for the comparable 

kinetic traces between the two tested environments is that GA interacts preferentially with 

Aβ1-42 peptides than with the liposomes, allowing GA to exercise its anti-fibrillation activity. 

To validate this hypothesis, the interaction between GA and the lipid membranes was 

analyzed in terms of lipophilicity. This is an important property that defines the affinity of 

a drug for a lipid environment [76]. Thus, the GA’s KP between the aqueous and lipid 

membrane phases was determined by derivative UV–Vis spectrophotometry. This is an 

alternative to the conventional techniques that use the water/octanol biphasic system. 

Beyond hydrophobic interactions, this methodology contemplates other forces, such as 

electrostatic, ion-dipole, and dipole-dipole forces, between ionized drugs and the 

phospholipids’ heads [77]. In addition, applying the derivative reduces the liposomes’ 

contribution, thus improving the band resolution [78]. Figure S3.2 in Supplementary 

Material exemplifies the main steps of the data processing to determine GA’s KP. The KP and 

log D of GA are summarized in Table 3.8. The octanol/water partition coefficient (log P) of 

GA at pH 7.4 was predicted using the log P calculator from ChemAxon (Hungary) and is also 

shown in Table 3.8.  

 

Table 3.8. KP and log D values of GA between the aqueous phase and the DMPC:CHOL:SM:PS 

liposomes at 37 °C. ¥ Prediction from log P calculator (ChemAxon) at pH 7.4. 

KP log D log P ¥ 

401 ± 64 2.8 ± 0.1 0.71 

 

  As shown in Table 3.8, GA exhibits a KP value of 401 ± 64, which indicates a moderate 

affinity of the compound for the lipid membrane. These results imply that although some 
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molecules permeabilize the membrane, others remain in the aqueous phase. It is plausible 

that the GA’s remaining molecules in the solution are enough to fully prevent the 

aggregation of Aβ1-42.  

  Besides, as revealed in Table 3.8, the GA’s log D (2.8 ± 0.1) is significantly higher than 

its log P (0.71). While log P reflects the lipophilicity for neutral molecules, log D describes 

the lipophilicity of ionizable drugs [79]. All GA molecules are negatively charged at 

physiological pH due to the deprotonation of the carboxyl group [80]. Hence, the 

discrepancy in the log values suggests that in addition to the hydrophobic forces, the 

negative charge of GA interacts with the lipid membrane through ion-dipole forces with the 

positively charged choline of the DMPC polar head. These results highlight the significance 

of using log D instead of log P in drug discovery and development, especially when working 

with ionizable molecules. 

  The effect of in vitro neuronal membranes on the inhibition of Aβ1-42 fibrillation by GA 

was verified by TEM. This high-resolution imaging technique provides qualitative 

information about the morphology of amyloid fibrils and prefibrillar species [81]. Figure 

3.15 shows the TEM pictures of Aβ1-42 incubated in the absence and presence of GA for 4 h 

at 37 °C, both in the buffered medium and membrane-mimicking environment. The images 

confirmed the formation of long and thin fibrils when Aβ1-42 was incubated without GA, 

regardless of the tested environment (Figure 3.15 A and B). However, when incubated with 

GA in the absence and presence of liposomes, Aβ1-42 did not form fibrils, which agrees with 

the ThT assay. Instead, just short fragments are observed (Figure 3.15 C and D). In addition, 

there were no significant changes in the detected structures in the absence (Figure 3.15 C) 

and the presence of liposomes (Figure 3.15 D). 
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Figure 3.15. TEM images of Aβ1-42 (8 µM) in A) PBS and B) in the presence of liposomes 

(400 µM). C) and D) correspond to Aβ1-42 incubated with GA (800 µM) in the C) absence and 

D) presence of liposomes. Orange arrows signalize Aβ1-42 fibrils. Scale bars correspond to 

100 nm. 

 

  ATR-FTIR was employed to investigate the secondary structural changes of Aβ1-42 

upon the incubation with GA for 4 h, both in buffered media and in the cell membrane-like 

environment. This is one of the most frequently used techniques to assess the 

conformational changes of peptides and proteins [68]. Despite the recent studies pointing 

to GA as an Aβ aggregation inhibitor in bulk solutions, its effect on the secondary structure 

of Aβ is still unknown. Figure 3.16 shows the self-deconvoluted FTIR spectra of Aβ1-42 in the 

amide I region (black line) - which is the more sensitive to conformational changes of Aβ - 

in the absence and presence of GA, both in aqueous and membrane-mimicking 

environments, after 4 h of incubation at 37 °C. The fitting subspectra represented by the 

orange, pink, green, and blue lines correspond to antiparallel β-sheet, parallel β-sheet, α-
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helix, and β-turn structures, respectively. The secondary structure contents of Aβ1-42 in the 

distinct tested conditions are given in Table 3.9. 

 

Figure 3.16. Self-deconvoluted ATR-FTIR spectra (black line) of Aβ1-42 (8µM) incubated in 

A) PBS and  B) in the presence of liposomes (400 µM) at 37 °C for 4 h. C) and D) indicate the 

ATR-FTIR spectra of Aβ1-42 incubated with GA (800 µM) in the C) absence and D) presence 

of liposomes, respectively.  Antiparallel β-sheet, parallel β-sheet, α-helix, and β-turn 

structures are represented by the orange, pink, green, and blue lines, respectively. 

 

Table 3.9. Percentage of the secondary structure content of Aβ1-42 (8 µM) in the absence 

and presence of GA (800 μM), with and without liposomes (400 µM), after 4 h of incubation 

at 37 °C. Results were obtained after Fourier self-deconvolution followed by curve fitting of 

the amide I region. *p<0.05 and **p<0.01 indicate statistical differences between Aβ1-42 in 

the absence and presence of GA. 

 
Buffered medium 

Cell membrane-like 
environment 

Aβ1-42 Aβ1-42 + GA Aβ1-42 Aβ1-42 + GA 

Antiparallel β-sheet 
1615-1627 cm-1/1674-
1695 cm-1 

7 ± 2 12 ± 3 7 ± 2 9 ± 6 
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Parallel β-sheet 
1623-1641 cm-1 

47 ± 1 25 ± 3 ** 48 ± 8 25 ± 9 * 

α-helix 
1648-1657 cm-1 

37 ± 2 54 ± 3 ** 32 ± 6 55 ± 11 * 

β-turn 
1662-1686 cm-1 

10 ± 2 9 ± 2 13 ± 7 11 ± 3 

 

  After incubated in PBS for 4 h at 37 °C, Aβ1-42 peptide is mainly characterized by a 

parallel β-sheet conformation (47%). As the conversion of secondary structures from α-

helix to parallel β-sheet is related to the formation of amyloid fibrils [82], this result 

confirms the formation of Aβ1-42 fibrils during the incubation period which is consistent with 

ThT and TEM data. Table 3.9 also reveals a smaller number of α-helix structures (37%), 

which indicates the presence of some Aβ1-42 molecules in the native state. Moreover, the 

residual content of antiparallel β-sheet (7%) and β-turn structures (10%) points to the 

presence of few oligomers on the examined samples [83]. From Table 3.9, it is also found 

that the liposomes did not affect the secondary structures of Aβ1-42 (p>0.05). The 

quantitative estimation of the Aβ secondary structures in the presence of lipid vesicles is in 

concordance with Dai et al. (2020) [84]. According to the authors, following 72 h of 

incubation in the presence of SM:CHOL, Aβ1-42 peptide was also mostly characterized by a 

β-sheet conformation.  In addition, about a third of the total content corresponds to α-helix 

structures, and a minor amount was identified as β-turn structures (10%) [85]. 

  The presence of GA substantially modified the ATR-FTIR spectra of Aβ1-42, regardless 

of the environment (Figure 3.16). In PBS, GA significantly decreased the amount of parallel 

β-sheet structures (from 47 to 25%) (p<0.01), while increasing the content of α-helix (from 

37 to 54%) (p<0.01). These findings imply that GA prevented the α-helix → parallel β-sheet 

transition, thus validating the GA’s ability to inhibit the Aβ fibrillation. In addition, Table 3.9 

reveals that the number of oligomers remained unaffected, as no significant variations were 

detected in the content of antiparallel β-sheet and β-turn structures (p>0.05). The Aβ1-42 

ATR-FTIR spectrum upon incubation of GA in the cell membrane-like environment (Figure 

3.16 D) showed similar features to that in bulk solution (Figure 3.16 C). Hence, a similar 

secondary structure content was noticed (p>0.05). These outcomes are in accordance with 

ThT measurements and TEM images, suggesting that the presence of lipid membranes does 

not affect the GA’s ability to inhibit the formation of Aβ1-42 fibrils. 
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  3.3.3.2. Aβ Fibril Disaggregation Study 

  The effect of in vitro neuronal membranes on the disaggregation of mature Aβ1-42 

fibrils induced by GA was investigated by a ThT fluorescence assay. DMPC:CHOL:SM:PS 

liposomes were incubated with Aβ1-42 monomers ([L]/[P] of 50:1) at 37 °C for 2 h, to allow 

the formation of fibrils. GA (800 µM) was then added to the fibrils (8 µM) in the cell 

membrane-like environment and incubated at 37 °C for 2 h, with constant medium 

agitation. For comparison purposes, the GA’s ability to disrupt Aβ1-42 fibrils was also 

evaluated in a bulk solution by replacing the liposomes with PBS. Control samples in the 

absence of GA were also prepared. The ThT fluorescence intensity of the samples was 

recorded each 2 min for 2 h. Figure 3.17 shows the full sets of normalized ThT fluorescence 

signals. The percentages of GA-induced Aβ1-42 fibrils disaggregation as a function of time, 

both in the presence and absence of liposomes, are summarized in Table 3.10. 

 

Figure 3.17. Normalized ThT fluorescence signal of mature Aβ1-42 fibrils (8 µM, red circles) 

as a function of time (h) in A) PBS and B) in the presence of liposomes (400 µM). Green 

squares indicate the normalized ThT intensity of Aβ1-42 fibrils upon 2 h of incubation with 

GA (800 µM) in A) PBS and B) in the presence of liposomes. 

 

Table 3.10. Percentage of Aβ1-42 fibrils disaggregation (8 µM) induced by GA (800 μM) as a 

function of time (h), in the presence and absence of liposomes (400 µM). *p<0.05, 

***p<0.001 and ****p<0.0001 indicate statistically differences comparing with mature 

fibrils. #p< 0.05 and ##p<0.01 indicate a statistical difference between the buffered medium 

and the cell membrane-like environment. 

Time (h) Buffered medium Cell membrane-like environment 

0 47 ± 1 *** 14 ± 8 *, # 
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1 90 ± 1 **** 72 ± 4 ****, ## 

2 97 ± 1 **** 88 ± 1 ***, # 

 

  Following the addition of GA to the preformed Aβ1-42 fibrils in PBS, the ThT signal 

dropped in a time-dependent manner (Figure 3.17 A), suggesting the reduction in the 

number of fibrils over the incubation period. Immediately upon its addition to Aβ1-42 fibrils, 

GA led to an immediate decrease of about 53% in the ThT fluorescence signal, implying the 

disruption of 47% of mature fibrils (p<0.001) (Table 3.10). After 1 h and 2 h of incubation 

at 37 °C, the GA’s disaggregation rates in PBS increased to 90% (p<0.0001) and 97% 

(p<0.0001), respectively (Table 3.10). These results validate the GA’s ability to fully disrupt 

mature Aβ1-42 fibrils in a bulk solution. Ferulic acid, tannic acid, retinol, and retinoic acid are 

some examples of other naturally occurring products with similar destabilization kinetic 

profiles in buffered media [86, 87]. 

  As revealed by Figure 3.17 B, adding GA to mature Aβ1-42 fibrils in the presence of 

liposomes also significantly decreased the ThT fluorescence signal over time, implying that 

GA also acts as a potent disruptor of Aβ1-42 fibrils in a cell membrane-mimicking 

environment. However, the presence of lipid membranes affected the rates of GA-induced 

fibrils disaggregation (Table 3.10). In fact, GA prompted the immediate disruption of 14% 

upon its addition to Aβ fibrils (p<0.05), which is significantly lower than the rate in buffered 

medium (47%) (p<0.05). Likewise, GA induced the disaggregation of 72% of Aβ1-42 fibrils 

after 1 h of incubation (p<0.0001), which was around 18% lower than the rate observed in 

PBS (p<0.01). After 2 h of incubation, the number of disrupted fibrils increased to 88% 

(p<0.001), which is still 9% below the rate of GA-induced fibrils disaggregation in bulk 

solution (p<0.05). GA achieved a disaggregation rate similar to that obtained in PBS after 2h 

of incubation (99%) (p>0.05), after 4 h of incubation with Aβ1-42 fibrils in the presence of 

lipid membranes (data not shown). Overall, these results indicate that lipid membranes 

modulate the GA-induced fibrils disruption. Comparable conclusions were proposed by Vu 

et al. (2013) by revealing that the dopamine’s ability to disrupt Aβ1-40 and Aβ1-42 fibrils 

depends on the environment mimicked, with the lipid composition of liposomes modulating 

the dopamine’s disaggregation rates [88]. 

  A plausible explanation for the differences observed in the profiles of fibrils 

disaggregation kinetics induced by GA in the absence and presence of liposomes could be 

related to the interaction of the natural compound with the lipid bilayers. To validate this 
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theory, the GA’s KP in the presence of mature Aβ1-42 fibrils was evaluated by derivative UV–

Vis spectrophotometry. To this end, liposomes and Aβ1-42 fibrils were incubated for 30 min 

at 37 °C to allow the membrane-peptide interactions to be established. GA was then added 

to the previous solution, and its KP was determined. This is an important step that simulates 

a condition of AD treatment, where Aβ1-42 fibrils are already formed when GA is 

administered. GA displays a KP value of 222 ± 61 in the presence of Aβ fibrils at 37 °C (log 

D = 2.6 ± 0.1), which indicates a moderate affinity of the compound for the lipid bilayer. 

These results suggest that some GA molecules permeabilize the membrane while others 

remain in the solution. It is thus conceivable that the lower rates of GA-induced fibrils 

disruption in a cell membrane-like environment are related to the partition of the 

compound to the membrane. Hence, fewer GA molecules are available in the aqueous phase 

to interact with the fibrils and induce their disaggregation. Furthermore, it is possible to 

notice a significant difference (p<0.05) between the GA’s KP in the absence (401 ± 64) and 

in the presence of Aβ1-42 fibrils (222 ± 61), thus suggesting that the fibrils affect the partition 

of GA into the membrane. As soon as GA is added to the fibrils in the presence of liposomes, 

it is expected that there is competitive interaction of the compound with the fibrils and the 

lipid vesicles. Thus, as a result of the GA-Aβ interactions, fewer molecules of GA are available 

from partitioning into the lipid membrane, which translates to lower KP values. 

  The fibrils disaggregation efficiency of GA in the absence and presence of liposomes 

was validated by TEM (Figure 3.18). This is the first visual observation of the GA's ability to 

disrupt mature Aβ fibrils. When Aβ1-42 fibrils preformed in the buffered medium or lipid 

membrane-mimicking environment were incubated in the absence of GA for 2 h, thin and 

long fibrils as well as smaller aggregates were noticed (Figure 3.18 A and B). However, when 

GA was added to Aβ1-42 fibrils in both environments and incubated for 2 h at 37 °C, no fibrils 

were observed (Figure 3.18 C and D). Instead, numerous short and fragmented structures 

were detected. These results reveal the GA’s ability to disrupt mature Aβ fibrils, both in the 

presence and absence of lipid membranes, which agree with ThT fluorescence 

measurements. 
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Figure 3.18. TEM images of mature Aβ1-42 fibrils (8 µM) in A) PBS and  B) in the presence of 

liposomes (400 µM). C) and D) correspond to Aβ fibrils incubated with GA (800 µM) in the 

C) absence and D) presence of liposomes. Orange arrows show Aβ fibrils. Scale bars 

correspond to 100 nm. 

 

  ATR-FTIR analysis was employed to identify possible variations on the secondary 

structure content of Aβ1-42 fibrils upon 2 h of incubation with GA, both in buffered media 

and cell membrane-like environments. This is the first report investigating eventual 

secondary structural changes of mature Aβ1-42 fibrils induced by GA. The self-deconvoluted 

FTIR spectra of Aβ1-42 fibrils in the amide I region (black lines) in the absence and presence 

of GA, both in the aqueous and membrane-mimicking environments, after 2 h of incubation 

at 37 °C, are presented in Figure 3.19. The orange, pink, green, and blue subspectra denote 

antiparallel β-sheet, parallel β-sheet, α-helix, and β-turn structures, respectively. The 

secondary structure content of Aβ1-42 in each simulated condition is provided in Table 3.11. 
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Figure 3.19. Fourier self-deconvoluted ATR-FTIR spectra of mature Aβ1-42 fibrils (8µM) 

(black line) incubated in A) PBS and  B) in the presence of liposomes (400 µM) at 37 °C for 

2 h. C) and D) indicate the ATR-FTIR spectra of mature Aβ1-42 fibrils incubated with GA (800 

µM) in the C) absence and D) presence of liposomes, respectively. Orange, pink, green, and 

blue subspectra correspond to antiparallel β-sheet, parallel β-sheet, α-helix, and β-turn 

structures.  

 

Table 3.11. Percentage of the secondary structure content of mature Aβ1-42 fibrils (8 µM) in 

the absence and presence of GA (800 μM), with and without liposomes (400 µM), after 2 h 

of incubation at 37 °C. Results were obtained after Fourier self-deconvolution followed by 

curve fitting of the amide I region. *p<0.05, **p<0.01 and ***p<0.001 indicate statistical 

differences between Aβ1-42 in the absence and presence of GA. # p<0.05 reveals statistical 

differences between Aβ1-42 in the presence of GA in aqueous and cell membrane-like 

environments. 

 
Buffered medium 

Cell membrane-like 
environment 

Aβ1-42 Aβ1-42 + GA Aβ1-42 Aβ1-42 + GA 

Antiparallel β-sheet 5 ± 8 4 ± 3 3 ± 4 12 ± 2 *, # 
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1615-1627 cm-1/1674-
1695 cm-1 
Parallel β-sheet 
1623-1641 cm-1 

41 ± 12 35 ± 3 *** 58 ± 18 24 ± 4 *, # 

α-helix 
1648-1657 cm-1 

35 ± 3 59 ± 8 * 26 ± 7 57 ± 5 ** 

β-turn 
1662-1686 cm-1 

20 ± 11 2 ± 2 * 13 ± 9 8 ± 3 

 

  As revealed in Table 3.11, when Aβ1-42 was incubated without GA at 37 °C for 2 h, 

regardless of the mimicked environment, the major secondary conformation was found to 

be the parallel β-sheet, which confirms the formation of Aβ fibrils [89]. A smaller amount of 

antiparallel β-sheet, β-turn, and α-helix structures was also identified, implying the 

existence of some monomers and oligomers on the tested samples [90, 91], which is in 

accordance with TEM images.  

  From Figure 3.19, it is noticed that the 2 h incubation of GA with Aβ1-42 fibrils 

significantly modified the self-deconvoluted ATR-FTIR spectra of the peptide as well as the 

fitting subspectra. As a result, significant variations in the secondary structure content of 

Aβ were observed (Table 3.11). In PBS, GA significantly decreased the content of parallel β-

sheet from 41% to 35% (p<0.001) and β-turn structures from 20% to 2% (p<0.05) while 

increasing the content of α-helix structures from 35% to 59% (p<0.05). The amount of 

antiparallel β-sheet structures was not affected by GA (p>0.05). This indicates that GA 

promotes the disaggregation of Aβ1-42 fibrils and oligomeric species, which are 

characterized by parallel β-sheet and β-turn conformations, respectively, into α-helical 

monomers. These results are consistent with ThT fluorescence data and TEM images, which 

validate the effective disassembly of Aβ1-42 fibrils by GA in the buffered medium. 

  In agreement with the ThT assay, ATR-FTIR analysis corroborates the fact that lipid 

membranes modulate the disaggregation activity of GA. In the presence of liposomes, GA 

significantly decreased the parallel β-sheet content from 58% to 24% (p<0.05), which is 

about 11% lower than that observed in bulk solution (p<0.05) (Table 3.11). This reduction 

was accompanied by an increase in the number of α-helix structures from 26% to 57% 

(p<0.01), which is similar to that detected in the absence of liposomes (p>0.05). 

Furthermore, GA increased the content of antiparallel β-sheet structures from 3% to 12% 

(p<0.05) but did not affect the number of β-turns (p>0.05). This denotes that GA induces 

the disruption of Aβ1-42 fibrils (parallel β-sheet) into monomers (α-helix) and oligomers 
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(antiparallel β-sheet) in the cell membrane-like environment, which agrees with TEM 

imaging. 

 

 3.3.4. Influence of in vitro Neuronal Membranes on the Anti-

Amyloidogenic Activity of Vitamin B12 

The content of this section is published in: Andrade, S., Loureiro, J.A. & Pereira, M.C. (2021). 

Vitamin B12 Inhibits Aβ Fibrillation and Disaggregates Preformed Fibrils in the Presence of 

Synthetic Neuronal Membranes. ACS Chemical Neuroscience, 12(13), 2491-2502. 

 

  3.3.4.1. Aβ Fibrillation Study 

  A ThT fluorescence assay combined with a mathematical model for the formation of 

amyloid fibrils was employed to investigate the VB12’s ability to affect the aggregation 

process of Aβ1-42 in both buffer solution and lipid membrane environment. This assay is an 

analytical method commonly used to determine the β-sheet content of Aβ peptide, a feature 

of fibrils, as ThT molecules exhibit enhanced fluorescence intensity upon binding to β-sheet 

structures [92]. 

  For this purpose, monomeric Aβ1-42 – whose state was confirmed by TEM (Figure S3.3 

of the Supplementary Material) – and VB12 were incubated in PBS at 37 °C for 4 h at a 

[C]/[P] of 100:1 to ensure that any absence of activity is not related with low amounts of 

VB12. The relevance of the lipid environment on the anti-amyloidogenic activity of VB12 

was assessed by incubating the vitamin with negatively charged LUVs composed of 

DMPC:CHOL:SM:PS (characterization of liposomes in Table S3.3 of the Supplementary 

Material) at 37 °C for 30 min. This crucial step allows the VB12’s partition equilibrium to be 

reached, mimicking a disease prevention condition with early vitamin intake. Then, 

monomeric Aβ1-42 was incubated with the mixture of VB12-membranes at a [L]/[P] of 50:1. 

Self-assembly kinetics of Aβ1-42 in the absence of the natural compound were also recorded. 

Both lipid membrane composition and [L]/[P] were carefully selected to closely mimic the 

characteristics of lipid rafts domains according to the scientific evidence available [67, 85].  

  Figure 3.20 shows the full sets of normalized ThT fluorescence kinetic curves. All ThT 

data exhibit a typical sigmoidal curve, as observed previously [93]. The kinetic parameters 

of all ThT curves were calculated by fitting a nonlinear mathematic model (Equation 3.4) to 
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the kinetic traces. The parameters determined include the lag phase time (tlag, h), the time 

at which 50% of the maximum fluorescence value is reached (t1/2, h), the fibril elongation 

rate (k, h-1), and the maximum normalized fluorescence [69]. The results are provided in 

Table 3.12. 

 

Figure 3.20.  Normalized ThT fluorescence of Aβ1-42 (8 µM, blue circle) as a function of time 

(h) upon incubation with vitamin B12 (VB12) (800 µM, orange triangle) in both A) PBS, and 

B) in the presence of liposomes (400 µM).  

 

Table 3.12.  Kinetic parameters were calculated by fitting Equation 3.4 to the ThT curves. 

