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Resumo 
 

Desempenhando um papel central em todas as funções do corpo, o cérebro é talvez o órgão 

mais bem protegido em todo o corpo. Embora isso seja uma enorme vantagem, devido a todos os 

patógenos perigosos e moléculas prejudiciais que poderiam colocar a sua integridade em risco, este 

torna-se assim também num órgão muito difícil de intervencionar em termos clínicos. 

Terapeuticamente, o primeiro passo limitante para entregar uma substância ativa no cérebro é a 

passagem dessa molécula através da barreira hematoencefálica. 

Embora esteja bem protegido, o cérebro não é imune a todos os distúrbios, uma vez que 

algumas das moléculas envolvidas nas patologias mais graves, tais como as proteínas Aβ-amiloide e 

TAU na doença de Alzheimer, e alfa-sinucleína na doença de Parkinson, parecem ser produzidas no 

próprio cérebro. Além disso, essas doenças têm outra característica em comum: a acumulação de 

espécies reativas de oxigénio no cérebro.  

Com o encapsulamento de siRNA contra a proteína TAU em lipossomas do tipo exossomal, 

pretendemos reduzir a expressão dessa proteína, cuja acumulação em células nervosas é uma 

característica da doença de Alzheimer. Além disso, o encapsulamento de uma molécula com 

propriedades antioxidantes, como a curcumina, poderá contribuir para a diminuição da acumulação 

de-β-amiloide no cérebro, contribuindo para uma progressão mais lenta desta doença. 

Foi conseguido, com sucesso, o encapsulamento de ambas as moléculas nos lipossomas 

miméticos de exossomas, com eficiências de encapsulamento elevadas. Conseguida a otimização da 

formulação para garantir que os lipossomas produzidos têm o tamanho necessário para conseguir 

ultrapassar a barreira hematoencefálica, também se verificou que os lipossomas vazios ou carregados 

com curcumina não apresentavam toxicidade significativa em duas linhas celulares: fibroblastos de 

ratinho L929 e linha celular de neuroblastoma humano SH-SY5Y. Adicionalmente demonstramos que 

curcumina veiculada em lipossomas tinha efeito neuroprotetor maior do que a curcumina livre, após 

a indução de stress oxidativo.  
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Abstract 
 

Playing a central role in all the body’s functions, the brain is perhaps the best protected organ 

in the organism. Although this is a huge advantage before all potential pathogens and harmful 

molecules that could put its integrity at risk, it is also a very difficult organ to target therapeutically. 

Being highly selective to all molecules, the blood brain barrier is the primary and most difficult barrier 

to overcome when one aims to deliver a specific molecule to the brain. 

While it is well protected, the brain is not immune to disease, and some of the molecules 

involved in the most threatening disorders, like amyloid-β and TAU in Alzheimer’s disease, and alpha-

synuclein in Parkinson’s disease, are thought to be produced in the brain itself. Moreover, these 

diseases have another hallmark in common, which is the accumulation of reactive oxygen species in 

the brain. This happens because, being a highly energy demanding organ, the brain is the most 

metabolically active organ in the human body. 

In order to overcome these two major debilitating hallmarks, a dual therapy is being developed 

by our group. By encapsulating siRNA against TAU protein into exosome-like liposomes we aim to 

reduce its expression, diminishing its harmful effects due to excessive accumulation in neurons, in 

Alzheimer’s disease. Furthermore, the encapsulation of a molecule with antioxidant properties, such 

as curcumin, that reduces the accumulation of amyloid-β, another important hallmark in this disease, 

would most likely have considerably interesting results in the attempt to slow disease progression. 

For the encapsulation of these molecules, a liposome carrier, with similar constitution and 

properties of the exosomes, was chosen. Along with its low cytotoxicity verified in two cell lines, mouse 

L929 fibroblasts and human neuroblastoma SH-SY5Y cells, this carrier has features compatible with 

the uptake across the blood brain barrier and therefore could directly influence disease progression. 

It was also found that curcumin-loaded liposomes had greater neuroprotective effects than free 

curcumin after induction of oxidative stress.  
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1. Introduction 
 

1.1 Neurodegenerative disorders 

Neurodegenerative disorders are characterized by the progressive changes in cognition, 

emotions and behavior. In 2010, approximately 35.6 million people were affected by 

neurodegenerative diseases in the worldwide[1]. 

The available therapies for this type of diseases have poor efficiency[2]  Therefore, it is predicted 

that without more efficient treatment, the number of people suffering from neurodegenerative diseases 

will rise exponentially in the next years[3].  

Moreover, age-related neurodegenerative disorders including, Alzheimer’s disease, 

Parkinson’s disease, amyotrophic lateral sclerosis and frontal dementia are the major cause of 

disability and premature death among elder people around the globe. The severity of these diseases, 

which includes significant loss of cognitive and motor functions leads to a poor quality of life of the 

patient and also to their relatives. In spite of the differences between these diseases, they all have a 

common hallmark: the accumulation of specific proteins into insoluble aggregates in selectively 

vulnerable neurons and glial cells[4].  

The onset of this diseases is the neuronal damage by specific proteins and oxidative stress[5], 

leading to problems within the normal function of synaptic transmission. These diseases’ initial 

damage is normally associated with axonal and dendritic degeneration. Neuron degeneration, 

associated with self-renewal brain cell´s deterioration, due to normal aging and the disease has an 

important role in all neurodegenerative diseases[1]. 

 

1.2 Alzheimer´s disease  

Alzheimer’s disease is the most common neurological age-dependent neurodegenerative 

disorder. The number of people affected by this disease is already very high and tends to increase in 

the future, due to an ever-increasing number of elderly people[6]. Furthermore, it is thought that this 
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number will not increase linearly, but in an exponential way. In 2016, there were 44 million people 

diagnosed with Alzheimer and the in the year 2050, it is expected that 1 in 85 people worldwide will 

be affected with this disease.  

It was estimated that in 2015 the cost of the treatments associated with Alzheimer was around 

226 billion dollars and it is expected that in 2050 this number it will reach 1.1 trillion dollars[7]. To the 

date, there is no cure for Alzheimer´s disease; the treatment is focused on the relief of the patient’s 

symptoms[8]. Even so, most of the therapeutic drugs used are inefficient. The main cause for the 

inefficiency of the current treatments is the difficulty to deliver the molecules to the brain.  

In the brain, communication between neurons is made at the synapses, by neurotransmitters. 

In Alzheimer’s disease this process is compromised, either by the deterioration of neurons or the 

inefficient “sharing of information” in the synaptic cleft[9].  

Alzheimer’s disease is characterized by an initial progressive loss of pyramidal neurons, 

primarily within the cerebral cortex and in the hippocampus[10]. 

This disease leads to the loss of the ability to form new memories, or to recall old ones[7]. Other 

important symptoms associated with this disorder include dementia, impairment of opinion, language, 

learning and abstract thinking[8]. 

Alzheimer´s disease cause is not clear, although it may be related to environmental factors 

and genetic pre-disposition[11]–[13]. Early-onset Alzheimer’s disease (diagnosed before the age of 65), is 

rare, as it corresponds only to 10% of all Alzheimer’s cases[14]. This fact implies that age is an important 

factor on the development of Alzheimer’s[15]–[17] With ageing, the brain functions deteriorate making it 

more susceptible to the disease. Even though there have been many different opinions regarding the 

most important triggers for the development of this disease, most agree that TAU phosphorylation, 

mitochondrial dysfunction, mutations in various genes, amyloid β accumulation and oxidative stress, 

and other external factors (Figure 1) play a major role in this disease. 
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1.3 Oxidative stress 

The brain is one of the most metabolically active organs, demanding a high energy production, 

consuming up to 25% of glucose, with a tight control of the surrounding environment[18]. In fact, despite 

representing only 2% of the body weight, the brain is responsible for the consumption of up to 20% of 

the energy produced by the human body[19]. This can be explained by the high need of ATP for the 

neurons, for them to be able to maintain their membrane potential and for the packing and release of 

neurotransmitters. Despite its poor capacity for storing energy, the brain is always receiving a constant 

supply of energy subtracts, mainly glucose. Glucose overcomes the blood brain barrier through the 

glucose transporter 1 (GLUT1). For this reason, the cardiac blood input to the brain is usually up to 

15% of the total blood consumption. An important part of the total oxygen consumption is done by the 

endothelial cells, which have an high ATP production. These cells are rich in mitochondria and 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidases, and so the brain is highly susceptible 

to oxidative stress damage[20]. 

A small concentration of ROS is beneficial, as it is required for the brain cells’ functions. ROS 

can act as vasodilator and it is involved in the regulation of signal transduction. The presence of ROS 

is important for the immune defense system and on the induction of mitogenic responses. However, 

Figure 1:  Alzheimer's disease most important hallmarks. 
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a dysregulation of the production and/or elimination of this molecule can lead to severe consequences 

for several brain functions. For example, an increase in ROS production reduces the immune system 

defenses, induces the production of pro-apoptotic agents and reduces the bioavailability of nitric oxide 

(NO), that has vasodilator and anti-inflammatory properties. Moreover, ROS overproduction can lead 

to pericyte apoptosis. These play a major role in blood brain barrier integrity, so the reduction of their 

viability can lead to extensive damage in this barrier[20]. 

Oxidative stress is particularly harmful for the mitochondria, since this organelle is both a 

producer and a target of hydrogen peroxide and superoxide. These molecules can stimulate lipid 

peroxidation (figure 2).  

The overproduction of hydrogen peroxide and superoxide can induce the consumption of 

nicotinamide adenine dinucleotide (NAD) by Poly (ADP-ribose) polymerase (PARP). Thus, the 

decreasing of NAD can reduce the availability of NADH for complex I in the mitochondria. The ROS 

production can also inhibit glucose transporters and reduce the amount the substrates available for 

mitochondria normal function[21]. 

 

Figure 2: Oxidative stress causes and neuronal damage associated with ROS uncontrolled 

production and accumulation. 



 

5 
 

1.4 Amyloid-β production 

Oxidative stress is normally linked to Alzheimer’s disease. The oxidative stress normally 

precedes the production of amyloid-β protein. Besides that, oxidative stress promotes the production 

and aggregation of β-β, as well as the enhancement of neurofibrillary tangles polymerization, that are 

twisted fibers inside neurons.  

Amyloid-β has an important role in the progression of this disease. The pathways that are 

dysregulated resulting in the production of amyloid-β are well studied. Amyloid-β aggregation and 

deposition, causes synaptotoxicity and it has been considered, for the past 20 years, the main 

responsible for the development of the disease[22].  