*p<0.05, **p< 0.01 and ***p<0.001 indicate statistical differences between Aβ1-42 in the 

absence and presence of VB12. #p<0.05 and ###p<0.001 indicate statistical differences 

between Aβ1-42 in aqueous and lipid media. 

 
Aqueous environment Lipid environment 

Aβ1-42 Aβ1-42 + VB12 Aβ1-42 Aβ1-42 + VB12 

tlag (h) 0.40 ± 0.08 0.34 ± 0.02 0.17 ± 0.04 # 0.18 ± 0.06 

t1/2 (h) 0.61 ± 0.08 1.19 ± 0.21 * 0.33 ± 0.04 # 0.41 ± 0.06 ** 

k (h-1) 7.4 ± 1.9 2.5 ± 0.6 * 12.8 ± 2.1 # 7.2 ± 0.7 ** 

Max. fluorescence 1.00 ± 0.03 0.78 ± 0.01 *** 0.27 ± 0.02 ### 0.25 ± 0.02 * 

 

  At the beginning of each kinetic, a low ThT intensity is detected, indicating the 

residual presence of β-sheet structures in all studied conditions, which remained minimal 

in the first minutes (Figure 3.20). In this phase, known as lag phase, monomeric Aβ 

aggregates into small oligomers. The ThT signal then increases due to the rapid fibrils 
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growth (elongation phase), which reaches a plateau when most peptide has aggregated into 

fibrils (stationary phase) [67]. 

  In PBS solution, Aβ1-42 fibrillation kinetic has a tlag of 0.40 ± 0.08 h (approximately 24 

min) (Table 3.12). However, in the lipid environment, Aβ starts to self-assemble faster as 

suggested by the significant decrease of the tlag to 0.17 ± 0.04 h (approximately 10 min) 

(p<0.05). The presence of synthetic neuronal membranes also prompted a significant 

reduction in the reaction halftimes (t1/2) by a factor of approximately 2 (p<0.05), resulting 

in a significantly higher fibril elongation rate (p<0.05). Similar results were observed by 

Lindberg et al. (2017) using negatively charged 1,2-dioleoyl-sn-glycero-3-phospho-L-serine 

LUVs as membrane model [94]. In addition, the maximum ThT fluorescence intensity of Aβ1-

42 in the presence of LUVs was reduced by around 73% compared to aqueous fibrils 

(p<0.001). This is due to the competitive binding of ThT molecules (positively charged) with 

liposomes and Aβ, both negatively charged [31].  

  Together, these results imply that lipid membranes catalyze the Aβ1-42 aggregation 

process by providing a distinct environment than an aqueous medium for the fibrils' 

growth, agreeing with previous experimental findings [95, 96]. Despite the electrostatic 

repulsions between Aβ (net charge of −2.8 at pH 7.4) and negatively charged liposomes (PS 

has a net charge of -1), the affinity of the peptide to anionic lipids was previously described 

[71]. Thus, it seems that the electrostatic repulsions are overcome by other highly favorable 

interactions between the hydrophobic tail of Aβ and the core of the bilayer. 

  The presence of VB12 significantly modified the time course of Aβ1-42 fibrillation 

kinetics, both in the aqueous and lipid environments (Figure 3.20). When Aβ1-42 was 

incubated with VB12 in the absence of lipid vesicles, no significant differences were 

identified in the tlag compared to the respective control (Table 3.12) (p>0.05), indicating that 

the vitamin does not affect the transition of Aβ monomers to oligomers. However, VB12 

significantly affected the elongation rate by reducing it by 3 times (p<0.05). As a result, the 

time required for 50% of the maximum fluorescence intensity to be achieved has doubled 

(p<0.05), thus suggesting that VB12 slows the transition from Aβ oligomers to mature 

fibrils. Moreover, the natural compound also reduced the maximum fluorescence intensity 

by around 22% (p<0.001). As the ThT fluorescence is directly proportional to the fibrils 

content [72], this data indicates that VB12 is also able to reduce the amount of Aβ fibrils 

formed. This observation is consistent with a previous study reported by Allam and 

colleagues (2017) [35] that showed the inhibitory effect of VB12 (50 µM) on Aβ1-42  
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fibrillization (100 µM) in sodium phosphate buffer (37 °C, pH 7.4). However, it should be 

noted that other factors have been associated with the reduction of the ThT fluorescence 

intensity. Recent reports have shown that amyloid fibrils with distinct morphologies [97] 

and conformations [48, 98] may possess distinct binding modes, resulting in different ThT 

fluorescence intensities. Moreover, the presence of other compounds may modulate the ThT 

signal either by fluorescence quenching [99] or by binding to the fibrils’ surface, which may 

affect the ability of ThT to bind to amyloid fibrils [100]. Therefore, ATR-FTIR experiments 

will be crucial to validate the VB12’s ability to reduce the Aβ fibrils content. 

  VB12 in the presence of lipid vesicles showed a comparable tlag value of 0.18 ± 0.06 h 

(approximately 11 min) to that observed in the absence of the natural compound 0.17 ± 

0.04 h (approximately 10 min) (Table 3.12) (p>0.05). Thus, similarly to what was observed 

in the aqueous medium, also in the lipid environment, VB12 does not affect the transition 

time of Aβ monomers to oligomers. However, the incubation of VB12 with synthetic 

neuronal membranes significantly affected the remaining kinetic parameters. Although less 

pronounced compared to the aqueous environment, the vitamin also significantly reduced 

the elongation rate by half in the lipid environment (p<0.01). This suggests that the 

elongation phase was significantly delayed compared to the time course curve observed in 

the absence of VB12, as reveals the increase of the t1/2 value (Table 3.12) (p<0.01). In 

addition, although to a lesser extent than the aqueous medium, VB12 decreased the 

intensity of the overall ThT signal to 92% of the control signal (p<0.05), indicating a 

reduction of the Aβ fibril content. 

  Taken together, our findings demonstrate that the overall ability of VB12 to inhibit 

Aβ1-42 fibrillization was weakened in the presence of the lipid environment. Even so, the 

natural product was able to slow down the transition from Aβ oligomers to mature fibrils 

and reduce the extent of fibrils formed. A plausible scenario is that VB12 may not be fully 

available to inhibit the Aβ1-42 aggregation efficiently. Hence, the interaction between VB12 

and the lipid vesicles was evaluated in terms of the vitamin’s lipophilicity. The KP of VB12 

between the lipid and aqueous phases was determined by derivative UV–Vis 

spectrophotometry. Due to the amphiphilic structure of the phospholipids, the 

liposome/aqueous system mimics electrostatic interactions between charged molecules 

and the phospholipids polar head, which are not considered in the octanol/water system. 

Besides, this technique removes the background signal produced by the liposomes’ light 

scattering, improving the band resolution. Figure S3.4 (Supplementary Material) illustrates, 
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as an example, the steps involved in data processing to obtain the VB12’s KP. The results 

are summarized in Table 3.13 as KP and log D. The theoretical octanol/water partition 

coefficient (log P) of VB12 (37 °C, pH 7.4) was predicted by MarvinSketch calculator 

(ChemAxon, Hungary) and is also shown in Table 3.13. 

 

Table 3.13. VB12's KP and respective log D between liposomes and the aqueous phase. Log 

P (octanol:water) prediction from MarvinSketch calculator (ChemAxon) is also presented. 

KP log D log P 

2169 ± 84 3.56 ± 0.02 -3.24 

 

  By presenting a KP value of 2169 ± 84 at 37 °C, Table 3.13 suggests that VB12 has a 

high affinity for the lipid membrane, partitioning from the aqueous to de lipid phase. 

Consequently, the amount of VB12 that would inhibit the Aβ fibrillation in solution is 

reduced, leaving the peptide free to aggregate. Similar conclusions were recently proposed 

by Beasley et al. (2019) [101]. The authors investigated the curcumin’s ability to inhibit the 

fibrils formation of huntingtin (htt), a protein associated with the onset of Huntingtin’s 

disease, in both aqueous and lipid environments. The presence of lipid membranes 

prevented curcumin from inhibiting htt fibrils formation also due to the imprisonment of 

the natural product into the lipid vesicles. In line, Matsuzaki et al. (2007) [102] examined 

the mechanism of the Aβ fibrillization inhibitory activity of four compounds - 

nordihydroguaiaretic acid (NDGA), rifampicin (RIF), tannic acid (TA) and quercetin (QUE) - 

in the presence of GM1-containing raft-like liposomes. To this end, the authors investigated 

the binding of Aβ1−40 to GM1 liposomes in the presence of the inhibitors and revealed that 

NDGA and RIF bound to lipid membranes, which partially prevented the binding of Aβ to 

the liposomes. Regarding QUE and TA, the group related their fibrillization inhibitory 

activity to their ability to interact with the peptide in solution since the compounds did not 

affect the binding of Aβ to the membranes.  

  Moreover, the detailed examination of Table 3.13 reveals a significant difference 

between the theoretical (log P) and experimental (log D) VB12's partition coefficients. This 

discrepancy can be due to the different interactions evaluated by the octanol:water and 

lipid:aqueous systems. While the first system only considers neutral molecules, simulating 

only hydrophobic interactions, the lipid:aqueous model evaluates the partition of neutral 
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and ionized molecules, contemplating both hydrophobic and electrostatic interactions. 

Thus, the higher experimental log D value reveals the existence of other forces beyond the 

hydrophobic ones, such as ion-dipole and electrostatic interactions, between the vitamin 

and the lipid vesicles. Since 99% of VB12’s molecules are positively charged at pH 7.4 [3], 

the cationic species are expected to interact with the negatively charged phospholipid – PS 

– and with the negative charge of the DMPC polar head. 

  TEM imaging was performed to confirm the formation of Aβ1-42 fibrils and compare 

the resulting morphological features in the absence and presence of VB12 in both aqueous 

and lipid environments (Figure 3.21). TEM images confirmed the formation of Aβ1-42 fibrils 

in the presence and absence of VB12, both in the presence and absence of 

DMPC:CHOL:SM:PS lipid vesicles. After the incubation time of 4 h, no significant differences 

in the fibrils’ length and thickness were observed between the samples, revealing thin fibrils 

with lengths ranging between approximately 100 to 200 nm. 

 

Figure 3.21. Negatively stained TEM images of A) Aβ1-42 (8 µM) and B) Aβ1-42 after 

incubation with VB12 (800 µM) in PBS. Aβ1-42 incubated with liposomes (400 µM) in C) 
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absence and D) presence of VB12. Red arrows indicate Aβ1-42 fibrils. Scale bars indicate 100 

nm. 

 

  The secondary structure of Aβ1-42 upon incubation with VB12, both in the presence 

and absence of lipid vesicles, was monitored by ATR-FTIR. In peptides and proteins, the 

amide I region (1600-1700 cm-1) is assigned to the C=O stretching vibrations of the bounds. 

It is the most sensitive spectral region to protein secondary structures, distinguishing 

between the various conformations [103]. Figure 3.22 shows examples of self-deconvoluted 

spectra (black line) and fitting subspectra of the amide I band of Aβ1-42 incubated with VB12, 

both in aqueous and lipid environments. The orange, pink, green, and blue lines represent 

antiparallel β-sheet, parallel β-sheet α-helix, and β-turn structures, respectively. The 

distribution of the different secondary structural components of Aβ1-42 under each 

incubation condition is summarized in Table 3.14. 

 

Figure 3.22. ATR-FTIR spectra of Aβ1-42 (8 µM) incubated in the A) absence or B) presence 

of VB12 (800 µM) in PBS for 4h. C) and D) indicate ATR-FTIR spectra of Aβ1-42 incubated 

with liposomes (400 µM) in the absence and presence of VB12 for 4 h, respectively. Black 
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lines represent the obtained spectra. Orange, pink, green, and blue lines represent 

antiparallel β-sheet, parallel β-sheet, α-helix, and β-turn structures, respectively. 

 

Table 3.14. Quantitative estimation of the secondary structures of Aβ1-42 upon incubation 

with VB12 in both aqueous and lipid media, obtained after Fourier self-deconvolution and 

curve fitting of amide I band. *p<0.05 indicates a statistical difference between Aβ1-42 in the 

absence and presence of VB12. 

 Aqueous environment Lipid environment 

Aβ1-42 Aβ1-42 + VB12 Aβ1-42 Aβ1-42 + VB12 

Antiparallel β-sheet 
1615-1627 cm-1/1674-
1695 cm-1 

7 ± 1 14 ± 2 * 7 ± 4 18 ± 2 * 

Parallel β-sheet 
1623-1641 cm-1 

47 ± 1 25 ± 14 * 48 ± 8 22 ± 10 ** 

α-helix 
1648-1657 cm-1 

37 ± 2 41 ± 1 * 32 ± 6 45 ± 4 * 

β-turn 
1662-1686 cm-1 

10 ± 2 19 ± 12 13 ± 7 16 ± 8 

 

  As shown in Table 3.14, Aβ1-42 molecules incubated for 4 h at 37 °C in PBS were mainly 

characterized by a parallel β-sheet conformation (47%), the primary structural 

characteristic of amyloid fibrils [104]. A smaller number of α-helix structures (37%) was 

detected, which are indicators of monomeric peptide forms [105]. Besides, the low content 

of antiparallel β-sheet (7%) and β-turn structures (10%) suggests the presence of few 

oligomers in the tested samples [84]. This finding is in good agreement with Dai’s work 

(2020) [92]. The fibrillation process of Aβ1-42 in the presence of DMPC:CHOL:SM:PS LUVs 

did not induce significant differences in the secondary structures compared to the fibrils 

formed in solution (p>0.05), which agrees with previous reports [85]. 

  The incubation of Aβ1-42 monomers with VB12 affected the secondary structure 

content of Aβ1-42, both in the aqueous and lipid environments. As suggested in Table 3.14, 

adding VB12 significantly reduced the content of parallel β-sheets from 47% to 25% and 

from 48% to 22% in aqueous and lipid media, respectively (p<0.05), suggesting the 

presence of fewer fibrils in the samples. CD measurements performed by Alam and 

colleagues (2017) also showed that aggregates formed in the presence of VB12 contain 

fewer β-sheet structures [106]. In turn, the content of α-helix structures significantly 

increased from 37% to 41% in the aqueous medium and from 32% to 45% in the lipid one 



113 
 

(p<0.05), implying the presence of more Aβ monomers upon the addition of VB12. The 

amount of antiparallel β-sheet structures also significantly increased in both environments, 

from 7% to 14% in the aqueous medium and from 7% to 18% in the lipid environment 

(p<0.05). This finding implies that VB12 also increases the content of oligomers. Overall, 

these outcomes denote that VB12 prevents fibrils formation, which is consistent with ThT 

fluorescence experiments. 

 

  3.3.4.2. Aβ Fibril Disaggregation Study 

  The VB12’s ability to disaggregate mature Aβ1-42 fibrils in both PBS solution and lipid 

medium was evaluated by a ThT fluorescence assay. For this purpose, Aβ1-42 monomers (10 

µM) were incubated in the presence and absence of DMPC:CHOL:SM:PS LUVs (500 µM) 

([L]/[P] of 50:1) at 37 °C for 2 h to produce mature fibrils. VB12 (800 µM) was then 

incubated with Aβ1-42 fibrils (8 µM) ([C]/[P] of 100:1) at 37 °C for 2 h. ThT fluorescence 

intensities of these samples were recorded each 2 min. Controls were also prepared and 

subtracted. Figure 3.23 displays the full set of normalized ThT fluorescence kinetic traces. 

 

Figure 3.23. Normalized ThT fluorescence of preformed Aβ1-42 fibrils (8 µM, blue circles) as 

a function of time (h) upon incubation with VB12 (800 µM, orange triangles) in both A) PBS 

and B) in the presence of liposomes (400 µM).  

 

  As shown in Figure 3.23, the addition of VB12 at the completion of the fibrillation 

reaction led to an immediate decrease in the ThT fluorescence signal compared with the 

control (P<0.05), both in aqueous and lipid environments. This reveals the ability of VB12 

to disaggregate preformed Aβ1-42 fibrils immediately. Safranal, amentoflavone, and EGCG 
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are examples of other natural compounds with the capacity to instantaneously disrupt 

existing fibrils in solution [48, 107, 108]. The percentages of Aβ fibrils disaggregation by 

B12 over time, both in aqueous and lipid media, are summarized in Table 3.15. 

 

Table 3.15. Percentage of Aβ1-42 fibrils disaggregation upon incubation with VB12 for 2h at 

37 °C, determined from ThT data. ** p< 0.01 and *** p<0.001 indicate statistical differences 

compared with the beginning of the experiment. #p< 0.05 and ##p<0.01 indicate statistical 

differences between the aqueous and lipid media. 

Fibrils disaggregation (%) 

Time (h) Aqueous environment Lipid environment 

0 83 ± 4 79 ± 3 

1 78 ± 3 69 ± 4 **, # 

2 92 ± 8 64 ± 3 ***, ## 

 

  As shown in Table 3.15, VB12 immediately disrupted Aβ fibrils in the non-membrane 

environment by reducing by approximately 83% the content of fibrils. This ability remained 

constant throughout the experiment (p>0.05), disaggregating about 92% of the fibrils after 

2 h of incubation at 37 °C. VB12 induced a similar effect in the presence of lipid vesicles 

compared to the aqueous environment (p>0.05) by promptly reducing the fibril content by 

79%. However, synthetic neuronal membranes seem to compromise the VB12’s ability to 

maintain the disaggregation rates over time since a slight increase in the ThT fluorescence 

intensities is observed throughout the assay (Figure 3.23). After 1 h and 2 h of incubation 

at 37 °C, the disaggregation rates of VB12 in the lipid medium decreased from 79% to 69% 

(p<0.01) and 64% (p<0.001), respectively. After this time, the percentage of disaggregated 

fibrils by VB12 remained constant (p>0.05) (data not shown). Hence, VB12 lost about 30% 

of its disaggregating activity in the lipid environment compared to the aqueous 

environment after 2 h of incubation (p<0.01). Vu et al. (2013) [109] also demonstrated that 

the ability of dopamine to disaggregate Aβ1-40 and Aβ1-42 fibrils depends on the environment, 

with liposomes’ composition playing a key role in modulating dopamine’s disaggregation 

rates. 

  To assess whether VB12-lipid membrane interactions could be implicated in the loss 

of the vitamin’s disaggregating activity over time, the KP of VB12 in the presence of mature 
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Aβ1-42 fibrils was estimated at time 0 and after 2 h of incubation at 37 °C by derivative UV–

Vis spectrophotometry. The results of the lipophilicity assays are presented in Table 3.16 

and are expressed as KP and log D. 

 

Table 3.16. VB12's KP and respective log D between the liposomes and the aqueous phase 

(PBS) in the presence of preformed Aβ1-42 fibrils. * p< 0.05 indicates a statistically.  

Time (h) KP log D 

0 573 ± 66 2.98 ± 0.05 

2 1068 ± 209 * 3.25 ± 0.09 * 

 

  The obtained results (Table 3.16) reveal a significant variation (p<0.05) of the VB12’s 

KP value in the presence of mature fibrils over time. At 0 h, the vitamin has a low affinity for 

the synthetic membranes, which is translated by a KP value of 573 ± 66. This emphasizes 

that as soon as VB12 is added, the compound immediately interacts with the fibrils present 

in the solution, the reason why no significant difference in the VB12’s disaggregating ability 

between the aqueous and lipid media was detected at the beginning of the ThT assay. 

However, after 2 h of incubation, VB12 exhibits a significantly larger KP value (1068 ± 209), 

indicating that more molecules are partitioning from the aqueous to the lipid phase after 2 

h of incubation compared to time 0. As a result, the number of molecules available in the 

aqueous phase decreases, preventing them from interacting with the fibrils and inducing 

their disruption. 

  TEM analysis was performed to validate the VB12’s ability to disassemble mature Aβ1-

42 fibrils in the absence and presence of synthetic neuronal membranes (Figure 3.24). Figure 

3.24 A and C show the images of Aβ1-42 fibrils after 2 h of incubation in PBS and with 

DMPC:CHOL:SM:PS LUVs, respectively. As noted above, there were no apparent differences 

in the fibrils’ morphology formed in aqueous (Figure 3.24 A) and lipid medium (Figure 3.24 

C). 
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Figure 3.24. Negatively stained TEM images of A) preformed Aβ1-42 fibrils in PBS (8 µM) 

and B) after their incubation with VB12 (800 µM). Aβ1-42 fibrils preformed in the presence 

of liposomes (400 µM) in C) absence and D) presence of VB12. Red arrows indicate Aβ1-42 

fibrils, while blue arrows represent disintegrated fragments. Scale bars indicate 100 nm. 

 

  As expected by the ThT assays analysis, VB12 caused the fibrils disaggregation in both 

environments. While essentially long and thin fibrils and some protofibrils are present in 

the absence of VB12, both in aqueous and lipid medium, they are absent in the presence of 

the vitamin. Instead, short and disintegrated fragments are found (Figure 3.24 B and C), 

indicating the disaggregation of Aβ1-42 fibrils upon incubation with VB12 for 2 h. 

  ATR-FTIR spectroscopy was employed to estimate the secondary structure of Aβ1-42 

and confirm the ability of VB12 to disaggregate preformed fibrils, both in aqueous and lipid 

environments. The spectral regions corresponding to the amide I band of Aβ1-42 incubated 

with or without VB12 in the presence or absence of lipid vesicles are shown in Figure 3.25. 

Orange, pink, green, and blue lines represent antiparallel β-sheet, parallel β-sheet, α-helix, 
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and β-turn structures, respectively. The quantitative analyzes of the amide I region by 

Fourier self-deconvolution followed by curve fitting are detailed in Table 3.17. 

 

Figure 3.25. ATR-FTIR spectra of preformed Aβ1-42 fibrils (8 µM) incubated in the A) 

absence or B) presence of VB12 (800 µM) in PBS. C) and D) indicate ATR-FTIR spectra of 

Aβ1-42 fibrils formed in the presence of liposomes (400 µM), with and without VB12, 

respectively. Black lines represent the obtained spectra. Orange, pink, green, and blue lines 

represent antiparallel β-sheet, parallel β-sheet, α-helix, and β-turn structures, respectively. 

 

Table 3.17. Quantitative estimation of the secondary structures of preformed Aβ1-42 fibrils 

upon incubation with VB12 in both aqueous and lipid media, obtained after Fourier self-

deconvolution and curve fitting of amide I band. *p<0.05 indicates a statistical difference 

between Aβ1-42 in the absence and presence of VB12. 

 
Aqueous environment Lipid environment 

Aβ1-42 Aβ1-42 + VB12 Aβ1-42 Aβ1-42 + VB12 

Antiparallel β-sheet 
1615-1627 cm-1/1674-
1695 cm-1 

5 ± 8 11 ± 5 3 ± 6 16 ± 2 *  

Parallel β-sheet 
1623-1641 cm-1 

41 ± 12 14 ± 5 * 58 ± 18 13 ± 6 * 
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α-helix 
1648-1657 cm-1 

35 ± 3 45 ± 2 * 26 ± 7 44 ± 3 * 

β-turn 
1662-1686 cm-1 

20 ± 11 30 ± 5 13 ± 9 27 ± 4  

 

  As presented in Table 3.17, parallel β-sheets are the most abundant secondary 

conformation of Aβ1-42 upon incubation at 37 °C for 2 h, both in solution and in the presence 

of lipid vesicles, which is consistent with fibrils formation [110]. However, the incubation 

of preformed fibrils with VB12 significantly affected the secondary structures of Aβ. Both in 

aqueous and lipid environments, VB12 significantly decreased the content of parallel β-

sheet structures from 41% to 14% and from 48% to 13%, respectively (p<0.05). 

Simultaneously, the number of α-helix structures significantly increased from 35% to 45% 

in the aqueous medium and from 26% to 44% in the lipid membrane environment (p<0.05). 