Figure 3: Amyloid-β production.  
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In a normal brain, the amyloid-β is produced in low quantities, outside the cells, or in axon 

terminals being then degraded or removed. Low doses of this protein can act as a positive regulator 

of presynaptic activity, enhancing neurotransmitter release and increasing neuron excitability[23]. 

However, as the brain ages, the capacity to degrade this protein is reduced. When there is an abnormal 

production of this protein, and/or a poor degradation, the amyloid-β accumulates and aggregates in 

oligomers. This accumulation is more frequent in the synaptic cleft, leading to synaptic dysfunction[24], 

or along the neuron[25]. 

The amyloid-β production starts with the cleavage of the amyloid precursor protein (APP) by 

β-secretase, followed by another cleavage by the γ-secretase. There are two major types of amyloid-β 

produced by healthy neural and non-neural cells in the human brain[26], the Aβ 40 and Aβ 42, which 

have 40 and 42 amino acid residues, respectively. Aβ 42 is more hydrophobic than Aβ 40, and tends 

to aggregate more, due to its size, being considered the most toxic one, and seems to be more 

associated with cognitive decline than Aβ 40[27],[28].An abnormal production of Aβ 42, or an increase in 

the ratio Aβ 42/Aβ 40 induces amyloid fibril formation, leading to the formation of the senile plaque[29]. 

The formation of senile plaques is often linked to tauropatology  in Alzheimer’s disease, since various 

studies postulate that the accumulatio of senile plaque trigger the production of pTAU[30]. 

During the amyloid-β formation there is an initial inflammatory stimulus that triggers microglia 

at the central nervous system. Microglia secrete various pro-inflammatory cytokines and chemokines 

that recruit microglia along with astrocytes to the local of inflammation. When the excessive production 

of amyloid-β occurs, the recruited microglia and astrocytes are not able to degrade the excess of this 

protein, resulting in a high production of cytokines and chemokines. This results in the deterioration 

of local neurons, leading to a high progression of Alzheimer[10]. 

Amyloid-β peptides exert various types of harmful effects on neurons and other brain cells. In 

neurons, amyloid-β peptides directly promote neuronal apoptosis by interacting with cell-surface 

receptors. Long term accumulation of this protein can have more nefarious results, such as the 

oxidative damage of DNA and proteins, along with physical injury of organelles and the dysregulation 

of intracellular calcium levels, that can lead to cell death. One of the major problems of Alzheimer´s 

disease is that the deterioration of neurons may not be detectable for years, only showing symptoms 

when the affected area is extensive [31]. 
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Amyloid-β is strongly and negatively linked with Alzheimer’s disease. However, some recent 

studies have tried to clarify amyloid-β role in this pathology. As described by Brothers et al., Amyloid-

β has beneficial effects, like antibacterial, antifungal, and antiviral properties, being efficient, at least, 

against eleven types of microbes[32]. Moreover, it can be important in cancer therapy inhibiting 

angiogenesis, and in slowing tumor growth[33]. Interestingly, this protein also has a function in the brain, 

as it is able to seal leaks in the blood brain barrier, by binding blood-borne solutes together and forming 

a plug that prevents the spread of neuroactive and toxic components into the brain. This protein also 

promotes the recovery after brain injury and regulates neurons’ synaptic function, as it regulates the 

responsiveness of glutamatergic and cholinergic synapses in the hippocampus, thus contributing to 

memory consolidation. These beneficial features can be the reason why this protein has persisted, 

and it is found in most vertebrates[34]. 

 

1.5 Tau phosphorylation and neurofibrillary tangles (NFTs) 

The deposition of neurofibrillary tangles in the brain is an important hallmark in the 

progression of the disease. Most of the approaches to slow the progression of Alzheimer’s disease 

targeting the amyloid-β protein accumulation have failed. While many consider that amyloid-β is the 

major player in the development of Alzheimer’s disease, the paradigm has changed in the past few 

years, with accumulated studies that reveal that a reduction of TAU (and a consequent reduction of 

neurofibrillary tangles) has a higher impact on the disease treatment than the reduction of the amyloid-

β protein[35]. In fact, it has been shown that the reduction of pTAU levels, as amyloid-β continued to 

increase, improves cognitive function, suggesting that this protein can have a more significant role on 

the progression of Alzheimer’s disease than amyloid-β[36].  
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TAU acts as a microtubule stabilizer and has an important role in the regulation of intracellular 

trafficking. In Alzheimer’s disease, however, TAU is hyperphosphorylated, being unable to exert its 

natural function, disassembling microtubules and aggregating in neurofibrillary tangles. TAU 

phosphorylation is normally caused by inflammation induced by ROS or amyloid-β. The degree of 

phosphorylation reflects the activity of protein kinases and phosphatases, such as cyclin-dependent-

like kinase 5 (CDK5) or glycogen synthase kinase 3β (GSK3β). Both molecules are upregulated in 

Alzheimer’s disease and are known to phosphorylate TAU in different sites[37]. After being 

phosphorylated, TAU monomers aggregate into soluble oligomers, being later incorporated in 

neurofibrillary tangles, as their major component. Although TAU phosphorylation is one of the earliest 

stages of Alzheimer’s disease, the formation of neurofibrillary tangles does not start until the late 

stages of the disease. The neurofibrillary tangles can be exported to the extracellular space, where 

they can be incorporated by other cells and thus accelerating the disease progression. Interestingly, 

Figure 4: Progression of TAU pathology.  
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exosomes containing TAU were detected in the cerebrospinal fluid of patients with Alzheimer’s disease. 

Exosomal TAU was found in a larger extent in patients with an early stage of AD. In the late stage of 

this disease TAU was found in greater quantities outside of the exosomes, in the extracellular lumen. 

The neurofibrillary tangles found in later stages of the disease are prone to bear bigger toxicity, aiding 

the loss of neurons and on the cognitive decay[38]. Recent studies show that using siRNA against 

microtubule associated protein tau (MAPT) gene that regulates TAU expression, downregulates its 

production. The reduced levels of phosphorylated and normal TAU are strongly linked to a reduction 

of amyloid-β production and toxicity, as well as reduction of mitochondrial oxidative insults and 

synaptic damage to neurons[39]. 

 

1.6 Diagnosis and treatment of Alzheimer   

Since the discovery of this disorder in 1905 by Alois Alzheimer, several substances have been 

purposed to attenuate or revert it[40]. However, as the disease does not present major symptoms on its 

early stage, there is a significant delay on its early detection resulting on a poor prognosis for the 

patient. In addition, there is not any method to detect Alzheimer’s disease before the aggregation of 

amyloid plaques. So, Alzheimer treatment in its early stage is still limited. Moreover, there are no well-

founded biomarkers to determine the progress or the relapse of the disease[41]. 

In order to detect this disease, various techniques have been used in the past few years, which 

are complementary of each other. These techniques include magnetic resonance imaging (MRI), 

molecular positron emission tomography (PET) and single-photon emission computed tomography 

(SPECT). These techniques can establish a positive differential diagnosis in almost every stage of the 

disease, excluding its early stage. PET and SPECT can give information of the global neuronal activity, 

neurotransmission and the imaging of neuropathological lesions, using amyloid/tau imaging [42]. MRI 

imaging has been improved with the use of nanoparticles with high contrast agents or tagged with 

fluorescent probes, to detect the amyloid plaques. These nanoparticles have several advantages, such 

as versatility and ability to go through the blood brain barrier, due to their small size[8].  

There are various targets for the treatment of Alzheimer’s disease, like the reactive oxygen 

species, neurotransmissions, TAU protein, amyloid-β and its precursors[43]. The targeting of oxidative 

stress can be used to decrease the production levels of amyloid-β protein, and TAU phosphorylation 
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levels. Nowadays, antioxidant therapies include the use of curcumin, lipid soluble vitamin E, and the 

use of metal-protein-attenuating compounds (MPACs)[44] that decrease the interaction between proteins 

and ions. It is known that metal ions can have nefarious effects on the central nervous system as this 

disease progresses. The use of drugs such as clioquinol has shown some promising results on phase 

2 clinical trials[45].  

The number of therapeutic molecules in clinic for the treatment of Alzheimer’s disease is very 

low and there are some in clinical trials. Some of them have interesting results like memantine. This 

molecule is a receptor antagonist, which has been approved for the treatment of late-stage Alzheimer’s 

disease[46], and until now no other molecule has been approved for Alzheimer’s disease treatment. 

Memantine promotes circuit connectivity, contributing to synapse integrity.  

Currently, several molecules are being studied due to their ability to compromise the 

expression of amyloid-β and inhibiting the cascade that triggers cellular dysfunction[31] Verubecestat, 

for example, is a substance that can reduce amyloid-β production with satisfactory results and almost 

no side effects. Solanezumab, Gantenerumab and Aducanumab are monoclonal antibodies that have 

been tested for the reduction of amyloid-β production. Solanezumab targets and reduces soluble 

amyloid-β[47], while Gantenerumab reduces amyloid-β plaques by recruiting microglia. Aducanumab 

binds to parenchymal amyloid-β and reduces its soluble and insoluble forms[48].Another promising 

technique is the clearance of amyloid-β from the brain. Different drugs have been used to decrease 

neuroinflammation, like ALZT-OP1, which is a combination of cromolyn sodium and ibuprofen [49].  

Drugs that target neurotransmitters such as donepezil, rivastigmine and galantamine are also 

used for the treatment of Alzheimer’s disease. These particular molecules are acetylcholinesterase 

inhibitors. These molecules have been derivatized to improve their efficacy and to reduce their 

toxicity[50]. 

More recently, a new approach is being developed to overcome Alzheimer’s disease: the use 

of miRNA. This molecule, however, needs a carrier to reach the brain. Cationic lipid nanoparticles, 

gold nanoparticles, hydrogels, carbon-based carriers, mesoporous silica nanoparticles and magnetic 

nanoparticles are some of the most interesting nanocarriers to deliver miRNAs to the brain. The last 

ones showed interesting results since they can be guided by an external magnetic field to a precise 

location for the molecule delivery[51]. 
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1.7 Blood brain barrier – the mediator of molecule internalization into the brain 

The brain has peculiar characteristics that make the treatment of diseases associated with it 

especially difficult. The blood brain barrier is the first and the principal barrier that prevents the entry 

of molecules into the brain[52]. While this barrier is advantageous in most cases, it poses a great 

challenge when the delivery of therapeutical molecules is needed. A significant number of drugs 

designed to treat brain disorders, or minimize their symptoms have difficulties to bypass the blood 

brain barrier. So, the development of a carrier that can bypass this barrier, delivering the drug in situ, 

is of upmost importance.  