The content of antiparallel β-sheet structures remained unchanged (p>0.05) in PBS, but it 

increased from 3% to 16% in the presence of in vitro membranes (p<0.05). Furthermore, 

VB12 did not affect the amount of β-turns in both conditions (p>0.05). These alterations in 

the secondary structure of Aβ are consistent with that induced by other agents with amyloid 

fibrils disaggregating activity [90, 91, 111]. Tryptophan-galactosylamine hybrid molecules 

[112] or polyphenols (curcumin, resveratrol, baicalein, and EGCG) in combination with β-

cyclodextrin [109] are examples of compounds that also reversed the β-sheet conformation 

of mature amyloid fibrils into soluble α-helix structures.  

  In short, these results suggest that the nature of the inhibited aggregates depends on 

the surrounding environment. In the aqueous solution, VB12 induced the disaggregation of 

mature fibrils (parallel β-sheet) into Aβ1-42 monomers (α-helix). In the presence of lipid 

membranes, the fragmented structures correspond to monomers and oligomers 

(antiparallel β-sheet). This phenomenon is consistent with ThT fluorescence data and TEM 

imaging, revealing an effective disassembly of Aβ1-42 fibrils by VB12. However, the 

disaggregation of amyloid fibrils only has a tangible significance if the disaggregates are not 

toxic. Numerous findings revealed that the toxicity of Aβ depends on its aggregation status. 

[111]. It appears that Aβ-induced toxicity requires the conversion of the soluble monomeric 

form to aggregated species-rich in β-sheets. While the monomeric form was revealed to be 

non-toxic, oligomers have been indicated as the most toxic species of Aβ. Fibrils also induce 

toxicity, although to a lesser extent. [112] Regardless of the environment, monomers are the 

main structure of the inhibited aggregates, which brings some hope to the AD treatment. 

However, the slight increase in the antiparallel β-sheet content in the lipid medium should 
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be examined with caution. Although oligomeric species are known to be toxic, some authors 

reported the stabilization of nontoxic Aβ oligomers [113-115]. Therefore, future studies are 

needed to evaluate the toxicity of the fragmented fibrils. 

 

 

3.4. Conclusion 

  The anti-amyloidogenic properties of FA, NIC, CAF, CA, AA, VA, GA, and VB12 were 

investigated in PBS. CA, GA, and VB12 were revealed to be the most promising molecules 

for AD therapy by preventing the Aβ1-42 aggregation and disrupting preformed fibrils. 

  The influence of an in vitro model of neuronal membranes on the CA, GA, and VB12's 

ability to inhibit Aβ1-42 fibrillation and disaggregate mature fibrils was then examined. The 

combination of experimental techniques revealed that the presence of lipid membranes did 

not affect CA and GA's ability to inhibit Aβ1-42 fibrillation. However, the VB12’s anti-

aggregation property was lower in the presence of the neuronal membrane model than in 

PBS. Furthermore, the lipid membrane model reduced the ability of the three natural 

compounds to disrupt mature fibrils. This is due to the partition of the natural compounds’ 

molecules to the lipid membrane, which prevents them from interacting with Aβ. Even so, 

CA, GA, and VB12 showed strong anti-amyloidogenic properties in the cell membrane-like 

environment, supporting the view that these compounds could be a promising approach for 

preventing and curing AD. GA appears to be the most advantageous molecule because it 

entirely prevents the Aβ aggregation and disaggregates mature fibrils in the neuronal cell-

like environment, followed by CA and VB12. 

  Additionally, these works highlight the importance of the study’s design before 

testing drug candidates. The detailed reproduction of in vivo conditions in in vitro studies is 

of utmost importance to reduce the number of compounds failing to enter the pipeline, thus 

preserving resources that can be devoted to discovering and developing effective drugs. In 

this context, mimicking cell membranes through in vitro lipid membrane models provides a 

more realistic prediction of the drugs’ activity in vivo, which helps the discovery and 

development of effective drugs.  

 
 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/nerve-cell-membrane
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/membrane-lipids
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fibrillation
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Chapter 4  

Transferrin-Functionalized Liposomes for 

Alzheimer's Disease Therapy with Natural 

Compounds 

 

4.1. Introduction 

  According to experimental and epidemiological studies, natural compounds 

consumption has been related to symptom improvements of various neurodegenerative 

illnesses, including AD [1, 2]. However, there is no solid proof that natural compounds 

prevent the development of AD or cure it. This has been mainly associated with the natural 

compounds’ limitations such as low solubility, absorption, and bioavailability, in vivo 

instability, lack of specificity, high systemic clearance, and inability to cross the BBB, which 

prevent them from reaching the brain in effective concentrations [3]. 

  Many innovative DDSs have attracted attention in the last decades for transporting 

drugs across the BBB, thus overcoming the above-referred limitations. Among them, 

liposomes have aroused particular interest for being one of the safest nanocarriers for 

human use [4]. The conjugation of Tf to the NPs' surface has been widely employed to 

enhance their transport across the BBB due to the overexpression of TfR in the endothelial 

cells of the BBB [5]. 
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  Hence, the present chapter aims to develop Tf-functionalized liposomes loaded with 

the natural compounds that showed successful anti-amyloidogenic properties in the 

presence of the neuronal cell membrane model – CA, GA, or VB12 – for AD therapy. 

Liposomes were produced and physicochemically characterized by various techniques. In 

vitro experiments were conducted to evaluate the ability of the CA, GA, or VB12 loaded into 

Tf-functionalized liposomes to prevent the Aβ fibrillation and disaggregate mature fibrils. 

 

 

4.2. Materials and Methods 

 4.2.1. Materials 

  CA (purity>99%, MW 180), GA (purity≥99%, MW 170), VB12 (purity≥98%, MW 

1355), holo-Tf human (purity≥98%, MW 80,000), N-(3-dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDC, MW 192), ThT (MW 319), HFIP (purity≥99%, MW 

168), and chloroform (purity ≥ 99%, MW 119) were acquired from Sigma-Aldrich (St. Louis, 

MO, USA). Methanol (purity ≥ 99%, MW 32) and ethanol absolute (purity≥99%, MW 46) 

were acquired from VWR International (Radnor, PA, EUA), while diethyl ether (purity≥99%, 

MW 74) was obtained from José Manuel Gomes dos Santos, Lda (Odivelas, Portugal). 1,2-

distearoyl-sn-glycero-3-phosphocholine (DSPC, purity>99%, MW 790), CHOL (ovine wool, 

purity > 98%, MW 387), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (18:0 PEG2000 PE, purity > 99%, MW 2805), and 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] 

(DSPE-PEG2000 amine, purity > 99%, MW 2791) were purchased from Avanti Polar Lipids 

Inc. (Alabaster, AL, USA). Human amyloid-β peptide with 42 amino acid residues (Aβ1-42, 

purity > 95%, MW 4514) and uranyl acetate dihydrate (purity > 99%, MW 424) were 

obtained from GenScript Biotech (Piscataway, NJ, EUA) and Electron Microscopy Sciences 

(Hatfield, PA, USA), respectively. Ultrapure water (Milli-Q Academic, Millipore, France) was 

used to prepare PBS (pH 7.4, 10 mM phosphate buffer, 2.7 mM potassium chloride, and 137 

mM sodium chloride) purchased from VWR International (Radnor, PA, EUA). 
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 4.2.2. Preparation of Liposomes 

  DSPC, CHOL, 18:0 PEG2000 PE, and DSPE-PEG2000 amine at a molar ratio of 

52:45:3:0.06 were used to prepare liposomes. Distinct techniques were employed to 

prepare CA, GA, or VB12-loaded liposomes, including lipid film hydration, reverse phase 

evaporation, ethanol injection, and ethanol permeabilization. Unloaded liposomes were 

also prepared using the same methodologies as control.  

 

  4.2.2.1. Lipid Film Hydration 

  Lipids were dissolved in chloroform, which was evaporated under a nitrogen stream. 

The resulting dried lipid film was hydrated by adding 0.600 mL of CA, GA, or VB12 solution 

in PBS, at 4.0, 3.6, and 1.0 mM, respectively. The film was vortexed for 10 min to produce 

MLVs. To reduce the size of the vesicles and produce LUVs, the resulting suspension was 

sonicated for 40 minutes (1 min ON, 1 min OFF) in an ice-cold water bath using an ultrasonic 

processor UP400S (Hielscher, Germany) with an amplitude of 40% and ultrasonic 

frequency of 24 kHz. The natural compound solution was replaced by PBS to prepare 

unloaded liposomes. 

 

  4.2.2.2. Reverse-Phase Evaporation 

  The reverse-phase evaporation is a simple alternative technique to the lipid film 

hydration. Here, phospholipids are dissolved in a water-immiscible organic solvent. Then, a 

water-in-oil emulsion is created by brief sonication, and the organic solvents evaporated 

under reduced pressure to produce a semi-solid gel. The gel is subject to a vigorous 

mechanical agitation to reverse the water-in-oil into an oil-in-water emulsion containing 

LUVs and MLVs. Lower concentrations of phospholipids yield higher amounts of LUVs 

compared to MLVs. This process ensures high encapsulation rates due to the large volume: 

lipid ratio [6]. However, the use of high amounts of organic solvents, mechanical agitation, 

the possibility of the product containing solvent residues, and difficulty in scaling up 

remains its major limitations [7]. 

  Here, lipids were dissolved in 0.600 mL of diethyl ether, and 0.050 mL of methanol 

was added to increase the lipids’ solubility. 0.240 mL of a CA, GA, or VB12 solution in PBS at 

10.0, 9.0, and 2.5 mM, respectively, was added dropwise to the organic phase. The resulting 
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two-phase system was sonicated for 5 min in a cold-water bath sonicator (ultrasonic 

cleaner, VWR, USA), resulting in a homogeneous opalescent dispersion. The mixture was 

placed on a 5 mL glass beaker under magnetic stirring (400 rpm) for 1 h at room 

temperature to allow the complete evaporation of the organic solvents, resulting in the 

formation of a viscous gel. PBS was added to the gel completing a final volume of 0.600 mL. 

The vesicles’ size was reduced as described previously. Unloaded liposomes were 

developed by replacing the natural compound solution with PBS. 

 

  4.2.2.3. Ethanol Injection 

  The injection of organic solvents is widely used to produce liposomes. Here, 

phospholipids dissolved in an organic solvent, such as ethanol, are gradually injected into a 

warm aqueous solution of the molecule to be encapsulated, spontaneously forming 

liposomes. When ethanol is injected and dissolved in the water below a critical 

concentration, the phospholipids are forced to self-assemble in the aqueous phase and form 

liposomes. A higher concentration of phospholipids leads to an increase in the size, 

polydispersity, and lamellarity of liposomes. The main drawbacks of this technique are the 

heterogeneity of the population when compared to other methods [6]. Also, the exposure of 

the compounds to be encapsulated to organic solvents and high temperatures can affect the 

stability and biocompatibility of the liposomes [8]. However, the simplicity, rapidity, 

reproducibility, and ease of scaling up this technique make it a promising methodology for 

industry applications [9]. 

  Here, lipids were dissolved in 0.120 mL of absolute ethanol. The resulting organic 

phase was injected in 0.600 mL of a CA, GA, or VB12 solution in PBS at 4.0, 3.6, and 1.0 mM, 

respectively, under magnetic stirring (400 rpm). The liposome suspension was kept under 

stirring for 1 h at room temperature to allow the complete evaporation of ethanol. The 

liposomes’ size was reduced as described above. Unloaded liposomes were prepared by 

replacing the natural compound solution with PBS. 

 

  4.2.2.4. Ethanol Permeabilization 

  The ethanol permeabilization technique is a simple and rapid passive equilibration 

method that relies on adding molecules to preformed liposome in the presence of a 

permeability enhancer – ethanol. This permeability enhancer increases the lipid 

https://www.sciencedirect.com/topics/materials-science/lipid-bilayers
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bilayer permeability and, consequently, the drug diffusion through the lipid membrane 

without significantly affecting the NPs’ structure [10]. 

  Here, 0.219 mL of absolute ethanol containing CA, GA, or VB12 at 9.3, 8.4, and 2.3 mM, 

respectively, was added dropwise to liposomes (30% v/v) previously prepared by the lipid 

film hydration method followed by sonication under constant manual shaking. Samples 

were incubated at 37 °C for 1 h in an incubating microplate agitator under continuous 

stirring (350 rpm) (VWR, USA) to enhance the lipid bilayer's permeability. Samples were 

then placed under magnetic stirring (400 rpm) for 1 h at room temperature allowing the 

organic solvent to evaporate. Unloaded liposomes were prepared by replacing the natural 

compound solution in ethanol with pure ethanol. 

 

 4.2.3. Determination of Entrapment Efficiency and Loading Capacity  

  The entrapment efficiency and the loading capacity were determined by an indirect 

method, quantifying the amount of unencapsulated CA, GA, or VB12. The unencapsulated 

natural compound was separated from the natural compound-loaded liposomes using 

centrifugal filters (Amicon® Ultra 0.500 mL Centrifugal Filter Devices, 30 kDa, Merck, 

Germany). Briefly, 0.500 mL of sample was subjected to two consecutive centrifugation 

cycles at 14,500 rpm at room temperature for 30 min (MiniSpin®plus, Eppendorf, 

Germany). The concentrated solute containing natural compound-loaded liposomes was 

collected and stored at 4 ˚C for further analysis. The two filtrates containing free CA, GA, or 

VB12 were mixed and quantified by UV−Vis spectroscopy (Synergy 2 Multi-Mode 

Microplate Reader, BioTek Instruments, USA) at the wavelength of 282, 258, and 360 mm, 

respectively. The obtained absorbance value was correlated to the corresponding 

calibration curve. The entrapment efficiency (EE) was calculated by the following equation 

(Equation  4.1): 

EE (%) = 
Total amount of natural compound (mg) ‐ amount of free natural compound (mg)

Total amount of natural compound (mg)
 x 100 

                    Equation 4.1 

  The loading capacity (LC) of the prepared liposomes was calculated as follows 

(Equation 4. 2): 

LC (%) = 
Total amount of natural compound (mg) ‐ amount of free natural compound (mg)

Total amount of lipids (mg)
 x 100 

https://www.sciencedirect.com/topics/materials-science/lipid-bilayers
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                        Equation 4.2 

 

 4.2.4. Functionalization of Liposomes with Transferrin  

  The liposomes' surface was modified with Tf, according to Pinheiro et al. [11]. Tf 

molecules were covalently coupled by their carboxyl groups to the amino group of DSPE-

PEG2000 present on the liposomes' surface using EDC as a coupling agent. First, a Tf 

solution was prepared in PBS at 21 µM, and EDC was added at 100x molar excess. The 

mixture was stirred for 30 min at 500 rpm and at room temperature to activate the Tf's 

carboxyl groups. Free EDC was separated from the Tf-EDC using centrifugal filters 

(Amicon® Ultra 0.500 mL Centrifugal Filter Devices, 3 kDa, Merck, Germany) at 14,500 rpm 

at room temperature for 30 min. The concentrated solute was resuspended in PBS and 

mixed to liposomes at a molar ratio of 1:750 (Tf:liposome). The sample was incubated for 1 

h at 4 °C and 500 rpm to form Tf-conjugated liposomes.  

 

 4.2.5. Determination of Transferrin Conjugation Efficiency 

  Unbound Tf was separated from the Tf-functionalized liposomes using centrifugal 

filters (100 kDa cutoff). The sample was subjected to two consecutive centrifugation cycles 

at 14,500 rpm and room temperature for 30 min. The concentrated solute containing Tf-

conjugated liposomes was collected and stored at 4 ˚C for further analysis.  To separate 

unbound Tf from released natural compound, the two filtrates were mixed and subjected to 

centrifugation using centrifugal filters (Amicon® Ultra 0.500 mL Centrifugal Filter Devices, 

3 kDa, Merck, Germany). The free natural compound was quantified as previously 

described. Unbound Tf was then quantified using the PierceTM bicinchoninic acid (BCA) 

Protein Assay Kit (Thermo Fisher Scientific, USA). Here, the free Tf sample was incubated 

with the working reagent in a 96-well plate at 37 ˚C for 30 min. The absorbance of Tf was 

determined by UV−Vis spectroscopy (Synergy 2 Multi-Mode Microplate Reader, BioTek 

Instruments, USA) at the wavelength of 560 mm. The obtained absorbance value was 

correlated to the Tf’s calibration curve, and the conjugation efficiency (CE) was determined 

according to the following equation (Equation 3.3): 

CE (%) = 
Total amount of Tf (mg)‐ amount of free Tf (mg)

Total amount of Tf (mg)
 x 100               Equation 3.3 
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  The number of Tf molecules per liposome was determined based on the number of 

lipids per liposome (N), which was estimated as follows (Equation 3.4): 

N = 
4 π  (

𝑑

2
)2+ 4 π  (

𝑑

2
 − ℎ)2

a
                                          Equation 3.4 

where d is the diameter of the liposome, h is the thickness of the bilayer, and a is the lipid 

head group area. 

 

 4.2.6. Physicochemical Characterization of Liposomes 

  4.2.6.1. Dynamic Light Scattering 

  DLS was employed to physicochemically characterize the liposomes in terms of 

hydrodynamic diameter and PdI using a ZetaSizer Nano ZS (Malvern Instruments, UK). 

Liposomes were analyzed with a 633 nm red laser with a backscattering angle of 173° at 25 

°C. The refractive index and viscosity of water (dispersant) were fixed at 1.330 and 0.8872 

cP, respectively. The lipids' refractive index and absorption were set at 1.40 and 0, 

respectively. The obtained results were given as size distribution by intensity and result 

from 3 measurements of 12 runs each. 

 

  4.2.6.2. Electrophoretic light scattering 

  The zeta potential of the prepared liposomes was assessed by ELS using a ZetaSizer 

Nano ZS (Malvern Instruments, UK). Zeta potential values were obtained employing the 

Smoluchowski mathematical model. The dielectric constant, refractive index, and viscosity 

of the dispersant were set at 78.5, 1.330, and 0.8872 cP, respectively. The refractive index 

and absorption of the lipids were fixed at 1.40 and 0, respectively. Zeta potential values 

result from 5 measurements of 15 runs each. All the measurements were performed at 25°C. 

 

  4.2.6.3. Attenuated Total Reflection-Fourier Transform Infrared 

Spectroscopy 

  ATR-FTIR was used to confirm the lipids' functionalization with Tf, according to a 

prior work [12]. ATR-FTIR spectra were collected using an ALPHA-P spectrophotometer 

(Bruker Corporation, Billerica, MA, EUA). Succinctly, 2 μL of the concentrated solute 
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containing Tf, Tf-conjugated, or unconjugated liposomes were placed on the surface of the 

FTIR crystal. The water was removed using a nitrogen stream, and the ATR-FTIR spectra 

were recorded in the absorbance mode from 375 to 4000 cm-1 at 4 cm-1 resolution. The 

background spectrum was also collected and subtracted from the lipids' spectrum. ATR-

FTIR spectra were obtained after 64 scans. 

 

 4.2.7. Stability of Liposomes at Storage Conditions 

  The stability of the prepared liposomes was investigated for two months at storage 

conditions (4 °C). The liposomes' stability was evaluated by variations of the hydrodynamic 

diameter, PdI, and zeta potential over time. The physicochemical properties of the NPs were 

assessed as described above. The samples were also subjected to visual observation to 

identify any occurrence of phase separation or flocculation, both indicating stability issues. 

 

 4.2.8. In vitro Natural Compound Release from Transferrin-

Functionalized Liposomes 

  The in vitro release profile of CA, GA, or VB12 from the developed Tf-modified 

liposomes in simulated physiological conditions was studied using the cellulose dialysis 

membrane diffusion technique, as reported previously [13]. Before starting the drug release 

experiment, cellulose dialysis membranes (Float-A-Lyzer G2, CE, 10 kDa, SpectrumLabs, Los 

Angeles, CA, USA) were equilibrated with ultrapure water overnight and PBS for 1h at 4 °C. 

A known amount of CA, GA, or VB12-loaded Tf-liposomes was diluted in 1 mL of PBS and 

placed into the inner membrane. The outer space of the dialysis device was filled with 5 mL 

of PBS (10 mM, pH 7.4), ensuring the sink conditions. The dialysis device was continuously 

stirred at 250 rpm and 37 °C for 9 days. Aliquots of 300 µL were collected from the release 

medium at predetermined time points. The amount of released CA, GA, or VB12 was 

quantified by UV–Vis spectrophotometry (Synergy 2 Multi-Mode Microplate Reader, BioTek 

Instruments, USA) at the wavelength of 282, 258, and 360 mm, respectively, and correlated 

to the respective calibration curve. The natural compound release curve representing the 

percentage of CA, GA, or VB12 released over time (t) was plotted according to the following 

equation (Equation 3.5): 

Natural compound released (%) = 
Amount of natural compound released at time t (mg)

Amount of encapsulated natural compound (mg)
 x 100 
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 Equation 3.5 

  After absorbance measurements, the sample was returned to the release medium.  

Solutions of CA, GA, or VB12 in PBS were used as controls. 

 

 4.2.9. Anti-Amyloidogenic Properties of Transferrin-Functionalized 

Liposomes Loaded with Natural Compounds 

  4.2.9.1. Aβ Preparation 

  Stock solutions of Aβ1-42 monomers and fibrils were prepared as described previously 

in section 3.2.3. 

 

  4.2.9.2. Thioflavin T Fluorescence Assay 

  The anti-amyloidogenic activity of CA, GA, or VB12-loaded Tf-functionalized 

liposomes was monitored by employing a well-established protocol [14]. Briefly, 

aggregation kinetics was evaluated by mixing CA, GA, or VB12-loaded Tf-liposomes to Aβ1-

42 monomers or fibrils (8 μM) in a 96-well plate (black, non-treated, flat bottom, UV-Star®). 

Respective negative controls in the absence of natural compound-loaded Tf-liposomes were 

also prepared. The anti-amyloidogenic activity of CA (800 μM), GA (800 μM), VB12 (160 

μM), and unloaded Tf-liposomes were also assessed as positive controls. A ThT solution in 

PBS was added to the samples at a final concentration of 50 μM. The microplate was sealed 

to prevent evaporation and incubated for 5 h at 37 °C with continuous medium stirring. 

Fluorescence measurements were recorded every 30 s using a Synergy™ 2 Multi-Mode 

Microplate Reader (BioTek Instruments, Winooski, VT, USA) equipped with a 420/50 nm 

excitation filter and a 485/20 nm emission filter. 

 

  4.2.9.3. Kinetic Model of Aβ Fibril Formation  

  ThT fluorescence data were processed as described in section 3.2.5.  

 

  4.2.9.4. Transmission Electron Microscopy 

  Grids TEM were prepared as described in section 3.2.6.  
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 4.2.10. Statistical Analysis 

  Results are given as the mean ± SD of at least three independent experiments. 

Student's t-tests with a 95% confidence interval were employed to assess significant 

differences between data. GraphPad Prism 8 software was used to analyze the data. 

 

 

4.3. Results and Discussion 

 4.3.1. Transferrin-Functionalized Liposomes Loaded with Caffeic Acid 

The results presented in this section are submitted for publication: Andrade, S., Loureiro, J.A. 

& Pereira, M.C. Caffeic Acid-Loaded Liposomes Functionalized with Transferrin for Alzheimer's 

Disease Therapy. Submitted to Journal of Molecular Liquids. 

 

  4.3.1.1. Physicochemical Characterization of Unloaded and CA-

Loaded Liposomes 

  DSPC, CHOL, 18:0 PEG2000 PE, and DSPE-PEG2000 were the lipids selected to 

prepare liposomes since there is evidence of the safety of this particular DDS following 

repeated administration in wild-type mice [15]. NPs' physicochemical properties, including 

mean size, PdI, zeta potential, EE, and LC, play a significant role in how NPs perform 

biologically. Hence, four distinct methods for producing liposomes were employed to obtain 

the optimal formulation: lipid film hydration, reverse-phase evaporation, ethanol injection, 

and ethanol permeabilization. The physicochemical properties of the produced unloaded 

and CA-loaded liposomes are listed in Table 4.1. 