There are several techniques that can be used to maximize drug delivery into the brain. These 

include chemical delivery systems, such as lipid-mediated systems; biological delivery systems, in 

which pharmaceuticals are re-engineered to cross the blood brain barrier. It is possible to induce a 

transient disruption the blood brain barrier, causing an hypotonic environment around endothelial 

cells, leading to their shrinkage, and thus opening the tight junctions. The use of molecules that 

transport the drug directly to the brain, passing the blood brain barrier, without disrupting it, is also 

becoming a predominant technique, since it is a less invasive technique. 

  

1.8  Blood brain barrier intake pathways  

The biggest challenge for the neurodegenerative diseases therapy is the difficulty that 

therapeutic molecules have to reach the brain. The blood brain barrier separates the blood circulation 

from the brain parenchyma[52]. This barrier is a strong physical barrier due to the presence of tight 

junctions, but it is also permeable and highly, selective. In order to accomplish these requirements, 

the blood brain barrier has control mechanisms for the interchange of molecules between brain’s 

parenchyma and blood capillaries. This interchange it is highly dependent on molecule size, charge, 

and specific active groups[53]. 

Endothelial cells present on the blood brain barrier have two membranes: a luminal 

membrane in the side of the blood and the abluminal membrane at the parenchyma’s side. In the 
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abluminal membrane the endothelial cells are supported by astrocytes and pericytes which express 

enzymes that inactivate harmful substances that are able to cross the blood brain barrier[54].  

The molecules that can bypass the blood brain barrier can be divided in 4 groups: hydrophilic 

molecules, ions and low molecular mass solutes; lipophilic molecules; charged molecules and other 

molecules such as insulin, leptin, transferrins and low-density lipoproteins. 

 Hydrophilic molecules, ions and low molecular mass solutes cross the blood brain barrier 

through paracellular transport. This transport is controlled by tight junctions and it is highly dependent 

on the solute and ion concentration. Lipophilic molecules can cross the blood brain barrier using the 

transcellular pathway. These molecules are diffused through the lipid membranes of the endothelium 

in an energy or non-energy dependent way. Charged molecules interact with the negatively charged 

endothelium cells, which internalized them by adsorptive mediated transcytosis. Other molecules such 

as insulin, leptin, transferrins and low-density lipoproteins can also be internalized by receptor-

mediated transcytosis. This process is however dependent on the temperature and the receptor-ligand 

saturation.[55];[53] 

1.9 Nanoparticles: advantages and utility 

Since the discovery of nanoparticles, they have been used in almost every field of knowledge, 

from medicine to industry[56],[57]. In plastic industry, nanoparticles are used to reinforce the plastics; in 

the food industry nanoparticles are used to improve aliments’ texture, flavor, enhance the absorption 

of nutrients and improved packing, and security of food products[58]. The nanoparticles can also be 

used in water waste treatment. [59]. As to their biomedical applications nanoparticles stand out as one 

of the most promising systems for the delivery of pharmaceuticals that otherwise would cause 

cytotoxicity, be eliminated, or have a low bioavailability.  

Nanoparticles have unique and interesting characteristics. Their size ranging from 1 nm to 

200 nm and high surface area give them properties that widely differ from the macroscale objects[60]. 

The nanoparticles’ properties depend on the type of material used, as well as the preparation method 

along with temperature and pH[61],[62]. As the safety of these nanoparticles is widely dependent in their 

charge, size and shape, the design approach to develop these systems has to be perfected in order 

to optimize these factors[63]. 
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As mentioned, nanoparticles have interesting properties for drug delivery, but its safety has 

been questioned since their discovery[64]–[66] The studies of their impact in human health and in the 

environment are in an early stage, but they point out that the accumulation of these particles, 

particularly metal nanoparticles[67] in kidney and liver vary can be harmful [68]. Moreover, studies indicate 

that these particles can be harmful to some animal species, affecting the whole food chains due to 

bioaccumulation[69];[70]. Therefore, the production of non-cytotoxic nanoparticles has become one of the 

major challenges for nanotechnology, with liposomes being one of the most biocompatible systems 

already used in therapy[71]. 

 

1.9.1 Liposomes  

Nanotechnology is present in many therapies for neurological diseases. There are a wide 

number of systems that have been developed to treat or slow down these diseases[72]. One commonly 

used system for the treatment of neurological diseases are liposomes, showing interesting results in 

Parkinson[73] and Alzheimer’s[74]. 

These nanocarriers can be very versatile as their lipid composition can widely vary. They can 

be functionalized with a wide range of molecules, that can target the desired cells or protect them 

from the immune system. The conditions of production of these liposomes can be tuned in order to 

modify their properties.  

Liposomes can be characterized in 4 major groups: small unilamellar vesicles (SUVs), large 

unilamellar vesicles (LUVs), multivesicular vesicles (MVVs) and multilamellar vesicles (MLVs). 

Depending on the strategy for the cargo release, liposomes can be characterized as pH sensitive, that 

destabilize at a certain environmental pH; temperature sensitive, that release their cargo when, by an 

internal or external stimulus, the temperature rises, or drops below the body’s normal temperature; 

and immunoliposomes, that are modified with antibodies for specific targeting[71].  

The composition of liposomes can be similar to biological membranes. Therefore, they will 

not bioaccumulate or be eliminated by the organism. Liposomes are often characterized by their size, 

superficial charge, lipid composition and functionalization[75]. The fact that these characteristics can be 

tunable in order to obtain the desired liposomal properties, makes them extremely versatile 

nanocarriers. When adding the fact that liposomes can carry both hydrophilic and lipophilic molecules, 
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often having excellent encapsulation efficiencies and loading a large quantity of molecules in just one 

liposome, it becomes evident that these systems are the most common and well-researched 

nanocarriers for the delivery of bioactive molecules[75]. 

 

1.10 Nanocarriers used in the treatment of Alzheimer’s disease 

Currently, molecules to target Alzheimer’s hallmarks are being delivered by nanocarriers. Due 

to the specifities of the blood brain barrier, several nanocarriers have been developed, as described 

in table 1.  

Organic nanoparticles are some of the most promising carriers due to their higher flexibility and 

easiness to produce. Moreover, tailoring organic compounds is infinite[76]. Some organic nanoparticles 

are particularly interesting such as liposomes and exosomes, due to their lipid composition similar to 

the plasma membrane. 

Table 1: Nanocarriers used in the treatment of Alzheimer's disease and the encapsulated molecules. 

 

 Nanocarriers Molecules Ref. 

Inorganic nanoparticles 

Polymeric nanoparticle 

Curcumin, quercetin, 

piperine, cyclodextrins; 

Bace1 siRNA; Aβ binding 

peptides 

[77];[78];[79]; 

[80];[81];[82]; 

[83];[84];[85]; 

[86] 

Gold nanoparticles 

Silica nanoparticles 

Organic nanoparticles 

Liposomes 

Chitosan nanoparticles 

Albumin nanoparticles 

Solid lipid nanoparticles 

Exosomes 
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All these nanocarrier are capable to pass the blood brain barrier. Once inside the brain, they 

face another challenge; avoid the recognition by microglia. Microglia behaves like other immune cells 

in the body, recognizing, targeting and eliminating strange molecules. Thus, when thinking about the 

delivery of a drug, it is essential to take in account these cells’ function. 

 

1.11 Curcumin properties and effects in Alzheimer’s disease treatment 

Curcumin is a well-known compound derived from the rhizomes of turmeric (Curcuma longa), 

with well-studied antioxidant properties. This is a widely used Indian spice, that is usually present in 

curry and mustard. It has been used for thousands of years as a traditional medicine[87];[88] for the 

treatment of arthritis or as an antiseptic for cuts, burns and bruises. In Ayurvedic culture this 

compound can be used to treat respiratory conditions, liver disorders, diabetic wounds, anorexia and 

cough[89].  

Curcumin is extremely sensitive to light, but stable at high temperature that can reach 

250ºC.[90] Curcumin can be extracted from an herb from the Zingiberacea family, which has a yellow 

pigmentation. There are three major components present in turmeric: 77% of curcumin, 17% of 

dimethoxy curcumin and 3% of bis-demethoxy curcumin.[91]  Curcumin is a relatively safe compound, 

not showing any toxicity, or side effects in its administration. For example, in a study conducted by 

Mahmood et al., an oral administration of 12g/day has not shown any significant side effects[92]. 

The effects of curcumin in neurodegenerative diseases have been highly studied for the past 

few years, with promising results, namely in the treatment of Alzheimer’s disease. Fusheng et al 

demonstrated that the presence curcumin inhibit amyloid-β oligomers formation in neuroblastoma 

cells leading to an higher cell viability.[93] Moreover, its anti-inflammatory properties, due to its enol 

form, most predominant at alkaline pH, acts as a ion chelator in positively charged metal cations, 

reducing neuroinflammation associated with this disease.[92]  

Despite its interesting properties, this hydrophobic polyphenol, has some major setbacks 

regarding its administration and bioavailability. This molecule has low water solubility, low stability, 

and, since it is not targeted for specific cells, can be rapidly absorbed and metabolized in a non-

specific way. Moreover, curcumin in its free form is poorly absorbed in the gastrointestinal tract[94]. In 

order to overcome these problems, drug delivery systems like nanocarriers have been developed[92]. 
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According to the literature, curcumin has been encapsulated in several nanocarriers like 

polymeric micelles[95]–[97], protein or peptide carriers[98] and cyclodextrins[96],[97]. From all these carriers, 

liposomes stand out, since they are biocompatible, biodegradable, highly stable, non-cytotoxic and 

can have a sustained drug release.  

Liposomes can deliver the drug in the targeted location increasing the efficiency of the therapy. 

After the release of the molecule, liposomes are majorly accumulated in the liver (approximately 90%), 

and eliminated from the organism.[99] 

 

1.12 Gene silencing therapy 

Since the discovery of gene silencing therapy, and the first authorized gene transfer study in 

1989[100], its definition has changed. Initially, the definition of gene therapy would only comprise the 

replacement of a defective gene for one healthy one. Nowadays, this term can be utilized for any 

treatment that uses any kind of nucleic acid to treat or prevent any disease[101]. This includes replacing, 

correcting or silencing a mutated gene, gene marking or gene editing or reprograming[102]. 

The administration of gene silencing therapy is normally done using viral carriers. Viral carriers 

are the most used vectors for this approach due to their capacity to penetrate the targeted cell, high 

efficiency and long-term expression. Although, they have serious downsides mainly their cytotoxicity, 

and genotoxicity[102]. So, non-viral carriers like liposomes have been developed, which are less cytotoxic 

and still efficient gene delivery nanocarriers.   