 

Table 4.1. Physicochemical characterization of unloaded and CA-loaded liposomes. * 

Indicates a statistical difference between unloaded and CA-loaded liposomes (p<0.05). 

Technique 
Liposomes’ 

formulation 
Size (nm) PdI 

Zeta 

potential 

(mV) 

EE (%) LC (%) 
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Lipid film 

hydration 

Unloaded LIP 111 ± 8 0.21 ± 0.02 -0.5 ± 1.7 - - 

CA-loaded LIP 118 ± 10 0.27 ± 0.06 -2.4 ± 0.7 4 ± 2 0.7 ± 0.4 

Reverse-

phase 

evaporation 

Unloaded LIP 125 ± 7 0.19 ± 0.02 -1.3 ± 1.3 - - 

CA-loaded LIP 142 ± 6 * 0.24 ± 0.04 * -1.3 ± 1.0 23 ± 4 3.0 ± 0.6 

Ethanol 

injection 

Unloaded LIP 139 ± 15 0.19 ± 0.02 -1.7  ± 0.5 - - 

CA-loaded LIP 162 ± 9 * 0.20 ± 0.04 -1.6 ± 0.5 20 ± 1 2.7 ± 0.1 

Ethanol 

permeabilizat

ion 

Unloaded LIP 113 ± 4 0.19 ± 0.01 -1.7 ± 0.5 - - 

CA-loaded LIP 119 ± 6 0.25 ± 0.03 * -0.8 ± 1.1 17 ± 2 2.3 ± 0.2 

 

  The NPs' hydrodynamic diameter is a key property affecting their capacity to cross 

biological barriers, including the BBB, in vivo stability, blood circulation time, drug release, 

cell uptake, clearance, and toxicity. NPs larger than 200 nm have been described to be 

quickly cleared from the bloodstream by the lymphatic system. In contrast, NPs smaller than 

50 nm have been associated with severe toxicity due to their increased surface area [16]. 

Additionally, 200 nm is the estimated maximum size for a NP to undergo RMT [17]. 

  As shown in Table 4.1, all the produced formulations presented a mean size smaller 

than 200 nm regardless of the technique used to produce liposomes, thus being suitable for 

brain delivery. Additionally, Table 4.1 reveals that the size of unloaded and CA-loaded 

liposomes significantly depends (p<0.05) on the employed technique by the following 

order: ethanol injection = reverse-phase evaporation > ethanol permeabilization = lipid film 

hydration. Furthermore, the NPs' size was affected by the CA's encapsulation using reverse-

phase evaporation and ethanol injection techniques (p<0.05). Both methods led to a 

significant increase in CA-loaded liposomes' sizes compared to unloaded NPs (p<0.05). This 

may be due to the higher EE obtained for these techniques compared to lipid film hydration 

and ethanol permeabilization methods, implying that more CA molecules are loaded into 

the liposomes.  

  The detailed examination of Table 4.1 also reveals that all formulations exhibit PDI 

values lower than 0.3, suggesting that the produced liposomes have homogenous diameters 

[18]. No significant differences in PdI values of unloaded liposomes were observed between 

the groups (p>0.05). However, encapsulating CA by reverse-phase evaporation and ethanol 

permeabilization led to an increase in PdI (p<0.05). 

  Another important factor to consider while designing NPs is their surface charge 

because it influences the NPs' toxicity and in vivo internalization rates. The liposomes' zeta 

https://pubs.acs.org/doi/10.1021/acschemneuro.1c00210#tbl2
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potential was assessed, and all formulations showed values close to 0 mV (Table 4.1), which 

is expected given the lipids composing the liposomes. In contrast to cationic NPs and highly 

concentrated anionic NPs, which can be harmful to the BBB, neutral NPs have a higher 

potential to cross the BBB without impacting its integrity [19]. Additionally, neutral NPs 

exhibit less protein adsorption, which results in longer circulation times [17]. As shown 

in Table 4.1, encapsulating CA did not modify the liposomes' zeta potential regardless of the 

liposome production technique (p>0.05).  

  Manufacturing procedures with less material loss, cheaper costs, and more 

environmentally friendly products are required to produce NPs efficiently. High EE and LC 

values are thus preferred. Table 4.1 shows that the EE and LC values depend on the method 

used to produce the liposomes (p<0.05) in the following order: reverse-phase evaporation 

= ethanol injection > ethanol permeabilization > lipid film hydration. This observation is 

consistent with previous evidence reporting that despite being the oldest and simplest 

technique to prepare liposomes, the thin-film hydration method leads to lower EE than the 

remaining techniques [7]. 

  Based on the presented results, reverse-phase evaporation was selected to prepare 

CA-loaded liposomes for the following assays. 

 

  4.3.1.2. Functionalization of Liposomes with Tf 

  The surface of unloaded and CA-loaded liposomes was functionalized with Tf 

envisaging the dual-targeting strategy of the NPs to the BBB and neurons [20]. Holo-Tf was 

chosen over other Tf forms, such as apo-Tf, due its higher affinity for the TfR [21]. The 

liposomes' functionalization was achieved using EDC as a coupling agent. EDC activates the 

carboxyl groups of Tf through a carbodiimide-coupling reaction, allowing its covalent 

coupling of with the amino group of DSPE-PEG2000. Table 4.2 displays the physicochemical 

properties of the produced liposomes as well as the CE of Tf. 

 

Table 4.2. Physicochemical characterization of unloaded and CA-loaded Tf-functionalized 

liposomes. * Denotes a statistical difference between unloaded and CA-loaded liposomes 

(p<0.05). # Indicates a statistical difference between unloaded Tf-liposomes and CA-loaded 

Tf-liposomes (p<0.05). 

https://pubs.acs.org/doi/10.1021/acschemneuro.1c00210#tbl3
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00210#tbl3
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Formulation 
Size 

(nm) 
PdI 

Zeta potential 

(mV) 
EE (%) LC (%) CE (%) 

Unloaded LIP 125 ± 7 0.19 ± 0.02 -1.3 ± 1.3 - - - 

Unloaded Tf-LIP 129 ± 6 0.18 ± 0.01 -1.4 ± 1.0 - - 31 ± 3 

CA-loaded LIP 142 ± 6 * 0.24 ± 0.04 * -1.3 ± 1.0 23 ± 4 3.0 ± 0.6 - 

CA-loaded Tf-LIP 139 ± 9 0.20 ± 0.03 -0.9 ± 0.6 23 ± 4 3.1 ± 0.6 21 ± 1 # 

 

  As displayed in Table 4.2, the functionalization of both unloaded and CA-loaded 

liposomes with Tf did not impact the NPs' physicochemical properties (p>0.05). 

Furthermore, no CA was released in the functionalization process (p>0.05), with Tf-

functionalized liposomes displaying an EE of 23 ± 4 %. This is consistent with previous 

studies that reported no drug release from lipid-based NPs at 4 °C [22, 23], the temperature 

at which the functionalization of liposomes was performed. In addition, Table 4.2 reveals 

that encapsulating CA into the liposomes decreased the CE from 31 ± 3 to  21 ± 1 % (<0.05). 

These values correspond to 100 ± 10 and 78 ± 3 molecules of Tf per liposome, amounts that 

enable NPs to cross the BBB by RMT [24]. This may be due to the presence of some CA 

molecules at the surface of the liposome, which may hinder the coupling of Tf with the 

amino group of DSPE-PEG2000. In fact, it was demonstrated in a previous study that CA has 

an affinity for the liposomes' lipid bilayer by establishing ion-dipole forces with the negative 

charge of the DMPC polar head [14]. Overall, CA Tf-functionalized liposomes exhibited 

suitable physicochemical properties for brain delivery. 

  ATR-FTIR was employed to confirm the lipids' functionalization with Tf. Figure 4.1 

shows the ATR-FTIR spectra of non-functionalized and Tf-functionalized lipids, both in the 

absence and presence of CA. The ATR-FTIR spectrum of Tf is also presented for comparison 

purposes. 
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Figure 4.1. ATR-FTIR spectra of Tf (blue line), non-functionalized lipids (orange line), and 

Tf- functionalized lipids (green line) in the A) absence and B) presence of CA. 

 

  The ATR-FTIR spectrum of Tf (blue line) displayed in Figure 4.1 shows two major 

peaks at 1647 (amine I) and 1541 cm-1 (amine II). These bands correspond, respectively, to 

the C=O stretching vibrations and N-H bending vibrations found in the peptide bonds 

between the amino acids of Tf [25]. Both peaks can be seen in Tf-functionalized lipids (green 

line), regardless of the CA encapsulation, in contrast to non-functionalized lipids (orange 

line), which lack the amine I peak. Moreover, Figure 4.1 reveals that the intensity of the 

amine II peak in the presence of CA (Figure 4.1 B) is less than in the absence of the natural 

compounds (Figure 4.1 A), probably due to the lowest CE attained for CA-loaded liposomes. 

These results confirm the successful functionalization of the lipids with Tf, regardless of the 

CA encapsulation. 

 

  4.3.1.3. Physical Stability of Liposomes at Storage Conditions 

  The stability of NPs at storage conditions continues to be a major restriction to their 

commercialization. It is mandatory to ensure that the NPs' physicochemical properties do 

not change during storage since variations in these characteristics imply changes in the 

liposomes’ structure [26]. Therefore, the produced liposomes' physical stability was 

periodically evaluated at 4 °C for 2 months. Figure 4.2 shows the mean size, PdI, and zeta 
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potential of unloaded and CA-loaded liposomes, both with and without Tf functionalization 

over storage time. 

 

Figure 4.2. Physicochemical characterization of unloaded (orange), CA-loaded (blue), Tf-

functionalized (green), and CA-loaded Tf-functionalized liposomes (pink) stored for 2 

months at 4 °C. 

 

  As presented in Figure 4.2, no significant variations in the measured physicochemical 

properties of all liposomal formulations were observed over the storage period at 4 ˚C 

(p>0.05). No creaming, flocculation, or phase separation was visible in any of the 

formulations. These findings indicate that the liposomes remain stable for 2 months under 

storage conditions, regardless of CA loading and NPs functionalization with Tf. 

 

  4.3.1.4. In vitro Release of CA 

  The effectiveness of a DDS is greatly influenced by the drug release profile. The 

sustained release of drugs is desired to maintain the drug concentration in plasma at 

therapeutic levels for an extended period. Thereby, optimal drug therapeutic efficacy can 

be achieved while minimizing adverse effects [27]. Thus, the in vitro release of CA from the 

produced Tf-functionalized liposomes under simulated physiological conditions (37 °C, 

PBS, pH 7.4, 10 mM) was investigated and compared to free CA. Figure 4.3 displays the 

obtained release profiles. 
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Figure 4.3. A) In vitro release profiles of free CA (blue) and CA-loaded Tf-functionalized 

liposomes (pink) at 37 °C in PBS (pH 7.4, 10 mM) over 120 h. B) shows the in vitro release 

profiles in the first 8 h. 

 

  As depicted in Figure 4.3, the in vitro release of CA from the Tf-functionalized 

liposomes (pink data) exhibits a sustained profile. In contrast to the control group (free CA) 

(blue data), which was completely released in 24 hours, Tf-functionalized liposomes only 

released 11 ± 3 % of CA over this time (pink data) (p<0.05). As shown in Figure 4.3 B, CA 

molecules started to release from Tf-functionalized liposomes immediately, achieving 8% 

of CA release in the first 4 h. This phenomenon is frequently ascribed to the desorption of 

molecules that have been adsorbed at the liposomes' surface [28]. After this burst release, 

a slower and controlled CA release is observed, with about 14% of the natural compounds 

being released until the end of the experiment. These results are in line with the liposomal 

dispersions' biphasic release patterns [29]. 

  Since CA is poorly soluble in water, it is expected to be kept in the liposomes' 

phospholipid bilayer instead of released to the release medium. This is supported by 

Andrade et al. (2021) findings, which revealed the CA's ability to partition from the aqueous 

medium to the liposomes' lipid bilayer. Previous data also suggest that the presence of PEG 

and Tf molecules at the NPs' surface blocks the drug diffusion to the release medium [30, 

31]. It is thus expected that CA molecules retained in the liposomes' lipid bilayer will be 

further released in the target site in a controlled and sustained manner due to the 

liposomes' degradation [32].  
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  4.3.1.5. Anti-Amyloidogenic Activity of CA-Loaded Liposomes 

Functionalized with Transferrin 

   4.3.1.5.1. Inhibition of Aβ Fibril Formation  

  The therapeutic efficacy of the developed brain targeted-DDS in inhibiting the Aβ1-42 

fibrillation was investigated through a ThT fluorescence assay combined with a kinetic 

model of amyloid fibril formation. ThT is a benzothiazole dye that displays enhanced 

fluorescence after binding to amyloid fibrils. ThT fluorescence assay is widely employed for 

amyloid fibril detection and quantification since there is a direct correlation between the 

intensity of ThT fluorescence and the extent of amyloid fibrils [14]. 

  To this end, Aβ monomers were incubated with CA, unloaded Tf-functionalized 

liposomes, and CA-loaded Tf-functionalized liposomes for 2 h at 37 °C, and the ThT 

fluorescence was recorded. The results of the ThT fluorescence assay are shown in Figure 

4.4. 

 

Figure 4.4. Normalized ThT fluorescence of Aβ1−42 (orange data) as a function of time (h) 

upon incubation with CA (blue data), Tf-functionalized liposomes (green data), and CA-

loaded Tf-functionalized liposomes (pink data).  

 

  The kinetic curves corresponding to Aβ in the absence and presence of unloaded and 

CA-loaded Tf-functionalized liposomes exhibit a typical sigmoidal pattern, as depicted in 

Figure 4.4, which has been seen in earlier investigations [12]. Each kinetic curve starts with 

a low ThT fluorescence intensity, implying the absence of Aβ fibrils. In this stage, often called 

the lag phase, Aβ monomers aggregate to form oligomers. Oligomers then aggregate into Aβ 

fibrils, a process known as the elongation phase. In this phase, a gradual increase is 
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observed as the fibrils form, followed by the stationary phase, characterized by a plateau 

when all Aβ peptides are assembled into fibrils. 

  The kinetic parameters for each of the ThT curves were obtained by fitting Equations 

6 and 7 to the data and are presented in Table 4.3. 

 

Table 4.3. Kinetic parameters calculated by fitting Equations 3.6 and 3.7 to the ThT data. * 

Signifies a statistical difference compared to the control (Aβ) (p<0.05). # Indicates a 

statistical difference between unloaded and CA-loaded Tf-functionalized liposomes 

(p<0.05). 

Kinetic Parameters Aβ Aβ + CA Aβ + Tf-LIP Aβ + CA-Tf-LIP 

tlag (h) 0.18 ± 0.02 n.d. 0.07 ± 0.01 * 0.14 ± 0.01 *,# 

t1/2 (h) 0.30 ± 0.02 n.d. 0.27 ± 0.02 0.19 ± 0.01 *,# 

k (h-1) 16 ± 1 n.d. 10 ± 1 * 39 ± 4 *,# 

Max. Fluorescence 0.9 ± 0.1 n.d. 4.4 ± 0.1 * 2.7 ± 0.1 *,# 

n.d. not determined 

 

  Free CA significantly modified the kinetic curve of Aβ1-42, as shown in Figure 4.4. No 

significant increase in the ThT fluorescence signal was observed after incubating Aβ 

monomers with CA (p>0.05) (blue data). Moreover, the ThT intensity remained constant 

throughout the experiment (p>0.05), indicating that CA completely inhibits the Aβ fibril 

formation. Comparable effects were reported previously [14]. 

  Figure 4.4 also reveals that unloaded Tf-functionalized liposomes significantly 

impacted the formation of Aβ fibrils (green data). From Table 4.3, it can be seen that the NPs 

significantly reduced the lag phase time compared to Aβ from 0.18 ± 0.02 to 0.07 ± 0.01 h 

(p<0.05), inferring that unloaded Tf-functionalized liposomes accelerate the transition of 

Aβ monomers to oligomers. Furthermore, unloaded Tf-functionalized liposomes 

significantly decreased the elongation rate from 16 ± 1 to 10 ± 1 h-1 (p<0.05), implying that 

the unloaded NPs slow the transition from oligomers to fibrils. Table 4.3 also reveals that 

the maximum ThT fluorescence significantly increased by approximately 5-folds compared 

to untreated Aβ (orange data) (p<0.05), suggesting that unloaded Tf-functionalized 

liposomes increase substantially the amount of fibrils. The findings are in accordance with 
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previous reports demonstrating that lipid-based NPs, including liposomes, promote the Aβ 

fibril formation by acting as aggregation nuclei [11, 23, 33]. 

  Additionally, it is evident from Figure 4.4 that CA-loaded Tf-functionalized liposomes 

also altered the Aβ's fibrillation kinetic (pink data). CA-loaded NPs significantly increased 

the lag phase time compared to unloaded Tf-functionalized liposomes (green data) 

(p<0.05), implying that the presence of CA in the NPs decelerate the transition of Aβ 

monomers to oligomers. In addition, a significant increase in the elongation rate was 

observed compared to untreated Aβ (orange data) (p<0.05), thus decreasing the time 

needed for half of the maximum ThT fluorescence intensity to be reached (p<0.05). 

Moreover, CA-loaded Tf-functionalized liposomes significantly reduced the maximum 

fluorescence intensity by approximately 1.6-fold compared to unloaded NPs (p<0.05). 

Despite CA-loaded Tf-functionalized liposomes accelerating the transition of Aβ oligomers 

to fibrils, the amount of fibrils formed is significantly lower than in the absence of the 

natural compound. It can thus be concluded that the CA released during the ThT 

fluorescence assay (2 h) is enough to contradict the nucleation effect of the unloaded Tf-

functionalized liposomes. Predictably, the ability of the developed DDS to prevent the 

formation of Aβ fibrils could be even higher in vivo due to the release of CA molecules that 

remain retained in the liposomes' lipid bilayer. 

  TEM was used to examine the morphology of Aβ following 2 h of incubation at 37 °C 

in the presence of CA, unloaded, and CA-loaded Tf-functionalized liposomes (Figure 4.5). 

This high-resolution imaging method is frequently used to gather in-depth information 

about the shape, size distribution, and structural details of amyloid fibrils and prefibrillar 

species. Without CA (Figure 4.5 A), Aβ formed thin and long fibrils. In turn, in the presence 

of the natural compound, Aβ mainly formed small structures, although few fibrils can also 

be observed (Figure 4.5 B). Figures 4.5 C and D confirm the presence of fibrils after 

incubating Aβ with unloaded and CA-loaded liposomes, respectively. No major differences 

in the fibrils' morphology were observed between the groups.  
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Figure 4.5. TEM images of A) Aβ1−42 incubated with B) CA, C) Tf-functionalized liposomes, 

and D) CA-loaded Tf-functionalized liposomes for 2 h at 37 °C. Scale bars correspond to 100 

nm. 

 

   4.3.1.5.2. Disaggregation of Mature Aβ Fibrils  

  The therapeutic efficacy of the developed brain targeted-DDS in disaggregating 

preformed Aβ1-42 fibrils was investigated through a ThT fluorescence assay. For this 

purpose, mature fibrils were produced by incubating Aβ peptide for 1 h at 37 °C. The fibrils 

were then incubated with CA, unloaded, and CA-loaded Tf-functionalized liposomes for 1 h 

at 37 °C while recording the ThT fluorescence. Figure 4.6 displays the entire set of 

normalized ThT fluorescence data, and Table 4.4 summarizes the Aβ fibril content after 

incubating preformed fibrils with CA, unloaded, and CA-loaded Tf-functionalized liposomes. 
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Figure 4.6. Normalized ThT fluorescence of mature Aβ1−42 fibrils (orange data) as a 

function of time (h) upon incubation with CA (blue data), Tf-functionalized liposomes 

(green data), and CA-loaded Tf-functionalized liposomes (pink data). 

 

Table 4.4. Percentage of Aβ1-42 fibrils disaggregation upon incubation with CA, unloaded, 

and CA-loaded Tf-functionalized liposomes for 1 h at 37 °C, determined from ThT data. * 

Indicates a statistical difference compared to untreated Aβ fibrils (p<0.05). # Implies a 

statistical difference between the beginning and end of the assay (p<0.05). § Indicates a 

statistical difference between unloaded and CA-loaded Tf-liposomes (p<0.05). 

Aβ Fibril content (%) 

Time (h) Aβ + CA Aβ + Tf-LIP Aβ + CA-Tf-LIP 

0 29 ± 1 * 114 ± 1 * 99 ± 1 *, § 

1 22 ± 2 *,# 125 ± 2 *,# 87 ± 2 *,#, § 

 

  Adding CA, unloaded, or CA-loaded Tf-functionalized liposomes to preformed fibrils 

significantly affected the fibril content, as displayed in Figure 4.6. CA (blue data) led to an 

immediate decrease in the ThT fluorescence signal (p<0.05) of about 71 %, which increased 

to 78% after 1 h of incubation at 37 °C  (p<0.05) (Table 4.4). These results validate the CA's 

ability to disaggregate Aβ fibrils, as previously observed [14]. 

  Figure 4.6 further shows that unloaded Tf-functionalized liposomes significantly 

increased the ThT fluorescence signal following their addition to Aβ fibrils (green data) 

compared to untreated Aβ fibrils (orange data) (p<0.05). As shown in Table 4.4, unloaded 

NPs led to a rapid rise in the fibril content of approximately 14%, which increased to 25% 
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after 1 h of incubation at 37 °C (p<0.05). Encapsulating CA into the Tf-functionalized 

liposomes (pink data) considerably contradicted the amyloidogenic effect of the unloaded 

NPs (green data). CA-loaded Tf-functionalized liposomes did not modify the ThT 

fluorescence intensity compared to untreated Aβ fibrils immediately after their incubation 

(orange data) (p>0.05). However, the ThT signal decreased to 87% after 1 h of incubation, 

implying a reduction of 13% in the fibril content, probably due to the CA release from the 

NPs. These findings validate the ability of the developed brain-targeted DDS to disrupt 

mature fibrils. 

  The morphology of Aβ fibrils following their incubation with CA, Tf-functionalized 

liposomes, and CA-loaded Tf-functionalized liposomes for 1 h at 37 °C was also investigated 

by TEM. Figure 4.7 A shows the presence of long and thin fibrils when those were incubated 

alone. No discernible differences in the fibrils' morphology were observed between the 

groups. However, when CA was incubated with Aβ fibrils, shorter structures were detected, 

and fewer fibrils were noticed in the sample (Figure 4.7 B), validating the CA's capacity to 

disrupt mature Aβ fibrils. 

 

Figure 4.7. TEM images of A) Aβ fibrils after 1 h of incubation at 37 °C with B) CA, C) Tf-

functionalized liposomes, or D) CA-loaded Tf-functionalized liposomes. Scale bars 

correspond to 100 nm. 
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 4.3.2. Transferrin-Functionalized Liposomes Loaded with Gallic Acid 

The content of this section is published in: Andrade, S., Loureiro, J.A. & Pereira, M.C. (2022) 

Transferrin-Functionalized Liposomes for the Delivery of Gallic Acid: A Therapeutic Approach 

for Alzheimer’s Disease. Pharmaceutics, 14(10), 2163. 

 

  4.3.2.1. Physicochemical Characterization of Unloaded and GA-

Loaded Liposomes 

  GA-loaded liposomes were produced using distinct techniques, including lipid film 

hydration, reverse phase evaporation, ethanol injection, and ethanol permeabilization, to 

obtain a formulation with the best physicochemical properties for brain delivery purposes. 