 

1.12.1 RNA interference therapy 

In the past few years, RNA interference has become a promising therapy. With the disclosure 

of the human genomic data, and the possibility to design oligonucleotide agents based in mRNA 

transcripts, every gene can be downregulated using the RNAi mechanism. These therapeutic 

oligonucleotides can be divided in several categories, due to their mechanism of action. The most 

important ones include: Antisense; aptamers; splice correcting oligonucleotides; siRNA; miRNA 

mimics and antagonists; immunomodulating agents and decoys.[103] 
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The use of siRNA for silencing genes responsible for the overexpression of proteins responsible 

for the initialization or progression of some diseases is emerging as one of the most promising 

therapies. The versatility, specificity for the targeted site in the messenger RNA (mRNA), and the 

efficient knockdown of the gene contribute for the rising popularity of this technique[104]. 

Small interfering RNA (siRNA) is a class of small (20 to 25 base pairs in length), double 

stranded RNA. siRNA interferes with the expression of genes with complementary nucleotide 

sequences degrading the mRNA after transcription. This molecule can be used for the treatment of 

various diseases, from viral infections to cancer and neurodegenerative diseases. The systemic 

delivery of siRNA is a difficult task, due to its unfavorable pharmacokinetics and biodistribution profiles. 

Naked siRNA will not only be accumulated in the targeted cells, but also in other tissues and organs. 

siRNA also has poor circulation stability and is susceptible for degradation by extracellular RNases[105]. 

Moreover, as the plasma membrane has a selective permeability, siRNA molecules will not be able to 

diffuse through this barrier due to its highly negative charge[106]. In order to overcome the referred 

issues various strategies have been used in the past few years, including the modification of siRNA, 

or the use of nanocarriers[107]. Viral nanoparticles have an effective delivery in vitro and in vivo, but their 

low selectivity and citotoxicity are a setback. So, lipid nanocarriers are the most promising transporters 

for siRNA delivery; particularly due to the ability to functionalize them to target a specific type of cell, 

as well as low toxicity. 
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1.13 Exosome composition and formation 

Exosomes are lipid nanocarriers composed by a bilayer that can encapsulate from proteins to 

nucleic acids[108]. The composition of its lipid bilayer is highly similar to the cell’s membrane (figure 5).  

 

Exosomes are a homogenous population of 20-150 nm nanovesicles formed from endosomes 

originated from invaginations of the plasma membrane[109]. Exosomes go through 4 important stages 

in their formation: (i) initiation, (ii) endocytosis, (iii) multivesicular bodies formation and (iv) exosome 

secretion. At the final stage exosomes with encapsulated molecules are exported from their original 

cells[110]. The exosomal content and membrane lipid composition depends on the parental cell.  

1.13.1 Therapeutic administration of exosomes 

Exosomes biodistribution is determined by the administration route, dose and cellular origin. The 

recognition of exosomes by the cells is still poorly understood. It is reported that adhesion[111], free 

floating[112] and antigen-presentation[113] are the most common recognition mechanisms. Similarly, the 

Figure 5: Exosome components and lipidic constitution: cholesterol (CHOL); sphingomyelin 

(SM);.phosphatidylcholine (PC); phosphatidylserine (PS) and phosphatidylenositol (PE). 
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internalization of exosomes into the target cells is not fully understood[114]. However, some 

internalization routes, like soluble and juxtacrine signaling, fusion, phagocytosis, micropinocytosis, 

receptor and raft mediated endocytosis stand out as the major internalization routes[112]. 

 

1.14 Exosome-like nanoparticles 

Exosome-like particles can be divided in two distinct categories. The first one, natural exosome-

like nanoparticles and the second one synthetically produced exosome-like nanoparticles. On the first 

group it is possible to highlight the exosome extracted from plants and fruit, which have a similar 

composition of mammalian exosomes. These exosomes are mostly extracted from grape, grapefruit 

(GELNs)[115], grapefruit-derived exosome-like nanoparticles (GDNs)[116], exosome-like nanoparticles 

isolated from coconut water[117], Citrus limon derived nanoparticles[118], ginger and carrot 

nanoparticles[119]. All the systems from this group have characteristics similar to cell membrane 

constituent or to human exosomes. Their size ranges from 50 nm to approximately 150 nm. A major 

drawback of natural exosome is their long and expensive isolation and purification. Synthetic exosomes 

can be prepared by serial extrusion through a polycarbonate membrane of different cell lines. Lunavat 

et al. demonstrated that by serial extrusion through 10 µm, 5 µm and 1 µm polycarbonate membrane 

filters of NIH3T3 cells they can generate exosome-like nanoparticles with approximately 150 nm. 

These nanoparticles can encapsulate siRNA, target and downregulate the major regulator in cell 

growth, c-Myc, in λ820 cells for cancer therapy[120]. This serial extrusion technique was also replicated 

by Jang et al., that resulted in the development of exosome-like nanoparticles from human U937 

monocytic cell line, for delivery of chemotherapeutics such as doxorubicin for malignant tumors[121]. 

Following the same principle, Bryniarski et al. produced exosome-like particles from CD8+ T cells, that 

can suppress Ag-specific CS-effector T cells These particles were also used by the same group to 

encapsulate and deliver siRNA[122]  

One example of a bottom up approach in developing synthetic exosome-like nanoparticles can 

be found in the work done by Chen et al. They developed exosome-like silica nanoparticles composed 

of hexadecyltrimethylammonium bromide (CTAB), ammonia, decane, dimethylhexadecylamine 

(DMHA) and silica have also been produced[123]. Although they have low cytotoxicity and have a size 

similar to exosomes (140 nm) they do not mimic exosomes composition. Thus, the production of a 
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system that has both the lipid constitution and properties of exosomes, without the long processes of 

extraction and isolation is yet lacking.   

 

1.15 Objetive 

Since the discovery of the antioxidant effects of curcumin, some therapies have been proposed 

for the delivery of this molecule to the brain. Exosomes, as naturally occurring vesicles linked with the 

transport of TAU and amyloid-β, are interesting carriers that have been proposed for Alzheimer’s 

disease therapy directly targeting the brain. These nanocarriers, as they are naturally occurring 

vesicles, do not induce any cytotoxicity. They can also be easily incorporated by cells. Exosome-like 

liposomes, which overcome some limitations associated with exosomes, are emerging as promising 

carriers of bioactive molecules. Yet, there are no reports of such a exosomal-like system which can 

incorporate curcumin and deliver it to the brain. Furthermore, the encapsulation of nucleic acids in 

these vesicles is yet in its early steps. The dual delivery of curcumin and therapeutic nucleic acids 

would therefore be a major breakthrough for Alzheimer’s disease potential new treatments. 

So, in order to alleviate the symptoms of Alzheimer’s a treatment with curcumin and siRNA 

against TAU would target the hallmarks of the disease and slow it´s progression. 

Our group developed a new type of exosome-like nanoparticles, constituted by lipids that 

mimic natural exosome composition. The main goal of this work was to optimize loading of both 

curcumin and siRNA in these exosome-like liposomes and evaluate encapsulation efficiency, as well 

as cytotoxicity and bioactivity using in vitro mammalian cell culture, namely to measure the 

neuroprotective effects of curcumin.  

2 Materials and Methods  

For the encapsulation of siRNA and curcumin, two formulations of exosome-like liposomes 

were tested. The first one, the most similar to naturally occurring exosomes, contains cholesterol, 

DPPC, sphingomyelin and finally PEG-ceramide, that is not found in the natural composition of 

exosomes but is needed to shield the exosome-like liposomes from an immune response[124]. An 

additional formulation was prepared, with slight variations such as inclusion of DODAP, essentially to 
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give the exosome-like liposomes a positive surface charge, to facilitate electrostatic encapsulation of 

the siRNA. 

2.1 Materials 

Cholesterol, sphingomyelin, Dipalmitoylphosphatidylcholine (DPPC), 1,2-dioleoyl-3-

dimethylammonium-propane (DODAP) and N-palmitoyl-sphingosine-1-{succinyl[methoxy(polyethylene 

glycol)2000]} (PEG ceramide) were purchased from Avanti Polar Lipids (Alabaster, AL). The RiboGreen 

kit was acquired from Invitrogen (Eugene, OR). Fetal bovine serum (FBS), Ham's F-12 medium and 

Penicillin/Streptomycin were purchased from Biochrom GmbH (Berlin, Germany). Dulbecco’s 

Modified Eagle’s Medium- high glucose (DMEM), 7-Hydroxy-3H-phenoxazin-3-one-10-oxide sodium salt 

(resazurin), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid, N-(2-Hydroxyethyl) piperazine-N′-(2-

ethanesulfonic acid) (HEPES buffer), 2-(N-Morpholino)ethanesulfonic acid, 4-

Morpholineethanesulfonic acid (MES buffer), citric acid, sodium citrate, trypan blue and Curcuma 

longa were acquired from Sigma-Aldrich (St. Louis, MI). 4′,6-Diamidine-2′-phenylindole dihydrochloride 

(DAPI) was obtained from Acros Organics/Thermo Ficher Scientific (Waltham, MA). Infinity 

Cholesterol® was acquired from Thermo Ficher Scientific (Waltham, MA). siRNA targeting TAU (5’ 

rCrArUrCrCrArUrCrArUrArArArCrCrArGrGrATT’) was purchased from Integrated DNA Technologies 

(Leuven, Belgium). Absolute ethanol was acquired from Merck (Darmstadt, Germany). 

2.2 Lipid solutions  

The different lipid concentrations were prepared by adding the necessary lipid mass to 1 ml 

of absolute ethanol or chloroform in the case of DODAP (table 2). The solutions were dissolved at a 

temperature above 60 °C, followed by vigorous vortexing. The lipid solutions were then stored at -20 

° C until use.  

 

2.3 Curcumin solution  

A 10 mM solution of curcumin was prepared by solubilizing 3.7 mg of Curcuma longa in 1 ml 

of absolute ethanol. Due to curcumin photosensitivity [125] the solution was prepared in the dark, and 

stored at -20ºC, protected from light. 
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2.4 Buffers  

HEPES buffer preparation (pH 7.4) 

Briefly, 4.77g of HEPES and 8.474g of NaCl were dissolved into 1 L of ultrapure water to 

obtain a final concentration of 20 mM of HEPES and 14.50 mM of NaCl. The pH was adjusted to 7.4 

using a solution of NaOH, 20 mM. The solution was then filtered through a 0.20 µm pore diameter 

filter, and stored at 4 ° C. 

Citrate buffer preparation (pH 3) 

For this buffer, citric acid and sodium citrate (0.33 g and 0.09 g respectively) were weighed. 

These compounds were dissolved in 200 ml of water. The pH of this solution was not corrected, as 

the solution already had pH = 3.00.  

 

2.5 Exosome-like liposome preparation 

All exosome-like liposomes were prepared by ethanolic injection. This technique consists on 

the injection of the lipids dissolved in ethanol, into an aqueous solution, such as water or an aqueous 

buffer.  

Table 2: Concentration of the stock solution and percentage of the various lipids used in the preparation of the 
exosome-like liposomes. 

Lipid Concentration (mM) 
Lipid percentage in the 

formulation (%) 

Cholesterol 40 0.50 

DPPC 30 0.30 

Sphingomyelin 30 0.15 

PEG-ceramide 20 0.05 
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Briefly, 400 µl of the lipid solution (described in table2) were added, dropwise with a pipette 

tip, under vigorous vortexing, in aliquots of 60 µl, alternating cycles of injection of these aliquots and  

to a 600 µl solution with HEPES buffer.  

 

 

2.6 Preparation of exosome-like liposomes with DODAP 

DODAP has a positive charge at acidic pH and a neutral charge at pH=7.4; so citrate buffer 

at pH=3 was used to prepare these exosome-like liposomes. The preparation of this formulation was 

performed similarly to the one described at section 1. For these exosome-like liposomes, a film was 

made, to which the remaining lipids (162.5 µl of cholesterol, 65 µl of sphingomyelin and 32.5 µl of 

PEG-ceramide) were later added. The lipid film was made by pipetting 84.2 μl of a DODAP solution 

and 86.7 μl of a DPPC dissolved in chloroform at a concentration of 40 mM and 30 mM, respectively. 

The solutions were added to a test tube, and the chloroform evaporated on a rotary evaporator. The 

remaining lipids were added to this film, and this solution is injected in 60 μl aliquots into 400 μl of 

citrate buffer with the siRNA alternating between injection under vortexing and incubation in a bath at 

60º C, above the phase transition temperature.  

 

2.6.1 Separation of the encapsulated and free fractions 

Two steps were used to separate the encapsulated siRNA in the exosome-like liposomes from 

the free, unencapsulated siRNA: i) purification of the exosome-like liposomes in a molecular exclusion 

column, and ii) the separation of the two fractions using amicons® with a pore size of 100 nm. This 

process is essential to enable further quantification of the encapsulated siRNA. This step guarantees 

that the free siRNA cannot interfere with the quantification of the encapsulated siRNA. 
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2.6.1.1 Exosome-like liposome purification in a molecular exclusion column 

Exosome-like liposome purification was realized so that any unencapsulated siRNA or 

curcumin does not interfere in further quantification of the encapsulated siRNA and curcumin. This 

process consisted in the passage of aliquots of 200 μl of the exosome-like liposomes with HEPES 

buffer trough a molecular exclusion column, separating the exosome-like liposomes and the free 

curcumin and siRNA altering the concentration of the exosome-like liposomes. A subsequent lipid 

quantification was necessary, by quantifying the cholesterol present in the samples to determine the 

new concentration of exosome-like liposomes. 

 

2.6.1.2 Separation of the encapsulated and free fractions of siRNA using 

amicons® 

This procedure was performed by subjecting 500 μl of the previously prepared exosome-like 

liposomes to centrifugation for 15 min at 14000 rpm and 4 ° C (temperature at which the RNases do 

not act). The centrifugation was performed in an amicon® with 100 nm pore PES membrane. Both 

portions (encapsulated and free siRNA) were immediately stored on ice, and the measurement of the 

free siRNA was performed immediately. After each use the amicon® was washed and centrifuged at 

14000 rpm for 15 min with absolute ethanol (1x) and ultrapure water (2x) in order to remove any 

contamination at a later time. 

 

2.7 Size and polydispersity determination by Dynamic light scattering (DLS) 

This technique consists in the measurement of the scattered light from small particles. This 

process can give information about the particle’s proportion and their state of motion. It consists in 

measuring the diffusivity of the particles, when undergoing Brownian motion[126].  

For spherical particles, the Stokes-Einstein equation can be used to establish the relationship 

between the diffusion coefficient DT and the hydrodynamic diameter of the particles: 
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𝐷𝑇 =
𝐾𝐵𝑇

3ᴨµ𝐷
 

Equation 1: Stokes-Einstein equation where KB is the Boltzmann constant, T is the absolute temperature, D is 
the particle’s hydrodynamic diameter and µ is the dynamic viscosity of the medium 

 

This hydrodynamic diameter is a theoretical diameter of a sphere that diffuses light in the 

same way as the particle that is being measured. 

The scattering light fluctuates randomly, with the Brownian motion of the particles. Small 

particles move faster than large ones, making this random fluctuation of the scattering light also faster 

[127]. 

The particles in the measured sample have a certain degree of heterogeneity. The 

polydispersity index (PDI) is used to determine the uniformity of the sample, in terms of the particle’s 

size. The sample is monodisperse if the PDI is below 0.1and polydisperse for higher values. There are 

many factors that can affect the polydispersity of one sample such as the heterogeneity of the particles, 

their aggregation, or their contamination. High polydispersity values can lead to unreliable results, far 

from the real size of the particles[126]. 

Briefly, an aliquot of 10 µl of each exosome-like liposome sample was diluted in 990 µl of 

HEPES buffer. This solution was the placed in a polystyrene cuvette and the size and PDI were 

measured, with an attenuator between 6 and 9 and a count rate always superior to 150 counts. 
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2.8 Surface charge measurement by Electrophoretic light scattering (ELS) 

This technique is based on the electrophoretic principles. When a solution is introduced into 

a cell that has two electrodes, and an electrical field is applied to the electrodes, the particles that 

have a net charge, will migrate towards the oppositely charge electrode. This migration has a certain 

velocity, known as the mobility of the particles, that is related to their zeta potential.  

This technique is used to measure particle charge in solution. It does not measure only the 

outer layer of the particle, but also its solvation layer. The charge felt between these two layers is 

called zeta potential. This has a wide range of implications, being the most important one that the real 

charge of the particle can be mitigated by the solvent.  

For this measurement, an aliquot of 800 µl of the solution prepared for the DLS analysis was 

placed in the zeta cuvette. 

 

2.9 Exosome-like liposome lipid concentration quantification  

Exosome-like liposomes purification in the exclusion column changes the initial lipid 

concentration. Moreover, the use of amicons® to separate the free fraction from the encapsulated 

siRNA also alters the concentration of the exosome-like liposomes. Lipid quantification is necessary to 

calculate the efficiency of siRNA encapsulation, that is expressed relative to the lipid concentration in 

solution. The lipid quantification process in the sample consists on the quantification of cholesterol. 

This quantification was carried out by the InfinityTM® cholesterol method, and the result was 

stipulated to be the total lipid concentration. The measurements were done according to the 

Figure 6: Schematic representation of a dip cell. Adapted from[151]  
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manufacturer’s instructions. The comparison of the samples with the standards with known 

concentrations, enables the precise calculus of the lipid concentration in the samples. Dilution factors, 

as well as the percentage of cholesterol in relation to the total lipid were considered. 

 

2.10 Lysis of the exosome-like liposomes for the quantification of encapsulated 

siRNA 

In order to determine which detergent would cause greater destabilization of the exosome-like 

liposomes, for the better release of siRNA, four detergents were tested: C12E8, Triton 10X, Tween 20 

and Tween 80. The evaluation of the liposomal destabilization caused by these four compounds was 

performed by DLS. Treatment of the exosome-like liposomes with the detergents consisted on the 

mixture of 6 µl of detergent to 1 μl of exosome-like liposomes in 93 μl of ultrapure water. This solution 

is subsequently heated to 60 ° C, and vortexed vigorously. This step allows a better action of the 

detergent on the destabilization of the exosome-like liposomes. The solutions were immediately stored 

on ice to prevent degradation of the siRNA, and the size and PDI of these samples are then measured. 

Finally, the concentration of siRNA released by the exosome-like liposomes was measured. 

 

2.11 Encapsulated siRNA quantification 

Encapsulated siRNA quantification was performed using RiboGreen®, and the fluorescence 

measurement was obtained for each sample using the chosen detergent: C12E8. Treatment of the 

exosome-like liposomes with this compound was reported in the previous step. As soon as the samples 

reach room temperature, they were transferred to a 96-well fluorescence plate. 100 μl of RiboGreen® 

200x was added immediately. After a 5 min incubation protected from light, the fluorescence of the 

samples was measured at λexc=485nm and λem=538 nm. The concentration of siRNA in each sample 

was obtained by the calibration curve (figure 7) performed previously.  

The calibration curve represents a linear relationship between the fluorescence intensity of 

the samples and their siRNA concentration. Thus, through the equation it is possible to know the 

concentration of siRNA present in the several samples. 
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The number of moles of lipid and siRNA on each formulation was calculated. The experimental 

and theoretical relationship between the number of moles of siRNA and lipid present in the exosome-

like liposomes was calculated by the following equation: 

 
nº of moles of siRNA

lipid nº of moles in solution
 

Equation 2: Relationship between the number of moles of siRNA and the number of moles of the lipid in solution 

 

The percentage of siRNA encapsulated in the exosome-like liposomes. is obtained by the 

following equation:  

%EE =
relation between the experimental siRNA and lipid nº moles

relation between the teorical siRNA and lipid nº moles
X100 

Equation 3: Efficiency of encapsulation of siRNA in the exosome-like liposomes. After the calculation of the 
theorical and experimental percentage of siRNA, we can calculate the percentage of siRNA encapsulated in the 
exosome-like liposomes by dividing the experimental value by the theorical value of siRNA. 

 

y = 2E+08x + 0,7403
R² = 0,9751
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Figure 7: siRNA calibration curve.  
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2.11.1 Quantification of siRNA encapsulation by electrophoresis 

To confirm the efficiency of encapsulation of siRNA obtained by the fluorimetric method, using 

the RiboGreen® probe, an electrophoresis was performed, in the same conditions, i.e. using the same 

concentration of lipid for each sample. Thus, it is possible to obtain a qualitative analysis of the siRNA 

content in the exosome-like liposomes.  

To avoid the loss of siRNA, the percentage of agarose in the gel was increased from 1% to 2%. 

Thus, 2 g of agarose were added to 100 ml of 1x TAE buffer. This solution was subsequently heated 

to solubilize the agarose. Then, 5 μl of MidoriGreen, a fluorescent probe that binds to nucleic acids, 

was added to the gel, allowing the visualization of the siRNA bands. After the polymerization, the 

samples were pipetted into the wells along with 6X LB. The samples were subjected to a constant 

voltage of 50V for 15min. A low voltage was used because a raise in temperature could damage siRNA.  

 

2.12 Curcumin encapsulation in the samples 

Two lipid formulations with and without DODAP were used to evaluate curcumin encapsulation 

efficiency. For that, an ethanolic injection method was used where curcumin was added to the lipids. 