The liposomes' composition included DSPC, CHOL, 18:0 PEG2000 PE, and DSPE-PEG2000 

amine at a molar ratio of 52:45:3:0.06, which was maintained regardless of the technique 

since these particular NPs proved to be safe after administering intravenously 10 doses over 

3 weeks to adult wild-type mice [15] (Chapter 5). The physicochemical properties of the 

unloaded and GA-loaded liposomes produced using the mentioned procedures are 

presented in Table 4.5. 

 

Table 4.5. Physicochemical properties of unloaded and GA-loaded liposomes, including 

hydrodynamic diameter, PdI, zeta potential, EE, and LC. 

Technique 
Liposomes’ 

formulation 

Size 

(nm) 
PdI 

Zeta 

potential 

(mV) 

EE (%) LC (%) 

Lipid film 

hydration 

Unloaded LIP 117 ± 6 0.17 ± 0.03 -2.3 ± 0.6 - - 

GA-loaded LIP 112 ± 4 0.16 ± 0.02 -2.2 ± 0.1 12 ± 2 0.7 ± 0.1 

Reverse-phase 

Evaporation 

Unloaded LIP 129 ± 10 0.17 ± 0.04 -0.7 ± 1.0 - - 

GA-loaded LIP 126 ± 10 0.18 ± 0.02 -0.4 ± 0.8 29 ± 3 1.7 ± 0.2 

Ethanol injection 
Unloaded LIP 163 ± 4 0.20 ± 0.03 -1.9 ± 0.5 - - 

GA-loaded LIP 150 ± 12 0.21 ± 0.07 -1.2 ± 0.4 11 ± 4 0.6 ± 0.2 

Ethanol 

permeabilization 

Unloaded LIP 145 ± 2 0.19 ± 0.01 -0.8 ± 0.4 - - 

GA-loaded LIP 147 ± 5 0.16 ± 0.03 -1.7 ± 0.1 15 ± 4 0.9 ± 0.3 
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  According to Table 4.5, all formulations present mean hydrodynamic diameters larger 

than 100 nm and smaller than 200 nm, making them appropriate for brain delivery [16, 17]. 

The technique used to produce liposomes appears to significantly affect their size (p<0.05) 

in the following order: lipid film hydration < reverse-phase evaporation < ethanol 

permeabilization < ethanol injection. Furthermore, no significant variations in the NPs' size 

were observed following GA encapsulation, regardless of the employed methodology 

(p>0.05). 

  Table 4.5's comprehensive analysis further demonstrates that all formulations have 

PdI values below 0.2 [18]. No significant differences in PdI values of liposomes were 

observed regardless of the technique used for the NPs production and GA encapsulation 

(p>0.05). 

  The surface charge of a NP is another key physicochemical property affecting its 

biodistribution, toxicity, and internalization rates [19]. Neutral NPs are characterized by 

longer circulation times due to the lower protein adsorption and capacity to cross the BBB 

without compromising its integrity [17]. Thus, the surface charge of all produced liposomes 

was investigated, and all formulations displayed zeta potential values close to 0 mV (Table 

4.5), which is expected considering the lipids composing the liposomes. No significant 

variations in the liposomes' zeta potential were noticed regardless of the technique used for 

the NPs production and GA encapsulation (p>0.05). 

  Another important parameter to consider when developing DDS is the EE. EE depends 

on the properties of both drug and NPs, including the drug's molecular weight and solubility, 

NPs size, and drug-NPs chemical interactions, among others [34]. According to Table 4.5, 

the EE and LC values are influenced by the liposome production technique (p<0.05) in the 

following sequence: reverse-phase evaporation > lipid film hydration = ethanol injection = 

ethanol permeabilization. Gomez et al. (2019) [35] reported similar findings when 

encapsulating the antibiotic vancomycin hydrochloride into liposomes by distinct 

techniques. Higher EE was obtained using reverse-phase evaporation, while lipid film 

hydration showed the lowest values. For this reason, reverse-phase evaporation was used 

to produce unloaded and GA-loaded liposomes in the following experiments. 
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  4.3.2.2. Functionalization of Liposomes with Tf 

  GA-loaded liposomes were produced by reverse-phase evaporation and 

functionalized with Tf, envisaging the dual-targeting of GA to the BBB and neuronal cells. 

EDC was used as a coupling agent to functionalize the NPs by activating the Tf's carboxyl 

groups through a carbodiimide-coupling reaction. This allows the covalent coupling of 

activated Tf with DSPE-PEG2000 amine's amino group. The physicochemical properties of 

unloaded and GA-loaded liposomes, before and after Tf functionalization, are presented in 

Table 4.6. 

 

Table 4.6. Physicochemical properties of unloaded and GA-loaded liposomes, without and 

with Tf functionalization. * Implies a statistical difference between GA-loaded liposomes 

before and after Tf functionalization (p<0.05). 

Formulation 
Size 

(nm) 
PdI 

Zeta potential 

(mV) 
EE (%) LC (%) CE (%) 

Unloaded LIP 129 ± 10 0.17 ± 0.04 -0.7 ± 1.0 - - - 

Unloaded Tf-LIP 132 ± 4 0.15 ± 0.02 -1.3 ± 0.5 - - 35 ± 3 

GA-loaded LIP 126 ± 10 0.18 ± 0.02 -0.4 ± 0.8 29 ± 3 1.7 ± 0.2 - 

GA-loaded Tf-LIP 131 ± 9 0.16 ± 0.02 -0.8 ± 1.0 31 ± 6 1.8 ± 0.4 26 ± 3 * 

 

  As shown in Table 4.6, the physicochemical properties of unloaded or GA-loaded 

liposomes were not affected by the functionalization with Tf (p>0.05), with both 

formulations exhibiting mean sizes of 130 nm, PdI values lower than 0.2, and zeta potential 

values close to 0 mV. Moreover, no significant variations in the EE and LC were observed 

before and after the NPs' functionalization (p>0.05), implying that no GA was released 

during the process. This is in line with earlier research revealing that storing lipid-based 

NPs at 4 °C, the temperature at which the liposomes' functionalization was executed, 

prevents drug leakage [22, 23]. Table 4.6 further shows that the CE of GA-loaded liposomes 

is significantly lower than unloaded NPs (p<0.05). This may be explained by the presence 

of GA molecules at the liposomes' surface, which may hamper the covalent coupling 

between activated Tf and DSPE-PEG2000 amine. This hypothesis is supported by Andrade 

et al. (2019) outcomes that demonstrated that the GA establishes electrostatic interactions 

with the phospholipids' polar head [2]. The CE values in Table 4.6 translate into 119 ± 10 of 
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Tf molecules per unloaded liposomes and 86 ± 11 per GA-loaded liposomes. Both values fall 

within the range of Tf molecules per NP needed to cross the BBB by RMT [24]. The obtained 

results confirm thus that the produced GA-loaded Tf-functionalized liposomes show 

appropriate physicochemical properties for brain delivery. 

  ATR-FTIR was used to validate the lipids' functionalization with Tf molecules. ATR-

FTIR spectra of unloaded and GA-loaded liposomes, without and with Tf functionalization, 

are illustrated in Figure 4.8. For comparison, the ATR-FTIR spectrum of Tf is also provided. 

 

Figure 4.8. ATR-FTIR spectra of Tf (blue line), non-functionalized lipids (orange line), and 

Tf- functionalized lipids (green line) in the A) absence and B) presence of GA. 

 

  Two major bands in the ATR-FTIR spectrum of Tf can be observed in Figure 4.8 (blue 

data). The peak at 1636 cm-1 is assigned to the amine I vibrations, while the band at 1540 

cm-1 corresponds to amine II. These major peaks are ascribed to the C=O stretching and N-

H bending vibrations, respectively, present in the peptide bonds between Tf's amino acids 

[25]. In contrast to non-functionalized lipids (orange data), which lack the amine II peak, Tf-

functionalized lipids (green data) present both peaks at the same wavenumber as Tf (blue 

data). Similar ATR-FTIR spectra were obtained in the presence of GA (Figure 4.8 B). The 

presence of the amino II peak at 1540 cm-1 in the ATR-FTIR spectra of Tf-functionalized 

lipids in the absence and presence of GA can thus be assigned to the successful 

functionalization of the lipids with Tf. 
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  4.3.2.3. Physical Stability of Liposomes at Storage Conditions 

  One of the potential barriers to the use of liposomes in therapeutic applications is 

their lipids' physical and chemical instability. The long-term storage of liposomes can cause 

phospholipids' degradation, which can in turn induce changes in liposomes' permeability, 

structure, and drug retention. Storing liposomal formulations in the aqueous form is 

typically preferred over lyophilization and rehydration since these procedures result in a 

variation in the NPs' size and drug leakage. Doxil® and Onivyde® are commercially 

available liposomal formulations stored in the fluid state [36]. Thus, the physical stability of 

the produced liposomal formulations was investigated at storage conditions (4 °C) for 2 

months. The mean diameter, PdI, and zeta potential of the unloaded and GA-loaded 

liposomes, before and after Tf functionalization, were periodically recorded since variations 

in the liposomes' physicochemical properties suggest changes in their structure [26]. The 

results are shown in Figure 4.9. 

 

Figure 4.9. Physicochemical properties of unloaded (orange), GA-loaded (blue), Tf-

functionalized (green), and GA-loaded Tf-functionalized liposomes (pink) stored at 4 °C for 

2 months. 

 

  The findings presented in Figure 4.9 A show that the mean size of unloaded liposomes, 

before and after Tf functionalization, and GA-loaded liposomes remained constant over the 

experiment (p>0.05). The size of GA-loaded Tf-functionalized liposomes increased 

significantly (p<0.05) from 131 ± 9 nm to 150 ± 3 nm, corresponding to an increase of 15%. 

This rise can be attributed to some adjustments in the liposomes' structure. Moreover, no 

significant variations in the PdI (Figure 4.9 B) and zeta potential (Figure 4.9 C) of all 

formulations were detected over 2 months at 4 ˚C (p>0.05). The visual observation of the 

samples revealed no signs of phase separation, flocculation, or creaming. According to these 
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results, all formulations remained stable for 1 month under storage conditions, regardless 

of GA encapsulation or liposomes' functionalization. 

 

  4.3.2.4. In vitro Release of GA from Tf-Functionalized Liposomes 

  The in vitro release of GA from the Tf-functionalized liposomes was investigated 

under simulated physiological conditions (37 °C, PBS, pH 7.4, 10 mM) using the dialysis bag 

technique. The in vitro release of free GA was also attained for comparison purposes. The 

results are displayed in Figure 4.10. 

 

Figure 4.10. A) In vitro release profile of GA from Tf-functionalized liposomes (pink data) 

at 37 °C in PBS (pH 7.4, 10 mM) for 120 h. Blue data shows the in vitro release profile of free 

GA. 

 

  As shown in Figure 4.10, the in vitro release profile of GA from the Tf-functionalized 

liposomes (pink data) follows a sustained tendency, unlike free GA (blue data). While 25 ± 

2% of GA was released from the NPs after 120 h, free GA reached a plateau after 96 h, with 

90 ± 1 % of molecules being released in this period (p<0.05). About 12 ± 4 % of GA was 

released from the Tf-functionalized liposomes in the first 24 h. The remaining 13% were 

released in the following 4 days. This initial burst release followed by a slower and 

controlled release was previously observed [29], and it has been attributed to the 

desorption of adsorbed molecules at the NP's surface [28]. This particular biphasic release 

pattern allows most of the compound to reach the target site [32]. Similar in vitro drug 

release profiles from liposomes have previously been reported [37, 38]. 

  Since GA has limited solubility in water, most GA molecules are expected to remain 

within the phospholipid bilayer of the Tf-functionalized liposomes instead of being released 



161 
 

into the release medium. This hypothesis is supported by previous evidence [2], which 

demonstrated that GA has a higher affinity for the liposomes' bilayer than for the aqueous 

medium. The same authors also verified that GA is preferentially located in the hydrophobic 

region of the lipid membrane [2]. In addition to the GA's properties, also the presence of 

PEG and Tf molecules at the liposomes' surface hinders the drug diffusion to the release 

medium [30, 31]. Once NPs have reached the target site, it is expectable that the remaining 

encapsulated GA will be released in a controlled and sustained manner as the liposomes are 

degraded [32]. The prepared DDS present thus an appropriate release profile for the brain 

delivery of GA. 

 

  4.3.2.5. Anti-Amyloidogenic Activity of GA-Loaded Liposomes 

Functionalized with Transferrin 

   4.3.2.5.1. Inhibition of Aβ Fibril Formation  

  The therapeutic potential of the developed brain-targeted DDS to prevent AD was 

investigated. For this purpose, the ability of GA-loaded Tf-functionalized liposomes to 

inhibit the Aβ1-42 aggregation was assessed using a ThT fluorescence assay, a widely 

employed protocol to monitor amyloid fibril formation. This experiment is based on the 

ThT's ability to emit fluorescence when binding to amyloid fibrils. Scientists established a 

direct relationship between ThT fluorescence intensity and the amount of amyloid fibrils 

[14]. 

  In this assay, Aβ monomers were incubated with GA, unloaded, and GA-loaded Tf-

functionalized liposomes for 5 h at 37 °C. ThT fluorescence intensities were continuously 

recorded and are displayed in Figure 4.11. Equations 6 and 7 were applied to the obtained 

ThT data to calculate the kinetic parameters of each group, which are shown in Table 4.7. 
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Figure 4.11. Normalized ThT fluorescence of Aβ1−42 (orange data) as a function of time 

(h) upon incubation with GA (blue data), Tf-functionalized liposomes (green data), and GA-

loaded Tf-functionalized liposomes (pink data).  

 

Table 4.7. Kinetic parameters calculated by fitting Equations 4.6 and 4.7 to the ThT data. * 

Indicates a statistical difference compared to Aβ (p<0.05). # Indicates a statistical difference 

between unloaded and GA-loaded Tf-functionalized liposomes (p<0.05). 

Kinetic Parameters Aβ Aβ + GA Aβ + Tf-LIP Aβ + GA-Tf-LIP 

tlag (h) 0.015 ± 0.002 n.d. 0.9 ± 0.4 * 1.4 ± 0.03 * 

t1/2 (h) 0.10 ± 0.01 n.d. 2.0 ± 0.5 * 2.2 ± 0.3 * 

k (h-1) 22.7 ± 0.6 n.d. 1.9 ± 0.1 * 4.9 ± 3.4 * 

Max. Fluorescence 0.9 ± 0.1 n.d. 1.7 ± 0.3 * 0.5 ± 0.2 *,# 

n.d. not determined 

 

  Figure 4.11 depicts typical sigmoidal curves for the kinetics of Aβ in the absence 

(orange data) and presence of unloaded (green data) and GA-loaded Tf-functionalized 

liposomes (pink data). At the beginning of each curve, the fluorescence emitted by ThT is 

low, suggesting the presence of few Aβ fibrils in the samples. Aβ monomers gather to form 

oligomers in this phase, frequently referred to as the lag phase. In the next phase, termed 

the elongation phase, oligomers group together to form Aβ fibrils. The formation of the 

fibrils is found to cause a progressive rise in the ThT fluorescence intensity in this phase, 

followed by the stationary phase, which is marked by a plateau after all of the Aβ peptides 

have been assembled into fibrils. 

  As shown in Figure 4.11, the Aβ fibrillation kinetic time course (orange data) was 

considerably modified by adding GA to the Aβ monomers (blue data). No discernible rise in 

the ThT fluorescence signal was seen (p>0.05) (blue data), suggesting that GA entirely 

prevents the formation of Aβ fibrils. Instead, after 5 h of incubation, GA caused a slight 

reduction in the ThT signal (p<0.05). This can be due to the GA's ability to disrupt existing 

fibrils from the examined sample. Similar outcomes have previously been reported [14]. 

  Figure 4.11 further shows that the formation of Aβ fibrils was dramatically influenced 

by unloaded Tf-functionalized liposomes (green data). Table 4.7 reveals that the empty 
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liposomes dramatically extended the lag phase duration compared to Aβ from 0.015 ± 0.002 

h (approximately 1 min) to 0.9 ± 0.4 h (about 54 min) (p<0.05), suggesting that the presence 

of NPs inhibit the conversion of Aβ monomers to oligomers. Unloaded Tf-functionalized 

liposomes also appear to impede the transition from oligomers to fibrils since they 

dramatically decreased the elongation rate compared to untreated Aβ from 22.7 ± 0.6 to 1.9 

± 0.1 h-1 (p<0.05). As a result, the time needed to reach 50% of the maximum ThT 

fluorescence intensity increased by 20 folds. However, the maximal ThT fluorescence 

almost doubled in the presence of unloaded Tf-functionalized liposomes than in the absence 

(p<0.05), suggesting that the NPs increase the number of fibrils formed. The results are 

consistent with other studies showing that lipid-based NPs, including liposomes, promote 

the Aβ fibril formation [11, 23, 33]. 

  The Aβ's fibrillation kinetics was also impacted by the presence of GA-loaded Tf-

functionalized liposomes (pink data), as depicted in Figure 4.11. Similar to unloaded NPs, 

GA-loaded NPs also substantially lengthened the lag phase time compared to untreated Aβ 

from 0.015 ± 0.002 h (approximately 1 min) to 1.4 ± 0.03 h (about 84 min) (p<0.05), 

suggesting that the DDS slows the conversion of Aβ monomers to oligomers. Additionally, a 

substantial reduction in elongation rate was seen in comparison to untreated Aβ (orange 

data) from 22.7 ± 0.6 h-1 to 4.9 ± 3.4 h-1 (p<0.05), which lengthened the time required to 

attain half of the maximal ThT fluorescence intensity by 22 times (p<0.05). These results 

indicate that the developed DDS inhibits the Aβ oligomers to fibrils transition. According to 

Table 4.7, GA-loaded Tf-functionalized liposomes also dramatically lowered the maximum 

ThT fluorescence intensity compared to untreated Aβ from 0.9 ± 0.1 to 0.5 ± 0.2 (p<0.05), 

implying a reduction of around 56% in the number of fibrils formed. Moreover, the presence 

of GA in the Tf-functionalized NPs significantly decreased the ThT signal compared to 

unloaded NPs from 1.7 ± 0.3 to 0.5 ± 0.2 (p<0.05), suggesting that the natural compound 

released so far is enough to prevent the nucleation effect of the empty NPs. Thus, the 

presented results validate the therapeutic potential of the developed brain-targeted DDS to 

delay the onset of AD. 

  The ability of the developed brain-targeted DDS to prevent fibril formation was also 

investigated by TEM. This widely employed technique offers detailed information on the 

amyloid aggregates' structure, size distribution, and structural characteristics [45]. Figure 

4.12 shows the TEM images of Aβ incubated with GA, unloaded, and GA-loaded NPs for 5 h 

at 37 °C. After incubation, untreated Aβ formed several thin and long fibrils (Figure 4.12 A). 

https://www.sciencedirect.com/science/article/pii/S000398612100271X#bib45
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However, the presence of GA significantly prevented fibril formation as fewer Aβ fibrils 

were present in the sample (Figure 4.12 B). Instead, numerous small structures are 

observed, confirming the GA's anti-aggregation properties. As expected by ThT data, Aβ 

fibrils were also seen when Aβ was incubated with unloaded (Figure 4.12 C) and GA-loaded 

NPs (Figure 4.12 D). However, fewer fibrils were observed in the presence of GA-loaded Tf-

functionalized liposomes (Figure 4.12 D) compared to untreated Aβ (Figure 4.12 A), thus 

validating the DDS's ability to prevent fibril formation. 

 

Figure 4.12. TEM images of A) Aβ1−42 incubated with B) GA, C) Tf-functionalized 

liposomes, and D) GA-loaded Tf-functionalized liposomes for 5 h at 37 °C. Scale bars 

correspond to 100 nm. 

 

   4.3.2.5.2. Disaggregation of Mature Aβ Fibrils  

  The therapeutic potential of the developed brain-targeted DDS to treat AD was 

studied. For this purpose, the capability of GA-loaded Tf-functionalized liposomes to 

disaggregate mature fibrils was evaluated using a ThT fluorescence assay. In this 

experiment, Aβ fibrils were incubated with GA, unloaded, and GA-loaded Tf-functionalized 

liposomes for 3 h at 37 °C while the ThT fluorescence signals were recorded. The results are 

displayed in Figure 4.13. Table 4.8 presents the amount of Aβ fibrils after their incubation 
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with GA, unloaded, and GA-loaded Tf-functionalized liposomes at the beginning and end of 

the experiment. 

 

Figure 4.13. Normalized ThT fluorescence of mature Aβ1−42 fibrils (orange data) as a 

function of time (h) upon incubation with GA (blue data), Tf-functionalized liposomes 

(green data), and GA-loaded Tf-functionalized liposomes (pink data). 

 

Table 4.8. Amount of Aβ1-42 fibrils upon their incubation with GA, unloaded, and GA-loaded 

Tf-functionalized liposomes for 3 h at 37 °C. * Indicates a statistical difference compared to 

untreated Aβ fibrils (p<0.05). # Indicates a statistical difference between the beginning and 

end of the experiment (p<0.05). § Indicates a statistical difference between unloaded and 

GA-loaded Tf-liposomes (p<0.05). 

Aβ Fibril content (%) 

Time (h) Aβ + GA Aβ + Tf-LIP Aβ + GA-Tf-LIP 

0 54 ± 5 * 129 ± 2 * 92 ± 4 § 

3 1 ± 1 *,# 109 ± 3 # 70 ± 5 *,#, § 

 

  The Aβ fibrils' content was significantly impacted by whether GA (blue data), 

unloaded (green data), or GA-loaded Tf-functionalized liposomes (pink data) were added, 

as shown in Figure 4.13. The ThT fluorescence signal was immediately reduced after adding 

GA to the fibrils by around 46% (p<0.05). As shown in Table 4.8, ThT fluorescence gradually 

decays over time until reaching a 99% drop after 3h of incubation. These results support 

earlier findings that GA can disrupt Aβ fibrils [14]. 

  Additionally, Figure 4.13 demonstrates that the addition of unloaded NPs (green data) 

considerably boosted the ThT fluorescence signal in comparison to untreated Aβ fibrils 
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(orange data) (p<0.05). According to Table 4.8, unloaded Tf-functionalized liposomes 

immediately raised the fibril content by around 29 % (p<0.05), which decreased by 20% 

after 3 h of incubation at 37 °C (p<0.05). Adding GA to the NPs (pink data) significantly 

contradicted the unloaded NPs' amyloidogenic action (green data) (p<0.05). No significant 

variations in the fibril content were observed immediately after adding GA-loaded Tf-

functionalized liposomes to Aβ fibrils (p>0.05). However, after 3 h of incubation, the ThT 

fluorescence intensity dropped about 30% compared to untreated Aβ fibrils (p<0.05) and 

39% compared to unloaded NPs (p<0.05). The data, therefore, support the therapeutic 

potential of the produced brain-targeted DDS to treat AD. 

  The Aβ's morphology after incubating fibrils with GA, unloaded, and GA-loaded Tf-

functionalized liposomes for 3 h at 37 °C was examined by TEM (Figure 4.14). Numerous 

slender and lengthy fibrils were seen when Aβ fibrils were incubated alone (Figure 4.14 A). 

However, the presence of GA significantly reduced the number of fibrils (Figure 4.14 B). The 

structures observed in Figure 4.14 B appear shorter than untreated Aβ fibrils (Figure 4.14 

A), thus validating the GA's ability to disaggregate preformed Aβ fibrils. Furthermore, the 

presence of unloaded (Figure 4.14 C) did not affect the fibrils' morphology. However, GA-

loaded liposomes (Figure 4.14 D) appear to disrupt the fibrils as many fragmented as small 

structures are noticed compared to untreated Aβ fibrils (Figure 4.14 A), thus confirming the 

therapeutic potential of the developed brain-targeted DDS to treat AD. 
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Figure 4.14. TEM images of A) Aβ fibrils incubated with B) GA, C) Tf-functionalized 

liposomes, or D) GA-loaded Tf-functionalized liposomes for 3 h at 37 °C. Scale bars are 100 

nm. 