A 10 mM ethanolic curcumin solution was added to the lipids, reaching 10% of the total volume of the 

lipid solution. This solution was heated to 60°C and injected dropwise, under high vortexing. Two 

different buffers were used for each formulation. 5 μl of the solution was added to citrate buffer for 

DODAP-containing exosome-like liposomes. Similarly, 5 µl of the solution was added to HEPES buffer 

for exosome-like liposomes without DODAP. 

Due to the fact that curcumin is highly hydrophobic, it should be encapsulated in the exosome-

like liposomes upon the ethanolic injection. After the exosome-like liposomes were formed, a 200μl 

aliquot of each formulation was withdrawn and passed through the exclusion column in order to 

remove any free curcumin in solution. 

Six standards with rising concentrations of curcumin, and the same lipid concentration were 

also prepared. These were incubated in a Thermoblock at 60°C for 1 h and were then pipetted to a 

96 well plate. The samples absorbance was measured at λexc=420 nm and λem=520 nm.  
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After these procedures, the intrinsic fluorescence of curcumin was measured in both purified 

and unpurified exosome-like liposomes (λexc=420 nm e λem=520 nm). This way we can guarantee that 

the fluorescence obtained was only due to the curcumin and not due to a greater lipid concentration.  

2.13 Co-encapsulation of siRNA and curcumin in exosome-like liposomes containing 

DODAP  

The exosome-like liposomes were prepared by initially making a lipid film with 84.2 µl of 

DODAP and 86.7 µl of DPPC. Cholesterol, sphingomyelin, PEG ceramide and curcumin at the 

percentage of 10% of the total volume of the solution, all dissolved in absolute ethanol, were added to 

this film. This lipid solution was pipetted dropwise and under strong vortexing, in the citrate buffer with 

0.04 µmol of siRNA, above the melting temperature (MT). 

 

2.14 Curcumin encapsulation efficiency determination  

The curcumin encapsulated in the exosome-like liposomes was quantified with a similar 

procedure as the one used for siRNA. For the quantification of curcumin, its fluorescence was used 

instead of a probe, as done in the siRNA assay. The value of the percentage of encapsulated curcumin 

was obtained by comparing the concentration of curcumin in exosome-like liposomes without 
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purification in the molecular exclusion column and the concentration of purified ones. The equation 4 

explains the relation between these two variables:  

EE% =
[curcumin]P

[curcumin]T
𝑥100 

Equation 4: Encapsulation efficiency of curcumin. The fluorescence of the purified exosome-like liposomes 
[curcumin]p is divided by the fluorescence of exosome-like liposomes without purifying [curcumin]T, after the 
utilization of a calibration curve with increasing concentrations of curcumin incubated with empty exosome-like 
liposomes. 

 

2.14.1 Fourier-transform infrared spectroscopy (F-TIR) 

For further corroboration of curcumin encapsulation, F-TIR was performed. Briefly, an aliquot 

of 10 µl of free curcumin, empty exosome-like liposomes and curcumin-loaded exosome-like liposomes 

was left to dry for 2 h prior to each measurement  

 

2.15 Mammalian cell culture  

Mouse embryonic cell line (L929) was used as they are widely used cells for the evaluation of 

nanoparticles and compound cytotoxicity. The SH-SY5Y human neuroblastoma cell line is a model for 

the study of oxidative stress, for systems that are proposed to reach the human brain. 

Mouse fibroblastic cell line (L929) was cultivated in Dulbecco's minimal essential medium 

(DMEM), supplemented with 10% (v/v) of inactivated fetal bovine serum (FBS), 1% (v/v) of 

antibiotic/antimycotic and 1% (v/v) L-glutamine. The cells were maintained in 25 cm2 tissue culture 

flasks, in an incubator with 5% CO2, set to 37ºC. The cells were subcultured in 25 cm2 flasks using 

0.05% trypsin, before reaching confluence, in order to maintain their properties. 

For the SH-SY5Y human neuroblastoma cell line, the cells were cultivated in a mixture (1:1) 

of Dulbecco's minimal essential medium (DMEM) and Ham's F12 nutrient Mixture, supplemented with 

10% (v/v) FBS, 1% (v/v) antibiotic/antimycotic and 1% (v/v) L-glutamine. These cells were also 

maintained in the same conditions as described previously.  
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All the assays were performed under sterile conditions in a laminar flux chamber, with sterile 

equipment, to avoid contaminations. 

 

2.16 Viability assessment - Resazurin assay 

Resazurin reduction assay was used to test the metabolic activity of the cells. This compound 

can be dissolved in physiological buffers, giving the solution a deep blue coloration. Then this solution 

can be added to the cell culture, giving different coloration to viable cells. Cells with an active 

metabolism reduce the resazurin into the resorufin product which is pink and fluorescent. Then this 

fluorescence can be measured, and the number of viable cells can be determined, since the quantity 

of resorufin produced is proportional to the number of viable cells. Although resorufin quantity can be 

measured by a change in absorbance, this procedure is not as sensitive as the measurement of 

fluorescence. This technique has various advantages, which make it widely used, most of the times in 

determent of tetrazolium reduction assay, or MTT and MTS assays. These advantages include it’s high 

sensibility, the fact that is relatively inexpensive, it uses an homogenous format and can be conjugated 

with other methods, such as measuring caspase activity, among others[128].  

L929 cell line was plated at the density of 2.73x104 cells/well in a 24 well plate and were left 

to adhere for 24h in an incubator with 5% CO2. The medium was then removed and the exosome-like 

liposomes at different concentrations, in duplicates, dissolved in medium were added. A positive 

control containing 30% (v/v) of Dimethyl Sulfoxide (DMSO) in medium, and a negative control 

containing only medium, in duplicate, were also tested. After the desired incubation time (24h; 48h 

and 72h), exosome-like liposomes were removed and a solution of resazurin and medium (1:10) was 

added to the cells. After 2 h of incubation, triplicates containing 100 µl of this medium was transferred 

to a 96 well fluorescence plate, and the fluorescence was measured at λEx=560 nm; λEm=590 nm.  

2.17 Cell membrane integrity - Trypan blue assay 

L929 cells were plated in a 24 well plat at the density of 2.73x104 cells/well and were left to 

adhere for 8h in an incubator with 5% CO2 and 95% air. The medium was then removed and the 

exosome-like liposomes, in duplicates and the positive (30% (v/v) DMSO) and negative (only medium) 

were added to the cells. After the incubation period of 24h and 48h, these conditions were removed, 

and the cells were trypsinized with trypsin 0.05%, and then counted, with the addiction of trypan blue, 
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to distinguish the cells with a compromised membrane from the others. The percentage of viable cells 

was then calculated.  

 

2.18 Curcumin neuroprotection assays 

For these assays, various concentrations of curcumin-loaded exosome-like liposomes with and 

without DODAP were used. In order to understand which concentrations of curcumin would present 

no cytotoxic effects to the cells, three concentrations of free curcumin at the concentrations of 8 μM 

and 20 μM were tested. Exosome-like liposomes with the least toxic concentrations of curcumin were 

then incubated with the cells, and the cytotoxicity was measured after 24 h.  

For all the assays, cells were plated at the density of 1x105 cells/well in 24 well plates. After 

overnight stabilization, the cells were incubated with the exosome-like liposomes and the respective 

controls. For the induction of oxidative stress, 1 mM of t-BHP was added to SH-SY5Y cells after contact 

with the exosome-like liposomes. For the resazurin and AO/PI assays, the medium with the 

compounds was removed from the cells, and fresh medium containing t-BHP was added to induce 

oxidative stress. Fresh medium without t-BHP was added to the controls. After 2 h of incubation, the 

medium was removed for all conditions and 500 µl of resazurin at 2.4x10-4M dissolved in medium 

was added into each well. The cells were in contact with resazurin for 2 h.100 µl of each sample, in 

triplicates, were transferred to a 96 well fluorescence plate. The fluorescence was the measured at 

λexc=420 nm and λem=520 nm. 

For the AO/PI assay, after the incubation with t-BHP, 25 µl of PI at 50 µM were added for 

each well, and the plate was left in the dark at 37º C for 15 min. Then, aliquots of 25 µl of acridine 

orange at 50 µM were added to the plate and incubated for another 15 min. The fluorescence was 

then visualized using FITC and TRITC filters in a fluorescence microscope.  

For the DCF assay, the medium was removed and 200 µl of DCF at the concentration of 100 

µM were added to each well. The cells were left in the dark for 30 min at 37º C. Then, DCF was 

removed and 300 µl of a solution of t-BHP 1 mM in medium was added to each well and left to react 

for 15 min. The cells were then lysed with 350 µl of DMSO:PBS 1:1 (v:v) under agitation for 10 min. 

The fluorescence was then measured at  λexc=485 nm and λem=538 nm. 
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3 Results 

The physico-chemical properties of the exosome-like liposomes and curcumin-loaded 

exosome-like liposomes with and without DODAP, such as their size, polydispersity and surface charge 

were addressed. After verifying the encapsulation efficiency of curcumin in the exosome-like 

liposomes, they were incubated in SH-SY5Y cell to verify their neuroprotective effects against the 

induction of oxidative stress.  

 

3.1 Empty and curcumin loaded exosome-like liposomes 

Empty exosome-like liposomes were prepared by the ethanol injection method and were then 

purified, in a size exclusion column. The ethanol injection technique is an highly utilized technique 

that is easy to scale up and produces small liposomes, with low polydispersity [129]. When the lipids 

reach the aqueous solution, they immediately organize into structures such as liposomes. Although 

this is a highly tunable technique, since various parameter such as temperature, lipid concentration 

and percentages, stirring velocity, or even the properties of the buffer, this also means that this 

technique can be less reproducible method than, for example, the extrusion method[130]. Although this 

technique has some disadvantages, the overall simplicity, the fast implementation and the fact that it 

does not cause lipid degradation or oxidative alteration, makes it an interesting and widely used 

technique[131]. 
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3.1.1 Size, PDI and zeta potential of empty and curcumin-loaded exosome-like 

liposomes 

Size, PDI and zeta potential measurements (figure 9) were then carried to assess 

physicochemical properties of the purified exosome-like liposomes. The same procedure was applied 

to curcumin-loaded exosome-like liposomes.  

Figure 9 illustrates significant differences in size between exosome-like liposomes and 

curcumin-loaded exosome-like liposomes, for both exosome-like liposome formulations. The 

encapsulation of curcumin seems to be causing a rearrangement in the exosome-like liposomes’ 

structure, leading to bigger sizes and higher polidispersity index. There are no significant differences 

between exosome-like liposomes (with and without DODAP) in their charge, polidispersity and surface 

charge. 

3.1.2 Storage stability of empty and curcumin-loaded exosome-like liposomes 

The stability of the exosome-like liposomes was measured over time as depicted in figures 10 

and 11. Exosome-like liposome stability is an important property for their storage, as stable exosome-

like liposomes should retain their encapsulated contents. The more shelf life these nanoparticles have, 

the more time they can be stored while still retaining their properties and thus potentially applicable 

for therapeutic purposes. 

Figure 9: Size (bars), polydispersity (PDI; dots) and surface charge of empty and curcumin-loaded exosome-like 

liposomes, with and without DODAP. 
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By analyzing figures 10 and 11, it is possible to verify that 6 months after their production, 

the exosome-like liposomes begin to lose stability, as indicated by a high polydispersity value. The size 

of the exosome-like liposomes seems to increase over time, which may be due to some level of 

aggregation in solution as the exosome-like liposomes become destabilized. 

3.1.3 Curcumin encapsulation efficiency 

Samples were analyzed before and after purification in the molecular exclusion column. The 

encapsulation percentages were calculated by comparing the unpurified samples with the purified 

ones. The results obtained are shown in Table 8. 

Figure 10: Size stability of empty liposomes without DODAP. 

Figure 11: Size stability of empty liposomes with DODAP. 
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Table 3: Curcumin encapsulation efficiency of samples with and without DODAP in the formulation 
(λexc=420nm; λem=520nm). 

Samples Encapsulation efficiency (%) 

Exosome-like liposomes without DODAP 88.10 

Exosome-like liposomes with DODAP 93.60 

 

It is possible to verify a high encapsulation efficiency for both formulations, which is slightly 

higher for the formulation with DODAP. The high hydrophobicity of curcumin may be the most 

important factor for encapsulation.  

3.1.4 F-TIR assay 

The freshly produced curcumin-loaded exosome-like liposomes were tested along with empty 

exosome-like liposomes and free curcumin. Figure 12 shows the absorbance spectra of the three 

samples. In the wavelength between 1900 and 3000 shows the peaks of exosome-like liposomes. The 

rest of the peaks show the links between curcumin and the exosome-like liposomes. The highest 

absorbance peak was at 1419. The spectra of curcumin-loaded exosome-like liposomes clearly show 

the successful incorporation of curcumin in the formulation. 

 

 

 

 

 

 

 

 Figure 12: F-TIR absorbance spectra of free curcumin, empty exosome-like liposomes and curcumin-loaded 
exosome-like liposomes. The black arrows show the peaks where the presence of the exosome-like liposomes 
is visible, and the blue arrows indicate the presence of curcumin. 
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3.1.5 Resazurin assay 

Resazurin assay was used to test cell viability, related to cellular metabolism. Two controls 

were used: one with with HEPES at the percentage of the most concentrate liposome sample:18% 

(v/v), and the death control with 30% (v/v) DMSO. 

After the incubation period, fluorescence at 590nm was measured and the percentage of cell 

survival was expressed normalized against the negative control (100% viability). The results were 

expressed as percentage of cell survival for each timepoint (24h; 48h and 72h).  
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Figure 13: Viability assays of exosome-like liposomes with DODAP in L929 cell line. All concentrations of 
exosome-like liposomes with DODAP induce little to no cytotoxicity. These exosome-like liposomes show little 
toxicity that does not seem to be correlated with their concentration, at the tested values. 
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The results clearly show that exosome-like liposomes with and without DODAP have little 

toxicity towards this cell line. Exosome-like liposomes with DODAP induce low cytotoxicity for all the 

concentrations tested, with most of them leading to cell viability above 80% in all the assays.  
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Figure 14: Viability assays of exosome-like liposomes without DODAP in L929 cell line; All concentrations of 

exosome-like liposomes without DODAP induce little to no cytotoxicity. The two most concentrated samples of 

these exosome-like liposomes seem to induce more toxicity than all the other samples.  



 

40 
 

 

 

 

 

 

 

 

 

 

 

 

The same assay was performed in SH-SY5Y cells, with only the two highest concentrations of 

exosome-like liposomes with and without DODAP being tested, as shown in figure 15, for validation of 

the results obtained thus far. In this cell line, the exosome-like liposomes also do not induce significant 

toxicity for the cells. For the exosome-like liposomes without DODAP it is evident that their toxicity in 

this cell line is significantly less than towards the L929 cell line. 

 

3.1.6 Trypan blue assay 

This assay was performed to study the plasma membrane’s integrity, when the cells were 

exposed to the exosome-like liposomes.  
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Figure 15: Cytotoxicity of curcumin-loaded exosome-like liposomes in SH-SY5Y cell line.  
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Figure 16: Percentage of unmarked cells when incubated with exosome-like liposomes with DODAP. The 

cells were counted, and the percentage was expressed considering the percentage of unmarked in relation 

to the total number of cells. 

Figure 17: Percentage of unmarked cells when incubated with exosome-like liposomes without DODAP. The 

cells were counted, and the percentage was expressed considering the percentage of unmarked in relation 

to the total number of cells. 
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Since this dye is unable to penetrate the well-preserved plasma membrane, viable cells will 

not incorporate this dye. However, cells with a compromised plasma membrane will be stained blue 

since the dye can easily cross their damaged membrane. 

The results obtained further prove that both exosome-like liposomes show little to no 

cytotoxicity. None of the exosome-like liposome concentrations , both with and without DODAP induce 

more than 20% of cell death. In this assay, exosome-like liposomes without DODAP do not induce cell 

permeability in the two most concentrated samples, in contrast to the little metabolic damage they 

cause, as measured by the resazurin assay. Even though this difference is small, this can indicate that 

these exosome-like liposomes more directly affect metabolism than cause membrane damage. When 

comparing to viability assays, for the two higher concentrations of exosome-like liposomes without 

DODAP, it is evident that in this assay, cells incubated with exosome-like liposomes at those 

concentrations are more viable. 

 

3.1.7 Curcumin internalization assay 

In order to determine if the exosome-like liposomes can successfully deliver curcumin to cells, 

SH-SY5Y were incubated with loaded exosome-like liposomes. Free curcumin was used as a control 

for the internalization of curcumin with the exosome-like liposomes. Figure 18 shows the internalization 

of this molecule for the various concentrations at 2h and 4 h of incubation.  
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We verified that there are apparent differences between these two timepoints in terms of 

curcumin internalization. After 4 h, curcumin seems to be more internalized by the cells. As visible in 

the figure, there seems to be a higher incorporation of curcumin into the cells for the curcumin-loaded 

exosome-like liposomes than for free curcumin.  

Figure 18: Curcumin internalization in SH-SY5Y cells: a), c) and e) 2h of incubation and b); d) and f) 4h of 
incubation. a) and b) represent free curcumin 20 µM; c) and d) liposomes without DODAP with 20 µM of 
curcumin and e) and f) liposomes with DODAP with 20 µM of curcumin.  

a) b) 

c) d) 

e) f) 
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3.1.8 Curcumin neuroprotection assay 

In order to verify which was the maximum concentration of curcumin that could be used safely 

in this cell line, a cytotoxic test with 3 concentrations of free curcumin was performed. The obtained 

results can be found in figure 19 where we can see that the only concentration that does not induce 

cytotoxicity was 8 µM.  

A neuroprotective assay was also performed for similar concentrations of free curcumin. It is 

evident that the only concentration with significant differences from the control with t-BHP is 8 µM. At 

this concentration, curcumin is non-cytotoxic, contrary to the others, protecting cells from the oxidative 

insult. 

After verifying which range of concentrations were safe to cells, a cytotoxicity assay, in the 

same conditions, with the same controls, was performed to evaluate cellular response to exosome-like 

liposomes containing similar concentrations of curcumin. These results are presented in figure 20. 

Figure 19: Effects in cell metabolism when SHSY-5Y cells are incubated with three different concentrations of 
curcumin (400 µM, 40µM and 8 µM). The oxidative stress inducer was t-BHP at 1 µM. 
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With the analysis of these results we can conclude that both formulations are effective in 

protecting the cells against the oxidative insult applied. These results show that curcumin-loaded 

exosome-like liposomes provide better neuroprotection against oxidative stress than the free curcumin. 

Based on the fact that both concentrations of curcumin in the exosome-like liposomes have similar 

effect, we can postulate that this outcome is not dependent of the curcumin concentration, at least 

above the concentration of 4x10-5 M. The two formulations also produce similar results.  

3.1.9 Reactive Oxygen Species (ROS) generation in SH-SY5Y cell line 

The probe DCFH-DA was used to evaluate the accumulation of reactive oxygen species in SH-

SY5Y cells. The results shown in figure 21 indicate that pre-incubation with exosome-like liposomes 

with curcumin reduces the production and accumulation of ROS in SH-SY5Y cells exposed to t-BHP.  

Figure 20: Neuroprotective effects of exosome-like liposomes with encapsulated curcumin in SH-SY5Y cells. The 
oxidative stress inducer used was 1 µM t-BHP. 
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By analyzing figure 21, it becomes clear that there is a clear reduction in ROS production in 

the SH-SY5Y cell line when incubated with the curcumin-loaded exosome-like liposomes. There is a 

significant difference in the results obtained with the exosome-like liposomes loaded with 20 µM of 

curcumin in comparison with the other exosome-like liposomes tested. In short, these exosome-like 

liposomes seem to confer better protection in neural cells than the other exosome-like liposomes 

tested or free curcumin, in neural cells exposed to oxidative insult.  

 

3.1.10 Acridine orange/ Propidium iodide assay   

To understand if the protection conferred by the loaded exosome-like liposomes could 

translate into a reduction  of apoptosis due to the oxidative stress, the neural cells were stained with 

both acridine orange and propidium iodide. The use of these two molecules to evaluate apoptosis was 

described in the literature[132], providing a successful distinction between apoptotic and non-apoptotic 

cells. Acridine orange is membrane-permeable, so it can be incorporated by live cells and stain the 

cell nuclei green. The identification of non-viable cells was addressed with propidium iodide, as this 

dye is not membrane-permeable and can only stain the nuclei blue, when the cells are compromised 

Figure 21: Percentage of ROS produced in SH-SY5Y cells in each condition. The percentage is expressed relative 

to the control with t-BHP. 
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and their membrane is not intact[132]. As shown in figure 23 untreated cells are majorly stained green, 

with few apoptotic cells, while the control with t -BHP a great portion of the cells are stained red, a 

clear marker of apoptosis. Nevertheless, some cells treated with exosome-like liposomes with either 

of the two tested concentrations of curcumin, for both formulations, become apoptotic. The percentage 

of apoptotic cells for these conditions is however substantially lower than for the negative control.  