 

 4.3.3. Transferrin-Functionalized Liposomes Loaded with Vitamin B12 

The content of this section is published in: Andrade, S., Ramalho, M.J., Loureiro, J.A. & Pereira, 

M.C. (2022) Transferrin-Functionalized Liposomes Loaded with Vitamin VB12 for the 

Alzheimer's Disease Therapy. International Journal of Pharmaceutics, 122167. 

 

  4.3.3.1. Physicochemical Characterization of Unloaded and VB12-

Loaded Liposomes 

  In this study, liposomes composed of DSPC, CHOL, 18:0 PEG2000 PE, and DSPE-

PEG2000 amine were produced. Aiming to find the adequate formulation, three different 

techniques of liposome production were evaluated – lipid film hydration, ethanol injection, 

and ethanol permeabilization. Table 4.9 summarizes the physicochemical properties of the 

unloaded and VB12-loaded liposomes produced by the referred techniques. 

 

Table 4.9. Physicochemical characterization of unloaded and VB12-loaded liposomes in 

terms of hydrodynamic diameter, polydispersity index (PdI), zeta potential, encapsulation 

efficiency, and loading capacity. * Implies a statistical difference between unloaded and 

VB12-loaded liposomes (p<0.05). 

Technique 
Liposomes’ 

formulation 

Size 

(nm) 
PdI 

Zeta 

potential 

(mV) 

EE (%) LC (%) 

Lipid film 

hydration 

Unloaded LIP 114 ± 5 0.18 ± 0.02 -2.5 ± 0.5 - - 

VB12-loaded LIP 116 ± 3 0.18 ± 0.02 -1.1 ± 0.1 * 14 ± 4 7 ± 2 

Ethanol injection 
Unloaded LIP 160 ± 11 0.20 ± 0.01 -3  ± 2 - - 

VB12-loaded LIP 176 ± 9 0.21 ± 0.01 -1.3 ± 0.4 24 ± 4 12 ± 2 

Ethanol 

permeabilization 

Unloaded LIP 134 ± 11 0.19 ± 0.04 -2.4 ± 0.3 - - 

VB12-loaded LIP 135 ± 10 0.19 ± 0.05 -1.5 ± 0.7 * 27 ± 5 14 ± 2 
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  As revealed in Table 4.9, unloaded liposomes exhibited a mean diameter lower than 

200 nm regardless of the preparation methodology. In addition, the encapsulation of VB12 

in the liposomes did not affect their size (p>0.05). It can also be observed that the size of the 

liposomes significantly depends (p<0.05) on the production technique by the following 

order: ethanol injection > ethanol permeabilization > lipid film hydration. These results 

demonstrate that all VB12-loaded formulations present suitable sizes for brain delivery. 

Furthermore, all formulations presented PdI values lower than 0.2 (Table 4.9), with no 

significant differences between the groups (p>0.05), suggesting that the lipid vesicles have 

homogenous sizes and, therefore, are valid for delivery purposes [39]. 

  The zeta potential of liposomes was determined, and all formulations showed a zeta 

potential close to 0 mV (Table 4.9), which is expected due to the nature of the lipids used in 

liposome production. From Table 4.9, it can also be noticed that the encapsulation of VB12 

into the liposomes through the lipid film hydration and the ethanol permeabilization 

techniques led to a significant decrease (p<0.05) in the liposomes' zeta potential. A slight 

increase in the NPs’ zeta potential following VB12 encapsulation by the ethanol injection 

technique was also noticed. This finding could suggest that some VB12 molecules are 

located at the liposomes' surface. Since 99% of VB12 molecules are positively charged at pH 

7.4 [40], the cationic species are expected to interact with the DSPC polar head's negative 

charge, therefore increasing the NPs' surface charge. 

  For NPs to be efficiently produced, a manufacturing process with reduced material 

loss, lower costs, and more sustainable products is necessary. Therefore, high EE and LC 

values are desirable. From Table 4.9, it is possible to observe that the EE and LC values 

depend on the liposome production technique. The EE and LC through the ethanol 

permeabilization and ethanol injection techniques showed significantly higher values 

(p<0.05) than those obtained through the lipid film hydration. Slightly higher EE and LC 

values were observed using the ethanol permeabilization technique than the ethanol 

injection. The ethanol permeabilization technique is a simple and rapid passive 

equilibration method that relies on adding molecules to preformed liposome in the 

presence of a permeability enhancer – ethanol. This permeability enhancer increases the 

lipid bilayer permeability and consequently the drug diffusion through the lipid membrane 

without significantly affecting the NPs structure. Liposomes prepared using passive 

equilibration methods were found to have higher EE values for extremely water-soluble 

molecules [10]. 

https://www.sciencedirect.com/topics/materials-science/lipid-bilayers
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  Therefore, based on all the physicochemical characteristics of the formulations, 

ethanol permeabilization was the technique selected to prepare VB12-loaded liposomes for 

the following experiments. 

 

  4.3.3.2. Functionalization of Liposomes with Tf 

  The unloaded liposomes' surface was modified with Tf envisaging the dual-targeting 

strategy of the DDS to the BBB and neurons [20]. Holo-Tf was selected for the liposomes' 

surface functionalization rather than other Tf forms, such as apo-Tf, because of its higher 

affinity for TfR [21]. The covalent coupling of Tf with the amino group of DSPE-PEG2000 

was achieved by a carbodiimide-coupling reaction where EDC activates the Tf carboxyl 

groups. The VB12 was then loaded into the Tf-functionalized liposomes through the ethanol 

permeabilization technique. The physicochemical characterization of the prepared 

liposomes and the Tf’s CE are presented in Table 4.10. 

 

Table 4.10. Physicochemical characterization of unloaded and VB12-loaded transferrin 

(Tf)-functionalized liposomes. * Indicates a statistical difference between unfunctionalized 

and Tf-functionalized liposomes (p<0.05). 

Formulation Size (nm) PdI 
Zeta potential 

(mV) 
EE (%) LC (%) CE (%) 

Unloaded LIP 134 ± 11 0.19 ± 0.04 -2.4 ± 0.3 - - - 

VB12-loaded LIP 135 ± 10 0.19 ± 0.05 -1.5 ± 0.7 27 ± 5 14 ± 2 - 

Unloaded Tf-LIP 142 ± 19 0.19 ± 0.02 -0.5 ± 0.3 * - - 
31 ± 4 

VB12-loaded Tf-LIP 153 ± 17 0.15 ± 0.04 -0.4 ± 0.3 * 15 ± 2 * 8 ± 1 * 

 

  As shown in Table 4.10, the functionalization of unloaded liposomes with Tf did not 

affect the NPs size and PdI (p>0.05), with the Tf-liposomes exhibiting a mean diameter of 

142 ± 19 nm and a PdI value of 0.19 ± 0.02. A slight increase was observed in the liposomes' 

zeta potential following liposome modification with Tf (p<0.05). The CE was determined to 

be 31 ± 4 %, corresponding to 122 ± 16 Tf molecules per liposome, an amount that allows 

liposomes to cross the BBB efficiently [28]. Overall, the produced unloaded Tf-modified 

liposomes showed proper physicochemical properties for brain delivery. 
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  The functionalization of lipids with Tf was confirmed by FTIR. The spectra of Tf, 

unmodified lipids, and Tf-modified lipids are depicted in Figure 4.15. 

 

Figure 4.15. ATR-FTIR spectra of Tf (blue line), unmodified lipids (orange line), and Tf-

modified lipids (green line). 

 

  From Figure 4.15, it is possible to identify two prominent peaks in the Tf control 

sample at 1648 (amine I) and 1543 cm-1 (amine II) (blue line). These bands are assigned to 

C=O and N-H bending stretching vibrations present in the peptide bonds between amino 

acids of Tf, respectively [25]. Likewise, Tf-functionalized lipids (green line) exhibit the same 

peaks, unlike unmodified lipids (orange line) that do not display the amine II peak, 

indicative of the successful functionalization of liposomes with Tf. 

  Following the lipids' modification, VB12 was loaded into the liposomes by the ethanol 

permeabilization technique, which did not affect the physicochemical properties of the NPs 

(p>0.05) (Table 4.10). However, EE significantly decreased from 27 ± 5 % to 15 ± 2 % 

(p<0.05) with the liposome surface modification, suggesting that Tf molecules hinder the 

diffusion of VB12 through the liposomes' lipid bilayer. Accordingly, the LC decreased from 

14 ± 2 % to 8 ± 1 % following liposome functionalization (p<0.05) due to the decrease in 

the amount of encapsulated VB12 (Table 4.10). 
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  4.3.3.3. Physical Stability of Liposomes at Storage Conditions 

  The physical stability of the produced liposomes was assessed at storage conditions 

(4 °C) for 2 months. The mean hydrodynamic diameter, PdI, and zeta potential of unloaded 

and VB12-loaded liposomes, with and without Tf functionalization, were periodically 

evaluated and are displayed in Figure 4.16.  

 

Figure 4.16. Physicochemical characterization of unloaded liposomes (orange), VB12-

loaded liposomes (blue), Tf-functionalized liposomes (green), and VB12-loaded Tf-

functionalized liposomes (pink) over 2 months at 4 °C. 

 

  From Figure 4.16, it is possible to observe that the evaluated physicochemical 

parameters of all liposomal formulations remained constant over 2 months at 4 ̊ C (p>0.05). 

Visually, all formulations presented the same homogeneous appearance, without creaming, 

flocculation, or phase separation. These results suggest that the NPs are stable under 

storage conditions regardless of the encapsulation of VB12 and the liposome 

functionalization with Tf. 

 

  4.3.3.4. In vitro Release of VB12 

  The in vitro release of VB12 from the prepared Tf-functionalized liposomes was 

studied under simulated physiological conditions (37 °C, PBS, pH 7.4, 10 mM) and compared 

to free VB12. The obtained release profiles are presented in Figure 4.17. 
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Figure 4.17. In vitro release profiles of free VB12 (blue) and VB12-loaded Tf-functionalized 

liposomes (pink) at 37 °C in PBS (pH 7.4, 10 mM). 

 

  As noticed in Figure 4.17, the in vitro release of VB12 from the Tf-functionalized 

liposomes presented a sustained profile. Similar in vitro drug release profiles from 

liposomes were reported before [37, 38]. Unlike VB12 from the control group (blue data), 

which was released entirely in 144 h, liposomes released 25 ± 2 % of VB12 in this period 

(pink data) (p<0.05). A rapid release was verified in the first 6 h, with about 9% of VB12 

released. This initial fast release can be attributed to the desorption of the VB12 adsorbed 

molecules to the liposomes' surface [41], which agrees with the zeta potential 

measurements (Table 4.9). Then, a slower and controlled release is noted, with 16% of 

molecules released in the next 6 days. Since VB12 is a water-soluble molecule, it is expected 

to be mainly retained in the liposomes' aqueous core, which hinders its release through the 

phospholipid bilayer. Evidence revealed that the presence of PEG and Tf molecules at the 

NPs' surface also hinders the drug diffusion to the release medium [30, 31]. This ensures 

minimal cargo leakage before reaching the target site [32]. It is expected that the VB12 

molecules retained in the aqueous core of liposomes will be released later in the target site 

in a controlled and sustained manner due to the NPs degradation [32]. The in vivo 

degradation of liposomes occurs due to the direct action of lipases that catalytically degrade 

lipids, causing membrane permeabilization and vesicle dissolution [42]. 

  Sustained drug release is needed to ensure the prolonged plasma concentration of 

drugs at therapeutic levels. Hence, optimal therapeutic efficacy can be obtained while 

reducing the side effects of drugs [27]. Overall, these results indicate that Tf-functionalized 

liposomes maintain a sustained release of VB12 for 9 days in simulated physiological 

conditions, thus being a suitable nanocarrier for delivering VB12. 
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  4.3.3.5. Anti-Amyloidogenic Activity of VB12-Loaded Tf-

Functionalized Liposomes  

   4.3.3.5.1. Inhibition of Aβ Fibril Formation  

  The ability of the VB12-loaded Tf-functionalized liposomes to inhibit the Aβ1-42 fibril 

formation was evaluated to assess the potential of the developed DDS to prevent AD. A ThT 

fluorescence assay combined with a kinetic model of amyloid fibrillation was employed in 

this study [14]. For this purpose, Aβ monomers and VB12-loaded Tf-functionalized 

liposomes were incubated at 37 °C for 2 h. The aggregation kinetics of Aβ in the presence 

and absence of free VB12 and unloaded Tf-functionalized liposomes were also recorded for 

comparison purposes. Figure 4.18 displays the complete sets of normalized ThT 

fluorescence kinetic curves. 

 

 

Figure 4.18. Normalized ThT fluorescence of Aβ1-42 (orange circle) as a function of time (h) 

upon incubation with VB12 (blue square), Tf-functionalized liposomes (green triangle), and 

VB12-loaded Tf-functionalized liposomes (pink inverted triangle). 

 

  As shown in Figure 4.18, all kinetic curves follow a typical sigmoidal pattern, as 

observed in prior studies [12]. ThT emits a low fluorescence intensity at the start of each 

kinetic, indicating that the samples contain few β-sheet structures. Aβ monomers assemble 

into oligomers during this phase, also known as the lag phase. Then, ThT fluorescence signal 

increases due to the formation of Aβ fibrils, a process designed elongation phase. The 

plateau is observed when all molecules aggregate into fibrils (stationary phase).  
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  Fitting Equations 6 and 7 to the data yielded the kinetic parameters for all ThT curves 

listed in Table 4.11. 

 

Table 4.11. Kinetic parameters were calculated by fitting Equations 3.6 and 3.7 to the ThT 

data. *p<0.05 indicates a statistical difference compared to the control (Aβ). 

Kinetic Parameters Aβ Aβ + VB12 Aβ + Tf-LIP Aβ + VB12-Tf-LIP 

tlag (h) 0.02 ± 0.01 0.03 ± 0.01 0.07 ± 0.06 0.58 ± 0.15 * 

t1/2 (h) 0.08 ± 0.02 0.10 ± 0.03 0.50 ± 0.01 * 0.84 ± 0.03 * 

k (h-1) 38 ± 4 27 ± 7 5 ± 1 * 8 ± 4 * 

Max. Fluorescence 0.9 ± 0.1 0.68 ± 0.01 * 1.3 ± 0.2 * 1.0 ± 0.1 

 

  As seen in Figure 4.18, free VB12 had a considerable effect on Aβ's fibrillation kinetics. 

When Aβ was incubated with VB12, no significant differences were observed in the lag 

phase time compared to the control (Table 4.11) (p>0.05), implying that VB12 does not 

affect the transition of Aβ monomers to oligomers. VB12 also did not change the elongation 

rate nor the time needed to achieve half of the maximum fluorescence intensity (p>0.05), 

suggesting that VB12 does not affect the transition from Aβ oligomers to mature fibrils. 

However, VB12 significantly reduced the maximum fluorescence intensity by 

approximately 26% (p<0.05) compared to untreated Aβ, inferring a reduction in the fibril 

content, as reported in our previous work [43]. 

  Figure 4.18 also shows a significant impact of unloaded Tf-functionalized liposomes 

on the Aβ's fibrillation kinetics. Table 4.11 indicates that the NPs did not affect the lag phase 

time, i.e., the monomers-to-oligomers transition, compared to the control (p>0.05). 

However, liposomes significantly increased the time needed for 50% of the maximum 

fluorescence intensity to be obtained (p<0.05) by a factor of 6, resulting in a significantly 

lower fibril elongation rate (p<0.05). In addition, liposomes led to a significant increase of 

about 36% in the maximum fluorescence intensity (p<0.05). These results suggest that 

despite slowing down the transition of Aβ oligomers to fibrils, the amount of fibrils formed 

is significantly higher in the presence of Tf-functionalized liposomes. It is widely recognized 

that liposomes catalyze the Aβ fibrillation process by acting as aggregation nuclei [33]. 

Other types of lipid-based NPs have been shown to increase the Aβ fibril content [11, 23]. 
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  VB12-loaded Tf-functionalized liposomes also influenced the Aβ aggregation process, 

as displayed in Figure 4.18. VB12-loaded Tf-functionalized liposomes increased 

significantly the time needed for monomers to aggregate into oligomers compared to 

untreated Aβ (p<0.05), from 1.4 min to 34.7 min (Table 4.11). The DDS also substantially 

impacted the elongation rate, which was reduced by 5 times (p<0.05). Consequently, the 

time required to reach 50% of the maximal fluorescence intensity has increased by 11 folds 

compared to the control (p<0.05), thus indicating that VB12 slows down the oligomers-to-

fibrils transition. In addition, no significant differences were observed in the maximum ThT 

fluorescence signal between Aβ in the presence and absence of VB12-loaded liposomes 

(p>0.05). However, when comparing the effect of VB12-loaded liposomes to unloaded 

liposomes, it is possible to conclude that VB12 induces a significant reduction of about 31% 

in the fluorescence intensity, suggesting that the amount of vitamin released so far is enough 

to contradict the nucleation effect of the liposomes. Since most of the VB12 molecules are 

kept in the aqueous core of liposomes, it is expected that the DDS's ability to prevent the Aβ 

fibrillation in vivo would be further enhanced due to the release of the remaining VB12 

molecules. 

  The morphology of the ThT end-point products after 2 h of incubation was observed 

by TEM (Figure 4.19). Untreated Aβ (Figure 4.19 A) shows fibrils with typical lengths 

varying between 100 and 700 nm. Moreover, it is possible to observe that these fibrils 

present a left-handed β-sheet twist, as reported in previous studies [44]. No discrepancies 

in the morphology of the fibrils were noticed in the absence and presence of VB12 (Figure 

4.19 B), Tf-functionalized liposomes (Figure 4.19 C), or VB12-loaded Tf-functionalized 

liposomes (Figure 4.19 D). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/transmission-electron-microscopy
https://www.sciencedirect.com/science/article/pii/S0141813021018717#f0015
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Figure 4.19. TEM images of A) control Aβ or incubated with B) VB12, C) Tf-functionalized 

liposomes or D) VB12-loaded Tf-functionalized liposomes. Scale bars correspond to 100 

nm. 

 

   4.3.3.5.2. Disaggregation of Mature Aβ Fibrils  

  The ability of the VB12-loaded Tf-functionalized liposomes to disaggregate mature 

Aβ1-42 fibrils was evaluated to assess the capacity of the developed DDS to treat AD. To this 

end, preformed Aβ fibrils and VB12-loaded Tf-functionalized liposomes were incubated at 

37 °C for 2 h. For comparison, ThT fluorescence signals of Aβ in the presence and absence 

of free VB12 and unloaded Tf-functionalized liposomes over time were also recorded. The 

complete set of normalized ThT fluorescence data is shown in Figure 4.20. Table 4.12 

displays the percentage of Aβ fibrils content after incubating preformed fibrils with VB12, 

unloaded Tf-functionalized liposomes, and VB12-loaded Tf-functionalized liposomes at the 

beginning and end of the experiment. 
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Figure 4.20. Normalized ThT fluorescence of preformed Aβ1-42 (orange circle) as a function 

of time (h) upon incubation with VB12 (blue square), Tf-functionalized liposomes (green 

triangle), and VB12-loaded Tf-functionalized liposomes (pink inverted triangle).  

 

Table 4.12. Percentage of Aβ1-42 fibrils disaggregation upon incubation with VB12 for 2h at 

37 °C, determined from ThT data. * p<0.05 indicates a statistical difference compared to 

untreated Aβ fibrils. # p<0.05 implies a statistical difference between the beginning and end 

of the assay. 

Aβ Fibril content (%) 

Time (h) Aβ + VB12 Aβ + Tf-LIP Aβ + VB12-Tf-LIP 

0 76 ± 1 * 131 ± 13 * 110 ± 1 * 

2 63 ± 4 *, # 146 ± 13 * 101 ± 8 

 

  Figure 4.20 shows that adding free VB12 after the fibrillation process was completed 

resulted in an instantaneous drop in the ThT fluorescence signal (blue data) compared to 

untreated Aβ fibrils (orange data) (p<0.05). About 24% of Aβ fibrils were disrupted as soon 

as VB12 was added (Table 4.12). After 2 h of incubation at 37 °C, this value increased 

significantly to 37% (p<0.05). These results agree with our previous study [40], confirming 

the VB12's ability to disaggregate preformed Aβ fibrils. 

  It is also visible from Figure 4.20 that unloaded Tf-functionalized liposomes 

significantly altered the ThT fluorescence intensities immediately upon their addition to Aβ 

fibrils (green data) compared to untreated Aβ fibrils (orange data) (p<0.05). Table 4.12 

reveals that unloaded liposomes led to a significant increase in the fibril content of around 

31%, which remained constant throughout the assay (p>0.05). Adding VB12 to Tf-
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functionalized liposomes (pink data) contradicted their amyloidogenic effect considerably 

(p<0.05). As shown in Table 4.12, VB12-loaded Tf-functionalized liposomes increased the 

fibrils amount significantly by about 10% compared to untreated fibrils (p<0.05). However, 

this increase was significantly lower than the one caused by the unloaded liposomes 

(p<0.05), probably due to the interaction of the fibrils with the VB12 molecules present at 

the liposomes' surface. A slight decrease in the ThT fluorescence signal of about 9% is 

observed after 2 h of incubation at 37 °C, which may be caused by the sustained VB12 

release. At the end of the ThT fluorescence assay, no significant difference in the fibril 

content was observed between fibrils incubated in the absence (orange data) and the 

presence of VB12-loaded Tf-functionalized liposomes (pink data) (p>0.05). It is expected 

that the developed DDS's ability to disaggregate mature fibrils in vivo will be enhanced by 

the complete VB12 release. 

  Figure 4.21 shows the TEM images of the ThT end-point products after 2 h of 

incubation. No apparent variations in the morphology of fibrils were observed between the 

groups. However, when VB12 was added to the Aβ fibrils, in addition to fibrils, many short 

and disintegrated structures were noted, thus corroborating the VB12’s ability to 

disaggregate preformed Aβ1-42 fibrils. 

 



179 
 

Figure 4.21. TEM images of A) control Aβ fibrils or incubated with B) VB12, C) Tf-

functionalized liposomes, or D) VB12-loaded Tf-functionalized liposomes. Scale bars 

correspond to 100 nm. 

 

 

4.4. Conclusion 

  This chapter aimed to develop CA, GA, and VB12-loaded liposomes functionalized 

with Tf to prevent and treat AD. Different techniques for liposome production were tested 

to find the formulation with the best physicochemical characteristics, including 

hydrodynamic diameter, PDI, zeta potential, EE, and LC. All formulations exhibited mean 

sizes smaller than 200 nm and neutral zeta potentials, being suitable for drug delivery 

purposes. The liposomes’ surface was successfully modified with Tf to improve the brain 

delivery of the natural compounds. The NPs were stable for 1 month under storage 

conditions and maintained a sustained release of the compounds for an extended period. 

  The ability of the developed DDSs to inhibit the Aβ fibrillation and disaggregate 

preformed fibrils was evaluated. First, the results revealed that unloaded liposomes act as 

aggregation nuclei. However, their ability to promote Aβ fibril formation was significantly 

contradicted by the encapsulation of the three compounds. CA-loaded Tf-functionalized 

liposomes decelerated the monomers-to-oligomers transition and decreased the number of 

fibrils formed by approximately 1.6-fold compared to unloaded liposomes. However, the 

proposed DDS still presents some fibrillation activity compared to untreated Aβ.  

  The DDS for GA was able to reverse the harmful effect of unloaded liposomes and 

slowed the conversion of Aβ monomers-to-oligomers and oligomers-to-fibrils compared to 

untreated Aβ. Furthermore, GA-loaded liposomes reduced the number of fibrils formed by 

approximately 56%, compared with the control. 

  In turn, the DDS for VB12 was capable of slowing down the oligomers-to-fibrils 

transition compared to untreated Aβ. However, no significant differences were observed in 

the number of fibrils formed. 

 Concerning the disaggregation activity of the proposed DDSs, the three natural 

compounds were capable of reverting the amyloidogenic properties of unloaded liposomes. 
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Compared to untreated Aβ fibrils, the NPs containing CA and GA were responsible for a 

reduction of 13% and 30%, respectively, in the fibril content. No significant difference in 

the amount of fibrils was observed after the incubation of fibrils with VB12-loaded 

liposomes. Thus, from the brain-targeted liposomes produced, the DDS containing GA has 

stronger anti-amyloidogenic effects than the other systems and thus, could be the most 

effective approach for AD therapy. 
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Chapter 5  

in vivo Toxicity of Liposomes 

The results of this section are published in: Andrade, S., Loureiro, J.A., Ramirez, S., Catumbela, 

C.S.G., Soto, C., Morales, R., Pereira, M.C. (2022). Multi-Dose Intravenous Administration of 

Neutral and Cationic Liposomes in Mice: An Extensive Toxicity Study. Pharmaceuticals, 15, 

761. 

 

5.1. Introduction 

  The poor pharmacokinetics, reduced bioavailability, and high toxicity of most 

therapeutic molecules are some of the aspects that decrease their therapeutic efficacy. Such 

limitations can be overcome using delivery systems to protect molecules from degradation 

and direct them to the desired target site [1]. 

  Despite the several advantages related to the use of liposomes as delivery systems, 

they have some drawbacks that restrict their therapeutic potential. While liposomes have 

been successfully used to reduce the toxicity of therapeutic agents, the vesicles themselves 

can induce toxicity. Dozens of in vivo studies have described the toxicity associated with the 

administration of one or just a few doses of cationic liposomes [2-4]. However, these reports 

lack information regarding the long-term toxicity, which is crucial considering the 

therapeutic regime of several pathologies, such as chronic diseases, that require the 

repeated administration of therapeutic agents to ensure sustained drug levels for extended 

periods [5].  
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  Thereby, this chapter aims to provide more details on the liposomes toxicity after 

repeated doses. This is the first prolonged systemic toxicity study by intravenously 

administering 10 doses of neutral and cationic liposomes to wild-type mice over 3 weeks. 

Bare NPs were tested without any targeting ligand to focus this study on evaluating the 

nanocarriers’ toxicity upon repeated administration. Lipid vesicles were characterized 

physicochemically in terms of hydrodynamic diameter, PdI, and zeta potential. The long-

term stability at storage conditions was also evaluated for over 4 months. Mice mortality, 

variations in body weights (BW), glucose levels, motor abilities, microscopic urinalyses, 

liposome-blood interaction, and organ weight and morphology were assessed to evaluate 

potential liposome-induced toxic effects. Histopathological examinations were also 

performed, and liver injury markers in blood were quantified. 

 

 

5.2. Materials and Methods 

 5.2.1. Materials 

  DSPC (MW 790), CHOL (MW 387), 2-distearoyl-sn-glycero-3-phosphoethanolamine-

N-[amino(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG(2000) amine, MW 

2791) and 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP, MW 699) 

were purchased from Avanti Polar Lipids, Inc. (USA). Chloroform was obtained from Sigma-

Aldrich (EUA). PBS (10X, pH 7.0-7.2, 0.067 M) was acquired from GE Healthcare Life 

Sciences (HyClone™, USA). Heparin (sodium salt, 1,000 units/mL) was purchased from 

Sagent (USA). 

 

 5.2.2. Preparation of Liposomes 

  Neutral liposomes were produced by the thin-film hydration method by sonication 

[6]. Briefly, DSPC, CHOL, and DSPE-PEG(2000)amine were dissolved in chloroform at a 

molar ratio of 52:45:3. Then, the organic solvent was evaporated under a nitrogen stream. 

The produced film was hydrated with PBS at 37 °C (66 mM). To reduce the size, the 

suspension was sonicated for 40 minutes (1-minute ON, 1-minute OFF, 40% of amplitude) 

in an ice bath using an ultrasonic processor UP400S (Hielscher, Germany).  
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  Cationic liposomes were also produced by the thin-film hydration method followed 

by extrusion [7]. DOTAP and CHOL (molar ratio 85:15) were dissolved in chloroform, and a 

thin lipid film was obtained after the evaporation of the organic solvent under a nitrogen 

stream. The dried lipid film was hydrated with PBS at 37 °C (17 mM) and vortexed for 10 

minutes. To reduce the vesicles’ size, the suspension was extruded eleven times through 

Nuclepore™ track-etch polycarbonate membranes with a pore size of 100 nm.  

 

 5.2.3. Experimental Animals, Grouping, and Dosing Regime 

  Thirty-three adult female wild-type mice (C57Bl6) aged between 3-4 months were 

obtained from Jackson’s laboratories (Bar Harbor, USA). Only female mice were used in the 

present study to avoid possible variability of the results induced by sex differences. Five 

mice were housed per polypropylene ventilated cage in a room at 22 °C, humidity (40-60%) 

and a 12/12 h light/dark cycle. Animals were fed with standard mice pellet feed and water 

ad libitum in the animal facility of the Center for Laboratory Animal Medicine and Care 

(CLAMC) at UTHealth (Houston, TX, USA). Mice were housed for 48h before starting the 

experiments. The animal protocol was reviewed and approved by the Animal Welfare 

Committee (AWC) of the University of Texas Health Science Center at Houston (UTHealth) 

(approval number AWC-19-0061). All the experiments were performed according to the 

institutional guidelines.  

  The animals were randomly distributed into three groups receiving either vehicle 

(PBS), neutral or cationic liposomes (11/group). All groups received 10 doses of 200 µL 

over 3 weeks (administrations held on Mondays, Wednesdays, and Fridays). The doses and 

duration of treatment were selected according to previous studies [8, 9]. 

 

 5.2.4. Animal Survival, Clinical Observation, Body Weight, and Glucose 

Levels 

  Mice were examined daily for clinical signs of toxicity and mortality. The clinical 

observation included changes in fur, eyes, mucous membranes, lacrimation, and unusual 

breathing patterns. The BW was recorded before each administration and necropsy. 

Glucose levels were measured before the first injection and at euthanasia and monitored 

weekly. 
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 5.2.5. Behavioral Tests 

  5.2.5.1. Rotarod Test 

  First created in 1957 by Dunham and Miya, the rotarod test is currently one of the 

most used behavior tests to test the neuromuscular coordination of rodents [10]. This 

behavioral test allows concluding on the toxicity of drugs or materials since toxicity in 

commonly accompanied by modifications in the motor coordination, reducing the time that 

the animals remain in the rotarod apparatus. 

The rotarod equipment consists of a circular rod, spinning at a constant or increasing 

speed (Figure 5.1). Vertical separators are used to separate each animal, which allow to test 

simultaneously several animals. The sensitivity of this test can be influenced by some 

factors, such as the type of rod (smooth or grooved), that need to be considered when 

designing the experiment or comparing results from distinct studies. Also, in continuous 

studies, some mice/rats learn that fall is safe and therefore, fall quickly after placed on the 

rotarod. These animals are the minority and usually removed from the data as outliers [11]. 

 

Figure 5.1. Schematic representation of a rotarod test.  

 

  The training and test can be performed at a constant or increasing speed, depending 

on the animal model and the experimental design. Tests conducted at increasing speeds 

avoid intensive training. The rodent is typically trained to stay on the rod at a reduced and 

constant rotation speed. The mouse/rat is repositioned each time it falls or changes its 

direction. Then, the animal is tested on the moving rotarod, which starts at a slow speed and 

increases the rotation speed at a fixed rate until the equipment reaches a speed at which the 
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animal falls [12]. The time the mouse takes to fall is considered the endpoint of the 

experiment. The experiment is recorded three times before the animal returns to its home 

cage [11]. Control animals can stay on the rotarod for longer than animals with some 

neurotoxicity [13]. 

  In this study, the rotarod test was performed before the injections and 24 h after the 

last administration to detect any defects in motor coordination. Following an accelerated 

speed test protocol, mice were placed into a rotating rod (Med Associates Inc., Fairfax, USA), 

and the latency to fall was recorded. Succinctly, mice were placed on the rotarod apparatus, 

rotating at an increasing speed from 4 to 40 rpm, in a trial of 300 seconds. The latency to 

fall of 3 trials was recorded. A rest interval of 120 seconds between each trial was employed 

to avoid the animals’ fatigue. Two successive animal rotations clinging to the rotarod were 

registered as latency to fall measurement. Before the first experiment, mice were helped to 

stay in the correct position for 30 seconds at a constant speed of 4 rpm, to avoid false 

positives of animals turning, falling, or jumping. 

 

  5.2.5.2. Forelimb Grip Strength Test 

  Distinct techniques, both invasive and non-invasive, have been proposed in the last 

decades to measure the muscle strength of rodents. Invasive procedures include the in-situ 

measure of muscle force, while the non-invasive ones include the in vivo measurement of 

muscular strength. Among these methods, the grip strength test presents advantages such 

as the greatest convenience and lower stress-induced to the animal [14]. Therefore, the grip 

strength test has been commonly used to evaluate rodents' limb motor and neuromuscular 

function, as well as neurobehavioral toxicity. This test determines the maximum force 

performed by an animal. Thus, significant variations in grip strength suggest motor 

neurotoxicity. The grip strength test is usually complemented with the rotarod test since an 

animal with low muscle strength will show a low score on the rotarod test [15]. 

  The equipment to perform this experiment consists of a grasping bar horizontally 

oriented and connected to a force sensor, as illustrated in Figure 5.2. The animal is handled 

by the tail and positioned in the grid. Instinctively, the animal grabs the grid. It is then pulled 

back in the horizontal direction. The force exerted by the animal just before it drops the grip 

is recorded. 
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Figure 5.2. Schematic representation of a grip strength test. 1 and 2 represent the initial 

and final position of the animal, respectively. 

 

  However, this technique presents some disadvantages, such as the variation between 

animals of the same group, the motivation of the animal, as well as the variation in the 

scientist procedure. It is recommended to perform a reduced number of repetitions in each 

session, and each session to be interspaced to avoid the animal learning and consequent 

disinterest in the test. In fact, when the test is performed repeatedly, the animals learn the 

procedure, lose interest and stop resisting [14]. 

  In this chapter, defects in rodents' limb motor and neuromuscular function were 

evaluated using a forelimb grip strength test. This test was performed before starting the 

injections and 48 h post-treatment, allowing an interval rest of 24 h from the rotarod test to 

avoid mice fatigue. A grip strength meter grid was manufactured to perform this 

experiment. Concisely, mice were held by the tail and placed horizontally over the grid until 

the animal forepaws cling. The animals were smoothly pulled back by the tail, and the 

maximal grip strength value displayed on the screen was recorded. A constant velocity was 

applied to ensure the repeatability of the test. This procedure was repeated 9 times, with a 

rest time of 120 seconds every 3 measurements. The forelimb grip strength values were 

recorded as the average of the 9 measurements. 

 

 5.2.6. Microscopic Urinalysis 

  In the morning following the last administration, three animals from each group were 

randomly chosen, and urine was collected for microscopic urinalysis. The microscopic 
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examination was performed using a DMI6000B microscope (Leica, Buffalo Grove, USA). 

Briefly, a 10 µL drop of urine was placed on a glass microscope slide and covered with a 

coverslip. The presence of microscopic elements such as red and white blood cells, epithelial 

cells, casts, crystals, bacteria, yeast, and clumps was analyzed. 

 

 5.2.7. in vitro Interaction between Blood and Liposomes 

  The blood was collected by cardiac puncture after being euthanized by CO2 inhalation. 

Blood samples (200 µL) were mixed with 200 µL of DSPC:CHOL:PEG(2000) amine and 

DOTAP:CHOL LUVs (1:1 v/v). A control sample was prepared containing an identical 

volume of PBS. Blood turbidity changes, clot formation, and hemolysis were examined 

macroscopically. Then, blood smears of the mixtures (30 µL) were performed and observed 

using a DMI6000B microscope (Leica, Buffalo Grove, IL, USA). 

 

 5.2.8. Acute in vivo Interaction between Blood and Liposomes 

  A group of mice was injected with a single dose of DOTAP:CHOL LUVs. Animals were 

euthanized by an overdose of anesthesia, and the blood was collected by cardiac puncture. 

Animals injected with PBS were subjected to the same procedure and used as controls. 

Blood smears from both animal groups (30 µL) were performed and observed using a 

DMI6000B microscope (Leica, Buffalo Grove, IL, USA). The effect of a single dose of 

positively charged liposomes on the morphology of RBCs was evaluated. 

 

 5.2.9. Prolonged in vivo Study to Assess the Interaction between Blood 

and Liposomes 

  After administering 10 doses of PBS, DSPC:CHOL:PEG(2000) amine, and 

DOTAP:CHOL LUVs, the surviving animals were euthanized 120 h after the last injection via 

CO2 inhalation followed by cardiac puncture to collect the blood. Three blood samples (30 

µL) of each group were randomly selected to perform blood smears. The morphology of 

RBCs was analyzed using a DMI6000B microscope (Leica, Buffalo Grove, IL, USA). 
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 5.2.10. Necropsy, Organ Weight, and Morphology 

  Necropsy was performed immediately after euthanasia. Here, each animal's brain, 

lungs, liver, kidneys, and spleen were excised and examined macroscopically to identify 

possible signs of toxicity. The organs were washed with PBS, placed on an absorbent paper 

for a few seconds, and the absolute organ weight was determined. The dimensions of the 

organs were also recorded using an automatic digital caliper (Neiko, Wenzhou, China). For 

further histopathological studies, the organs were placed in a 10% neutral buffered 

formalin solution. The blood samples from cardiac punctures were collected into Eppendorf 

tubes containing sodium heparin as an anticoagulant. Blood samples were centrifuged at 

3,000 rpm for 15 minutes to collect the serum. Plasma samples were frozen in liquid 

nitrogen and then stored at -80°C until used for the liver injury assessment.  

 

 5.2.11. Histopathological Examinations 

  Histology is one of the many branches of biology that aims to study biological tissues' 

anatomy at a microscopic level. After the tissue extraction, samples must be processed 

before they can be observed under the microscope. Figure 5.3 shows sample preparation's 

main steps, which include fixation, dehydration, clearing, embedding, sectioning, and 

staining [16]. 

 

Figure 5.3. Schematic representation of the main steps of tissue processing. 
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  After animal death and tissue extraction, samples must be fixed, i.e., preserved to 

maintain their structure, avoiding autolysis (self-destruction by enzymes) and tissue 

damage. The organ is immersed in a chemical fixative, usually formaldehyde. The chemical 

fixative diffuses through the tissue and reacts with amino acids producing reactive groups, 

which combine and form methylene bridges (crosslinks). As a result, the rigidity of the 

tissue increases, and the enzymes are inactivated, preventing tissue degradation. The 

recommended fixative volume is 50 to 100 times higher than the tissue volume [17]. 

  Once the tissue is fixed, it needs to be treated to allow its cutting into thin sections 

required for microscopic observation. To cut the tissue, the sample must first be embedded 

in paraffin wax. However, wax is insoluble in water; therefore, samples need to be 

dehydrated before adding paraffin wax. Thus, dehydration consists of immersing the 

sample in a series of ethanol solutions at increasing concentrations until reaching pure 

ethanol to replace the water in the tissue. After dehydrating the tissue, ethanol is replaced 

by a clearing solution to clear the sample and prepare it for embedding. Xylene is the most 

used solvent to replace ethanol since they are miscible. 

  To preserve the tissue morphology and mechanically support the sample during the 

sectioning step, tissues must be infiltrated with an embedding medium, typically paraffin. 

In this step, the tissue is embedded in liquid paraffin (at 60 °C), which is cooled at room 

temperature until solidifying. Once the tissue is embedded, it is stable for several years at 

room temperature. 

  After embedding, the tissue is cut into thin sections (5 to 20 microns) using a 

microtome. To smooth out any wrinkles, the sections are positioned in a water bath at 37 

°C for some minutes. Then, the sections are placed on the microscope slide and dried 

overnight to improve the adhesion. After that, the samples can be stored for many years. 

  To assist in the microscopic visualization, samples are stained to confer contrast and 

make tissue components visibly conspicuous. Most staining solutions are aqueous, so the 

wax must be dissolved and replaced with water (rehydration) to stain the sections. The 

sections are passed through xylene and then in a series of ethanol solutions at decreasing 

concentrations until reaching pure water. Once stained, the section is dehydrated and 

placed in xylene. A mounting medium is added, and a coverslip is placed on the top of the 

microscope slide to stabilize and protect the sample. 
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  In this study, major organs were stored in 3.7% formaldehyde, paraffin-embedded, 

and sliced at 10 μm for hematoxylin-eosin staining following routine protocols [18]. Briefly, 

after deparaffinization and rehydration, tissue slices were stained with hematoxylin 

solution for 5 minutes in a dark container and rinsed with distilled water. Next, sections 

were stained with eosin solution for 30 seconds, followed by dehydration with alcohol and 

clearing with xylene. The mounted sections were visualized under light microscopy, and 

histopathological evaluation was performed for spleen, lung, liver, and kidney tissues. 

Stained slices were observed at low- and high-power magnifications (10X and 40X, 

respectively) using a Leica DMI6000 B microscope (Leica Microsystems, Buffalo Grove, IL). 

Representative photomicrographs were taken with a digital camera (DFC310FX Leica™). 

Low- and high-power magnifications were used to qualitatively analyze the cell type 

content in the red pulp of the spleen, the micromorphological integrity, the presence of 

granuloma formation, and the extent of cellular infiltration exhibited by lungs, livers, and 

kidneys. 

 

 5.2.12. Quantification of Liver Injury Markers in Blood 

  The levels of two established liver injury biomarkers, aspartate aminotransferase 

(AST) and alanine aminotransferase (ALT) were measured via diagnostic enzyme assay kits 

(Teco Diagnostics, Anaheim, CA) in blood plasma, according to the manufacturer’s protocol. 

ALT and AST activity was determined by measuring the rate of oxidation of NADH 

throughout an enzymatic reaction sequence at a specific wavelength (340 nm) using a 

SpectraMax® iD3 Multi-Mode Microplate Reader. 

 

 5.2.13. Statistical Analysis 

  All the results are expressed as mean ± SD. The statistical analysis of data was 

performed using student’s t-tests, with a confidence interval of 95%. Results whose p-values 

≤ 0.05 were considered significantly different. Statistical analysis and data presentation 

were completed using Prism 8 (GraphPad Software Inc. La Jolla, CA, USA). 
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5.3. Results and Discussion 

 5.3.1. Physicochemical Characterization of Liposomes 

  The physicochemical properties of the neutral and cationic LUVs were evaluated in 

terms of hydrodynamic diameter, PdI, and zeta potential values, as shown in Table 5.1. 

While neutral liposomes exhibited a hydrodynamic diameter of 139 ± 13 nm, the cationic 

liposomes showed a significantly smaller average of 112 ± 3 nm (p<0.05) (Table 5.1). Such 

difference may be related to the distinct composition of the liposomes [19]. 

 

Table 5.1. Physicochemical properties of neutral and cationic liposomes in terms of 

hydrodynamic diameter, PdI, and zeta potential. 

 

  It has been reported that the efficacy of a delivery system is closely related to the size 

of NPs since this property can affect the in vivo stability, blood circulation time, agent 

release, cell uptake, clearance, and toxicity of NPs. NPs larger than 200 nm have revealed to 

be quickly cleared from the bloodstream by the lymphatic system [20]. However, 

nanocarriers too small have been connected to higher toxicity as the NP surface area 

increases. Thus, an optimal diameter of around 100 nm has been identified as particles 

around that size have shown decreased toxicity [1]. Such evidence proved that the produced 

formulations have mean sizes valid for delivery applications. 

  The size distribution of NPs was evaluated by assessing the PdI of formulations. All 

formulations presented PdI values lower than 0.2 (Table 5.1), suggesting that the lipid 

suspensions have homogenous sizes and therefore, are valid for delivery purposes [21]. 

However, the neutral liposomes showed PdI values significantly higher than the cationic 

liposomes (p<0.05), probably due to the different techniques used to reduce the size of the 

vesicles. This data goes in line with a report by Ong et al. demonstrating that extruded 

liposomes present smaller PdI values than sonicated liposomes [22]. 

Liposomes Composition 
Hydrodynamic 

diameter (nm) 
PdI 

Zeta potential 

(mV) 

Neutral 
DSPC:CHOL:DSPE-PEG(2000) 

amine 
139 ± 13 0.22 ± 0.02 -1 ± 1 

Cationic DOTAP:CHOL 112 ± 3 0.13 ± 0.01 33 ± 2 
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  The surface charge of NPs is another key property to consider when designing 

delivery systems since it affects nanocarriers' in vivo internalization rate and toxicity. As 

expected, neutral LUVs showed a zeta potential close to zero mV while cationic LUVs 

exhibited a zeta potential of 33 ± 2 mV (Table 5.1).  

Liposome stability remains a major limitation for their clinical application. For that 

reason, it is crucial to ensure their stability during the production process, and the duration 

of the experiments since NPs tend to aggregate to attain a thermodynamically favorable 

state. Hence, a long-term stability study of the produced liposomes was performed at 

storage conditions (4 °C) over 4 months (Figure 5.4). Variations in some of these 

characteristics suggest that the structure of NPs is altered over time, which may be linked 

with the loss of their stability and potential activities [23]. From Figure 5.4, it is possible to 

observe that the physicochemical properties of the neutral liposomes remained constant 

(p>0.05) for at least 4 months when stored at 4 ˚C in the buffered medium. Moreover, while 

neutral LUVs exhibited a mean d/d0 value of approximately 1.1 over the 4 months study 

period, cationic vesicles presented a value of 3.9 at the experimental endpoint, indicating 

NPs aggregation. The d/d0 value represents the ratio between the mean diameter of the 

NPs at each time point and the initial mean diameter, being an indicator of size variation 

[24]. However, the physicochemical properties of DOTAP:CHOL vesicles were not 

significantly changed over the first month of storage. After this time, cationic liposomes 

exhibited a mean diameter above 200 nm and a PdI over 0.4. 

 

Figure 5.4. Physicochemical characterization of liposomes over 4 months. 

 

 5.3.2. Mice Survival and Clinical Observations 

  The survival curves of mice repeatedly exposed to the different liposomes are shown 

in Figure 5.5. No mortality was registered among mice exposed to repeated doses of neutral 

liposomes, thus overlapping the survival curve of the control group (treated with PBS). 
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However, a significant mortality rate was observed in mice treated with cationic liposomes, 

with an average of 27% mortality immediately after the first injection. Moreover, the 

mortality rate increased to 36% after the second injection. From the sixth to the tenth 

administration, mice treated with cationic liposomes displayed a survival rate of 55%. 

These results are in accordance with Chien et al. (2005) [9], which observed a 33% 

mortality rate after injecting three doses of cationic liposomes to male BALB/c mice. Despite 

the mortality observed in mice exposed to cationic liposomes, none exhibited alterations in 

fur appearance, eyes, sleep cycles, salivation, defecation, food and water intake, or other 

visible signs. 

 

Figure 5.5. Effect of the repeated administration of PBS, neutral and cationic liposomes on 

mice survival. 

 

 5.3.3. Bodyweight 

  BW is frequently recorded in toxicology studies since variations over 20% can be 

linked with toxic effects [25]. Thus, the mice's BW was recorded before each administration 

and euthanasia (Table S5.1 of the Supplementary Material). At the baseline, the PBS, neutral 

liposomes, and cationic liposomes groups showed an average BW of 21.6 ± 1.3, 21.6 ± 1.4, 

and 21.2 ± 0.8, respectively, with no significant differences between the liposomes-treated 

and control mice (p>0.05). The mice's BW remained stable until the end of the experiment 

(p>0.05). Similar findings were obtained by Knudsen et al. (2015) [8] after administering a 

single dose of cationic liposomes to male Han Wistar rats. 
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 5.3.4. Glucose Levels 

  Blood glucose represents another extensively used indicator in toxicological studies 

since variations in glucose levels are an established toxicity surrogate. Importantly, 

fluctuations in blood glucose concentrations can induce secondary toxic events, including 

glial toxicity, oxidative stress, and inflammatory processes [26]. Thus, the glucose levels of 

mice treated with repeated doses of PBS, neutral- and cationic- lipid vesicles were 

monitored weekly and are shown in Figure S5.1 (Supplementary Material). Before starting 

the injection of LUVs, control, neutral and cationic groups exhibited glucose levels of 135 ± 

14, 126 ± 8, and 140 ± 10 mg/dL, respectively, with no significant differences between 

groups (p>0.05). No significant variations were observed over the experiment in neutral 

and cationic liposomes-treated mice compared with the control group (p>0.05), which is in 

concordance with a previous study [8]. 

 

 5.3.5. Behavioral Tests  

  Behavioral monitoring is a sensitive way to assess the nervous system toxicosis 

induced by a tested drug or material [27]. In fact, variations in the behavioral responses of 

animals may be related to the impairment of sensory, motor, and cognitive aspects. The 

rotarod test is currently one of the most used behavior tests where the neurotoxicity or 

effect of a compound on animal behavior can be evaluated [10]. By monitoring the time 

rodents remain in the rotarod, motor coordination and balance defects can be detected [13]. 

Therefore, the rotarod test was performed before starting the NPs injection and 24 h-post-

treatment. To complement the rotarod test, a forelimb grip strength test was performed 48 

h post-treatment to evaluate the limb motor and neuromuscular function of experimental 

and control rodents [15]. The results of the rotarod and grip strength tests are shown in 

Figures 5.6 A and B, respectively. 
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Figure 5.6. Effect of multi-dose administration of PBS (dark gray), neutral (light gray), and 

cationic liposomes (blue) on A) rotarod and B) grip strength performance. *p<0.05, 

**p<0.01. 

 

  Concerning the rotarod test (Figure 5.6 A), no significant variation in the latency to 

fall from the rotarod apparatus was detected after the repeated administration of both 

neutral and cationic vesicles compared to the control group (p>0.05). These data suggest 

the absence of motor dysfunction due to liposome treatments. However, grip strength data 

(Figure 5.6 B) revealed a significant reduction of the maximal muscle strength of mice after 

the repeated injection of PBS, neutral and cationic liposomes (p<0.05). Although variations 

on the maximal peak force may indicate motor neurotoxicity, the decreased grip strength of 

the control group suggests a lack of interest in the trial, potentially due to the excessive 

manipulation associated with repeated injections. Alternatively, rodents may get used to 

the manipulation, reducing their willingness to execute the task. Regardless, the repeated 

administration of cationic liposomes significantly declined the forelimb peak force values of 

mice by around 9.1% compared to the control group (p<0.01), suggesting that these 

particular vesicles induce harmful effects on limb motor and neuromuscular function of 

mice. 

 

 5.3.6. Microscopic Urinalysis  

  The microscopic examination of urine is another common procedure to detect 

possible toxicity signals. Urinalysis identifies abnormal solutes, cells, casts, crystals, 

organisms, or particulate matter that may indicate some renal or systemic pathology. Figure 

S5.2 (Supplementary Material) shows the microscopic urinalysis of mice after the 

prolonged treatment of PBS, neutral or positively charged liposomes. The urine of healthy 

animals or patients usually contains several chemicals that can be found in the form of 

crystals, and so, a small number of urine crystals become clinically irrelevant. However, the 

presence of abnormal crystals may indicate renal dysfunction. Some usually present 

crystals (triple phosphate) are pointed by black arrows in Figure S5.2 (Supplementary 

Material). In contrast, evidence of hippuric acid crystals was identified in the urine of mice 

treated with neutral liposomes. 



200 
 

  In addition to crystals, some endothelial cells are also commonly present in the urine 

of healthy individuals. Red arrows in Figure S5.2 (Supplementary Material) depict some of 

these cells. However, other cell types are not expected to be found in urine, and thus, their 

presence is acknowledged as an indicator of health issues. An example of this are red blood 

cells (RBCs). When present in urine, RBCs are indicative of a disease condition known as 

hematuria. Figure S5.2 C (blue arrows) indicates some of the numerous RBCs present in the 

urine of mice treated with cationic LUVs, indicating damage at this level. Notably, hematuria 

was absent in the urine of the control and neutral liposome groups. Importantly, the RBCs 

identified in the cationic LUVs-treated mice’s urine exhibited an unusual form with a spiked 

cell membrane, characteristic of acanthocytes [28]. This abnormal kind of RBCs possesses 

some spikes of varying lengths and widths irregularly located on the cell surface, as shown 

by the green arrows in Figure S5.2 D. 

 

 5.3.7. Liposomes-Blood Interaction 

  Before reaching target tissues or cells, liposomes injected intravenously first interact 

with blood components [29]. Thus, after observing a 27% mortality rate caused by the first 

injection of DOTAP:CHOL LUVs, an in vitro LUVs-blood interaction study was performed to 

identify the possible cause of such immediate deaths. Figure 5.7 shows blood samples from 

untreated mice mixed with PBS, neutral or cationic liposomes. It is possible to observe that 

positively charged liposomes induced noticeable changes in blood, substantially increasing 

its turbidity and inducing coagulation (Figure 5.7 C). In contrast, neither the increase of the 

turbidity nor the formation of clots was verified when PBS and neutral liposomes were 

mixed with blood (Figures 5.7 A and B). Confirming the previous observations, a 

microscopic analysis of blood smears suggests that RBCs agglutinate in the presence of 

cationic liposomes (Figure S5.3 of Supplementary Material). These findings are in line with 

Senior’s report [30], which also detected the increase in turbidity and the formation of clot-

like mass upon the incubation of cationic liposomes with rat plasma. Furthermore, the 

authors revealed that the extent of plasma-liposomes interactions depends on the 

concentration of the phospholipid positive charge [30]. 
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Figure 5.7. Ex vivo blood-liposome interaction. Blood from non-treated mice was mixed 

with either A) PBS, B) neutral, or C) cationic liposomes. 

 

  The acute interaction between blood components and liposomes was also assessed in 

vivo by intravenously injecting one dose of DOTAP:CHOL LUVs into mice. Fresh blood was 

collected, and a blood smear was performed to evaluate possible alterations in RBCs 

morphology. The microscopic analysis of the blood smears of these mice shows that, after a 

single administration, positively charged liposomes induce morphological changes in RBCs 

(Figure S5.4 of Supplementary Material). Specifically, RBCs transitioned from a regular 

spherical shape (Figure S5.4 A of Supplementary Material) to irregular structures involving 

either fusiform (acuminocytes) (Figure S5.4 B of Supplementary Material, red arrows) or 

teardrop forms (dacrocytes) (Figure S5.4 B of Supplementary Material, blue arrows).  

  While numerous acuminocytes and dacrocytes were observed after a single dose of 

DOTAP:CHOL LUVs (Figure S5.4 B of Supplementary Material), such variations were less 

evident after repeated administration of cationic liposomes (Figure 5.8 C). Instead, several 

fragmented RBCs (commonly called schistocytes) were identified in the blood smears of 

mice from the cationic liposomes group (Figure 5.8 C, black arrows). Such structures are 

smaller than usual RBCs and typically irregularly shaped, and result from hemolysis (Figure 

5C, red arrow). Hemolysis of erythrocytes caused by the interaction with cationic liposomes 

was previously observed in vitro [30]. No irregular structures were noticed in the groups 

treated with PBS (Figure 5.8 A) and neutral liposomes (Figure 5.8 B).  
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Figure 5.8. In vivo cationic liposomes-blood interaction. Microscopic images of blood 

smears from mice treated with A) PBS, B) neutral, and C) cationic liposomes. Images 

obtained at a 40X magnification. 

 

  Moreover, high variability in the size of RBCs was observed, a condition called 

anisocytosis (Figure S5.5 of Supplementary Material). Anisocytosis was quantified by 

assessing the RBC’s mean width and the SD of the gaussian distributions from the red cell 

distribution width (RDW) histograms using the Measure Tool of the ImageJ software 

(National Institutes of Health, Bethesda, MD, USA). Details on these results are shown in 

Figure S5.5 (Supplementary Material) and Table 5.2. Overall, these findings suggest that 

neutral liposomes do not alter RDW compared to RBCs derived from control mice (Figure 

S5.5, gray and black lines and bars). However, repeated injections of positively charged 

LUVs significantly affect RDW (Figure S5.5, blue lines and bars). Actually, the data presented 

in Table 5.2 reveals a reduction in the average width of RBCs, likely due to the presence of 

several microcytic RBCs (erythrocytes smaller than usual). As expected, the cationic group 

displayed the largest SD (Table 2), suggesting a more significant size variability of RBCs, i.e., 

anisocytosis [31]. This information is relevant as it explains the toxicity exerted by cationic 

liposomes. The fact that RBCs in mice treated with cationic liposomes are less and smaller 

indicates a loss of RBCs. Consequently, two events should be occurring in these mice: i) the 

faster production of RBCs to compensate low levels results in smaller RBCs due to the high 

demand for hemoglobin; and ii) larger RBCs also appear to compensate the loss.  

 

Table 5.2. Effect of the repeated administration of PBS, neutral and cationic liposomes on 

the mean width of red blood cells (RBCs). 

 PBS group Neutral group Cationic group 

Mean width of RBCs (pixel) 44.7 ± 2.6 44.6 ± 2.6 43.4 ± 3.1 
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  The surface charge as been pointed as a determining factor affecting the NPs 

hemocompatibility [32]. Han et al. (2012) [33] revealed that the electrostatic interactions 

between cationic NPs and the erythrocyte membrane cause erythrocyte agglutination. The 

functionalization of the NPs surface with negatively charged groups reduced the 

erythrocyte aggregating effects of the NPs [33]. In turn, Zhao et al. (2011) revealed that 

modifying the liposomes surface with PEG molecules may shade the positive charge of the 

NPs, thus avoiding the toxic blood-liposomes interactions [34]. 

 

 5.3.8. Organ Weight and Morphology 

  The comparison of the organ weight between substance-treated and control groups 

is extensively used to assess harmful effects [35]. In fact, organ weight is one of the most 

sensitive markers of toxicity since organ damage does not always translate into 

modifications in its morphology [36]. The absolute weight of the brain, lung, liver, kidney, 

and spleen was recorded at necropsy (Figure 5.9 A). The brain, liver, and kidney weight and 

size of mice treated with neutral and cationic liposomes did not significantly change 

compared to the control group (p>0.05). However, a significant reduction of the absolute 

lung weight was observed in mice treated with cationic LUVs-treated. Interestingly, the 

absolute weight of the spleen significantly increased in both liposome-treated groups. This 

variation was accompanied by an increase in the spleen dimensions in both liposomes-

treated groups (p<0.05) (Figure 5.9 B). No major macroscopic changes were observed in 

the brain, lung, liver, kidney, or spleen after the repeated administration of liposomes. 

 

Figure 5.9. A) Absolute organ weight, B) organ width, and C) organ length of mice treated 

with repeated doses of PBS (dark gray), neutral (light gray), and cationic (blue) liposomes. 

*p<0.05, ****p<0.0001. 
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 5.3.9. Histopathological Examination 

  Histopathological studies of several tissues, including liver, lung, kidney, and spleen, 

were performed. While no alterations were noticed in the tissues of neutral LUVs-treated 

mice, the histopathological examination revealed that cationic liposomes induce alterations 

at the hematological level and inflammatory components. The spleen revealed 

extravascular hematopoiesis observed as diffuse hyperplasia of the red pulp (Figure S5.6 of 

Supplementary Material). In addition, an evident enrichment in megakaryocytes (Figure 

5.10 C, blue arrowhead) was observed in the spleen of mice treated with cationic liposomes 

compared with animals challenged with neutral liposomes or PBS. While some extra-

medullar hematopoiesis is normal in rodents (especially in mice), an increase in this feature 

may result from induced hematotoxicity. The presence of hemosiderin (brown pigment) 

(Figure 5.10 C, red arrowhead) in the spleens of cationic liposomes treated mice may result 

from hemolytic anemia [37]. It is conceivable that since these are non-PEGylated liposomes, 

the NPs are recognized relatively fast by the spleen due to binding to proteins such as 

immunoglobulins, complement proteins and apolipoproteins [8]. Supporting these 

observations, the lungs of mice treated with cationic liposomes also showed a large 

population of brown pigmented alveolar macrophages (Figure 5.10). This could be 

explained by the high levels of damaged RBCs induced by cationic liposomes. These results 

agree with the modification of the morphology observed in both organs (Figure 5.9). Similar 

findings have been found after the acute administration of cationic nanoparticles [8, 38]. 

Increased DNA damage in both lung and spleen after a single administration of cationic 

liposomes was observed in a previous study [8]. Moreover, cationic liposomes have been 

associated with dose-dependent toxicity and pulmonary inflammation. Dokka et al. (2000) 

demonstrated that cationic liposomes induces the generation of reactive oxygen species in 

lung cells causing inflammation and toxicity [3]. 
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Figure 5.10. A) Histopathological analysis of liver, lung, kidney, and spleen from mice 

treated with PBS, neutral or cationic liposomes (bar depicts 50 µm) (10X magnification). B) 

Magnification of a lung area from mice treated with cationic liposomes displaying brown 

pigment (hemosiderin) contained within alveolar macrophages. C) Magnification of a spleen 

area from mice treated with cationic liposomes depicting brown pigmentation 

(hemosiderin, red arrowhead), and megakaryocytes (blue arrowhead). Bar in B) and C) 

represent 100 µm (40X magnification). 

 

  Importantly, the above-mentioned alterations are in line with the anisocytosis 

observed in blood smears (Figure S5.3 of Supplementary Material), the increased hematuria 

characterized by the presence of shape-altered RBCs in the urine of mice treated with 

cationic liposomes (Figure S5.2 of Supplementary Material), and the agglutination of fresh 

blood induced by cationic liposomes in vitro (Figure 5.7). No evident alterations were 

observed in the liver and kidneys (Figures S5.6 and S5.7 of Supplementary Material).  

 

 5.3.10. Serum Biochemistry 

  The liver is the organ that processes most of the substances introduced into the 

organism. As such, toxic compounds or molecules may exert their toxicity at the liver level. 
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To explore potential liver-induced toxicity, alterations in the levels of liver proteins such as 

AST and ALT were assessed in the blood of experimental and control mice. In agreement 

with the data presented in Figure 5.10, no changes in AST and ALT levels were found 

between any of the groups included in this study (Figure 5.11). These data suggest that the 

liver is not critically damaged by liposomes and support the idea that the toxicity induced 

by cationic liposomes is mainly associated with RBCs. 

 

Figure 5.11. Plasma levels of A) aspartate aminotransferase (AST) and B) alanine 

aminotransferase (ALT) in the blood of mice treated with either PBS (triangles), neutral 

(squares), or cationic liposomes (circles). 

 

 

5.4. Conclusion 

 This study thoroughly characterized the potential toxicity of neutral liposomes after 

repeated intravenous administrations in rodents. The neutral liposomes’ toxicity was 

compared with that of traditional cationic liposomes. The results show that neutral 

liposomes did not induce animal mortality or alterations in the evaluated parameters 

including bodyweight and glucose levels. Moreover, no indicators of toxicity were observed 

through the rotarod and grip strength tests, microscopic urinalysis, and blood cells 

morphology analysis. Histopathological studies were performed, and no alterations were 

noticed in the tissues of neutral liposomes-treated mice. Cationic liposomes were toxic, 

evidenced by a 45% lethality. According to the data, the toxicity induced by the repeated 
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administration of the cationic liposomes appears to be associated with the adverse 

interactions of the lipid vesicles with anionic serum macromolecules. Importantly, this 

study highlights the safety of neutral liposomes and support their use as drug shuttles, even 

when repeated doses of a therapeutic agent are needed to be administered for optimal 

effects. 
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Chapter 6  

Concluding Remarks 

 

  Despite the efforts of the pharmaceutical and research sectors, AD remains incurable, 

imposing the demand for new effective strategies. The exact mechanisms that cause AD are 

still debated, but it is widely accepted that senile plaques composed of Aβ fibrils in the 

patients' brains are associated with the disease. Preventing the Aβ aggregation or 

disaggregating mature Aβ fibrils are thus viable therapeutic options for preventing or 

treating AD, respectively. Because most synthetic chemotherapeutics have side effects, 

researchers have focused on natural compounds since their consumption has been 

associated with several health benefits. In the first part of this work, three natural 

compounds – CA, GA, and VB12– have been identified as promising molecules for AD 

therapy, both by inhibiting the Aβ fibril formation and disaggregation of mature fibrils in 

the presence of in vitro neuronal cell membranes. 

  However, natural compounds present some limiting characteristics, such as low 

bioavailability and the low ability to cross the BBB, which hinder the development of 

effective therapies. To overcome these issues, the delivery of natural products by targeting 

nanocarriers has aroused great interest, improving the therapeutic activity of these 

molecules. Thus, in the second part of this work, three Tf-functionalized liposomes were 

proposed for the brain-targeted delivery of CA, GA, and VB12. The developed DDS showed 

suitable properties for brain delivery and strong anti-amyloidogenic properties, thus 

promising for AD therapy. 
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  Despite their numerous advantages, NPs have some drawbacks that restrict their 

therapeutic potential. While NPs have been successfully used to decrease the drugs’ toxicity, 

NPs themselves can induce toxicity. Therefore, in the last part of this work, the in vivo 

toxicity of the developed unloaded liposomes was investigated and compared to the well-

known cationic liposomes. Ten doses of neutral and cationic liposomes were intravenously 

administered to wild-type mice over 3 weeks. The data encourage using the developed 

neutral liposomes as safe nanocarriers to transport the selected natural compounds, even 

when repetitive administrations are needed. 

  Future in vivo studies with transgenic animal models of AD are necessary to validate 

the therapeutic efficacy of the three developed brain-targeted DDSs for AD therapy. 
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Supplementary Material 

 

 

Table S3.1. Physicochemical characterization of LUVs comprised of DMPC:CHOL:SM:PS 

[65:15:10:10] (5 mM). 

Hydrodynamic diameter (nm) PdI Zeta potential (mV) 

147 ± 2 0.06 ± 0.03 -12 ± 1 

 

 

 

 

Figure S3.1. A) Absorbance spectra of liposomes at increasing concentrations (0 to 

4000μM) in the absence (black lines) and presence of CA (100μM) (gray lines) (after 

subtraction of liposomes’ contribution). Green lines represent the absorption spectrum of 

CA in the absence of LUVs. Red lines show the absorption spectrum of CA in the presence of 

LUVs at 4000 μM. B) shows the 3rd derivative spectra and  C) the curve attained by plotting 

Equation 3.9 to the 3rd derivative spectrum at 304 nm.  
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Table S3.2. Physicochemical characterization of liposomes composed of 

DMPC:CHOL:SM:PS [65:15:10:10] (5 mM). 

Hydrodynamic diameter (nm) PdI Zeta potential (mV) 

143 ± 5 0.05 ± 0.02 -12 ± 1 

 

 

 

 

 

 

Figure S3.2. A) Black and gray lines correspond to the absorbance spectra of liposomes at 

increasing concentrations (0 to 4000μM) in the absence and presence of GA (100μM), 

respectively, following controls subtraction. Green lines show the GA’s absorption spectrum 

in the absence of liposomes, while red lines indicate the absorption spectrum of GA in the 

presence of LUVs at maximum concentration. B) 2nd Derivative spectra. C) Curve resulting 

from the fit of the Equation 3.9 on the 2nd derivative spectrum at 258 nm.  
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Figure S3.3. Negatively stained TEM image of Aβ1-42 monomers (8 µM) in PBS. Scale bars 

indicate 100 nm. 

 

Table S3.3. Physicochemical characterization of liposomes composed of 

DMPC:CHOL:SM:PS [65:15:10:10] (5 mM). Data are expressed as the mean ± SD (n = 3). 

Hydrodynamic diameter (nm) PdI Zeta potential (mV) 

140 ± 4 0.05 ± 0.01 -12.3 ± 0.4 

 

 

Table S5.1. Effect of the repeated administration of PBS, neutral and cationic liposomes on 

mice body weight. 

 Body weight (g) 

Injection PBS group Neutral group Cationic group 

1 21.6 ± 1.3 21.6 ± 1.4 21.2 ± 0.8 

2 21.9 ± 1.4 20.4 ± 1.3 21.4 ± 0.4 

3 21.6 ± 1.5 21.5 ± 1.1 21.0 ± 0.6 

4 21.5 ± 1.4 21.3 ± 1.1 21.0 ± 0.6 

5 21.6 ± 1.4 21.0 ± 1.0 21.4 ± 0.6 

6 21.3 ± 1.4 21.0 ± 1.1 20.9 ± 0.6 

7 21.5 ± 1.5 21.0 ± 1.1 21.1 ± 0.4 

8 21.9 ± 1.7 21.6 ± 1.1 21.8 ± 0.6 

9 21.8 ± 1.4 21.5 ± 1.1 21.8 ± 0.7 

10 21.8 ± 1.9 21.3 ± 1.0 21.7 ± 0.5 

End 21.9 ± 1.7 21.5 ± 1.0 21.5 ± 0.8 
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Figure S5.1. Effect of the repeated administration of PBS (dark gray), neutral (light gray), 

and cationic liposomes (blue) on blood glucose levels.  

 

 

Figure S5.2. Microscopic urinalysis of mice treated with cationic and neutral liposomes. 

Urine from mice subjected to repeated doses of PBS (A), neutral liposomes (B), and cationic 

liposomes (C and D) were evaluated under the microscope. Magnifications used in each 

panel are A) 40X, B) 10X, C) 20X, D) 40X. Black arrows: triple phosphate crystals; blue 

arrows: RBCs; red arrows: endothelial cells. 
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Figure S5.3. Microscopic images of blood smears after mixing blood and liposomes ex vivo. 

Blood samples from the experiment described in Figure 7 were checked under the 

microscope. Panels represent mouse blood mixed with PBS (A), neutral liposomes (B), and 

cationic liposomes (C and D). Magnifications used in each panel are as follows: A) 10X, B) 

10X, C) 10X, D) 20X. 

 

 

Figure S5.4. Acute in vivo cationic liposomes-blood interaction. Microscopic images of 

blood smears before (A) and after (B) injecting one dose of DOTAP:CHOL LUVs into mice. 

Images in this figure were obtained at a 40X magnification. Blue arrows represent 

dacrocytes, and red arrows depict acuminocytes.  
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Figure S5.5. Effect of prolonged administration of PBS (black), neutral (gray), and cationic 

liposomes (blue) on the red blood cell distribution width (RDW). Data corresponds to the 

frequency distribution of RBCs width measured in pixels in a blood smear as an indicator of 

anisocytosis.  
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Figure S5.6. Histopathological analysis of liver, lung, kidney, and spleen at low power 

magnification. A comparison between different experimental groups after treatment shows 

the presence of brown pigmented cells only in animals treated with cationic liposomes (red 

arrowhead). In spleens of mice treated with cationic liposomes, an increased area of the red 

pulp (blue arrowhead) was observed. Images in this figure were obtained at a 10X 

magnification. 
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