 In figure 22, it is evident that the control with t-BHP presents more apoptotic cells than the 

control where cells are incubated only with medium. The incubation of free curcumin prior to induction 

of oxidative stress leads to a lower number of apoptotic cells. The incubation of  cells with the exosome-

like liposomes lead to a higher neuroprotection, translated into cell viability levels similar to that of the 

positive (life) control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Percentage of non-apoptotic cells for each condition in SH-SY5Y cells. 
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Figure 23: Apoptotic SH-SY5Y cells incubated with a) only medium; b) medium with t-BHP 1 mM; c) h) free 

curcumin 20 µM; d) 20 µM of curcumin loaded liposomes without DODAP; e) 8 µM of the previous liposomes; 

f) 20 µM of curcumin loaded liposomes with DODAP; g) 8 µM of the previous liposomes. 

a) b) 

c) d) 

f) e) 

g) 
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By analyzing figure 22 and 23, it is evident that cells incubated with curcumin-loaded exosome-

like liposomes are less prone to enter late apoptosis than cells exposed only to the oxidative insult. It 

is also clear that the curcumin-loaded systems are more efficient than free curcumin. No differences 

in neuroprotection capacity were found between the 2 concentrations of curcumin loaded into 

exosome-like liposomes, or between exosome-like liposomes with and without DODAP. 

 

3.2 siRNA exosome-like liposomes 

 

3.2.1 Size, PDI and zeta potential of siRNA exosome-like liposomes 

The size and zeta potential of the siRNA-loaded exosome-like liposomes without DODAP at 

diverse concentrations (1x10-5M; 5x10-5M; 1x10-4M e 2x10-4M) was measured in order to address 

differences in size, polydispersity and superficial charge. These differences are shown in the graphics 

of figure 24. Every sample was evaluated in the same concentration and conditions, only varying the 

concentration of siRNA encapsulated. 

4  

 

 

There is a tendency of positive correlation between increasing surface charge and increasing 

concentrations of siRNA. However, slight differences in surface charge of the various exosome-like 

liposomes are noticeable, being less negative with increasing siRNA concentrations 

Figure 24: Size (bars), polydispersity and zeta potential (dots) of exosome-like liposomes without DODAP and 
with rising concentrations of siRNA (C1=4.10x10-6M; C2=5x10-6M; C3=1x10-5M e C4=2x10-5M). 
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3.2.2  siRNA encapsulation efficiency  

For the verification of the siRNA encapsulation efficiency with the RiboGreen® assay, the only 

free, non-encapsulated siRNA can bind to the dye and provide a measurable fluorescence signal. For 

this effect, after the encapsulation of siRNA and the separation of the free and encapsulated fractions, 

the exosome-like liposomes were destabilized with different types of detergents, for subsequent 

detection. 

 Then, the size and PDI of the samples after the treatment with the detergents were measured, 

in order to detect which detergent would cause greater destabilization. The results are found in figure 

25, as a graphical representation of the size populations of each sample. 

 

 

 

 

 

 

 

 

In figure 25 we can clearly detect two or more separate populations, after exosome-like 

liposomes were treated with the detergents. The population with the smaller size should represent the 

detergents’ micelles, since they are known to have a much smaller size than the liposomes[133]. It is 

clear that the exosome-like liposomes treated with C12E8 are the most destabilized as they present 

more populations, with a wide range of sizes.  

The efficiency of siRNA encapsulation was calculated using the procedure previously 

described. After the destabilization of the exosome-like liposomes, siRNA fluorescence was measured 

using the RiboGreen® dye. The same measurements were performed for the control containing only 

Figure 25: Liposomes with the initial formulation in Hepes buffer with a siRNA concentration of 4.10x10-5 M 
after heating, vortexing, and cooling 5 min on ice: a) liposomes without detergent; b) liposomes with 
C12E8; c) with Tween 20 and d) with Triton 10x. 
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water and RiboGreen®, and another control containing water, RiboGreen® and the chosen detergent 

C12E8. The percentages of siRNA encapsulated in each exosome-like liposome are shown in table 4. 

siRNA encapsulation efficiency was determined after the purification on the molecular exclusion 

column, because with the method of passing the samples through amicon®, all samples had similar 

encapsulation efficiencies, all very close of 100%. We deducted that the separation of encapsulated 

and free siRNA, using this method, was not efficient. This was proved by the molecular exclusion 

method, with which we obtained very different encapsulation efficiencies.  

Table 4 shows that there is almost 100% of siRNA encapsulation of siRNA in exosome-like 

liposomes containing DODAP. For the sample with 4.10x10-4 M of siRNA, there is a lower encapsulation 

efficiency of this molecule: 78.30%. The encapsulation efficiency was calculated for the concentrations 

of 5x10-5 M, 1x10-4 M and 2x10-4 M of siRNA in the exosome-like liposomes with the formulation without 

DODAP (0.24%, 0.20% and 0.47%, respectively). These encapsulation efficiencies help to prove that 

the exosome-like liposomes without DODAP are not suitable for encapsulation of siRNA. 

The same study was performed with the exosome-like liposomes containing DODAP in the 

formulation using 3 different concentrations of siRNA. 

Table 4: Encapsulation efficiency of 3 different siRNA concentrations in the exosome-like liposomes with 
DODAP. 

siRNA concentration (M) Encapsulation efficiency (%) 

2.50x10-9 97.70 

5x10-9 98.90 

4.10x10-4 78.30 

To prove this siRNA encapsulation efficiency, exosome-like liposomes with and without DODAP 

in the formulation were subjected to electrophoresis, which is represented in figures 26 and 27. 
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Samples of siRNA encapsulated in the exosome-like liposomes were evaluated with the initial 

formulation with two concentrations of siRNA: 5x10-5 M and 1x10-4 M. Free siRNA was also included 

as control. All samples have the same theoretical amount of siRNA: 3.32μg. The encapsulated and 

free components correspond to exosome-like liposomes which were subjected to centrifugation in 

amicons® for purification. The encapsulated part corresponds to exosome-like liposomes retained in 

the filter and the free part is the remaining solution which passed through the pores of the filter. 

After verification that the initial formulation did not encapsulate any siRNA, the efficiency of siRNA 

encapsulation was tested upon the addition of a cationic lipid to the formulation. This would cause the 

positive charge of the lipid to electrostatically attract the siRNA, which has negative charge. The chosen 

cationic lipid was DODAP, since its capacity to promote siRNA encapsulation is widely reported in the 

literature[134]. The results of electrophoresis of siRNA lipoplexes made of DODAP-containing exosome-

like liposomes are shown in figure 27. 

 

 

 

4.1x10-5 M 1x10-4 M 

 
Figure 26: Electrophoresis of: a) siRNA 3.32 μg; b) sample without purification; c) free part; d) encapsulated 

part; e) purified and treated with detergent; f) unpurified exosome-like liposomes; g) free part; h) encapsulated 

part; i) purified and treated with detergent exosome-like liposomes; j) ladder. 

a) b) c) d) e) f) g) h) i) j) 
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We observed an unquestionably effective encapsulation of siRNA with the addition of this lipid 

to the formulation, which can be verified in samples h) and I), where the appearance of a band 

indicates the presence of siRNA, in relation to a) to g) where, as expected, there is no free siRNA. After 

addition of any of the detergents, liposomal destabilization leads to a subsequent release of siRNA. 

Thus, it can be concluded that the addition of DODAP in the formulation was crucial for good siRNA 

encapsulation.  

 

3.2.3 siRNA and curcumin co-encapsulation efficiency 

DODAP exosome-like liposomes were used for the co-encapsulation of siRNA and curcumin, 

since they showed the highest efficiency of siRNA encapsulation. All samples were adjusted to the 

same lipid concentration. The results obtained are presented in table 5. 

 

 

Figure 27: Electrophoresis of a) siRNA 3.32 μg; b) sample without purification; c) free part; d) encapsulated 

part; e) encapsulated part treated with C12E8; f) encapsulated part treated with Triton 10x; g) purified exosome-

like liposomes; h) purified and treated C12E8 exosome-like liposomes; i) purified and Triton-treated exosome-like 

liposomes; j) ladder. 

a) b) c) d) e) f) g) h) i) j) 
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Table 5: Encapsulation efficiency of curcumin 1x10-3 M and 4.10x10-5 M siRNA in exosome-like liposomes with 
DODAP. 

Samples 
siRNA encapsulation efficiency 

(%) 

Curcumin encapsulation 

efficiency (%) 

Co-encapsulation of curcumin and 

siRNA 
40.50 20.20 

Separate encapsulation of 

curcumin and siRNA 
78.30 93.60 

 

An electrophoresis was performed using the same lipid concentration in each sample, so that 

variations in band intensity were only due to differences in siRNA encapsulation. Thus, it was possible 

to obtain a qualitative analysis of the siRNA content in the lipoplexes, and the differences between the 

separation techniques. Obtained results are shown in figure 28.  

 

 

 

 

 

 

 

 

These results are concordant with those obtained with the fluorescence analysis method using 

RiboGreen®. Thus, the percentage of co-encapsulation of siRNA and curcumin is 40.5% and 20.2% 

respectively. Since these values are considerably lower than those obtained with separate 

Figure 28: Electrophoresis of: a) siRNA; liposomes with DODAP b) without siRNA; c) non-purified; d) non-purified 

with C12E8; e) purified; f) purified with C12E8; g) encapsulated part; h) C12E8-treated encapsulated part; i) free 

siRNA from the liposomes passed through the amicon®; j) ladder. 

a) b) c) d) e) f) g) h) i) j) 
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encapsulation of the two molecules, the latter strategy was chosen and exosome-like liposomes 

containing each molecule were later mixed for a dual formulation.  

 

4 Discussion 

Exosome-like liposomes, with or without DODAP, encapsulating curcumin display similar size, 

PDI and surface charge, although of significantly higher size and PDI than exosome-like liposomes 

without any load. This effect of curcumin on liposome size and PDI was also seen by Yin et al.[135] as 

their liposomes loaded with curcumin had a bigger size than unloaded ones. However, these exosome-

like liposomes have a size below 200 nm, which is essential to be able to cross the blood brain barrier, 

and have a PDI close to 0.2, and so the sample is not very polydisperse[136]. 

The encapsulation efficiency of curcumin for these systems is high, even for high 

concentrations. These encapsulation efficiencies are similar to those obtained by Riwang et al. that 

achieved 88,75% of curcumin in chitosan liposomes[137]. Exosome-like liposomes containing DODAP 

have a slight superior encapsulation efficiency than the ones without this molecule in their constitution. 

As curcumin is less soluble in aqueous solutions[138], preparation of exosome-like liposomes with the 

citrate buffer (pH 3.0) can make curcumin more likely to be internalized in the exosome-like liposomes. 

This can explain the higher encapsulation efficiencies for this molecule in exosome-like liposomes 

containing DODAP. 

The F-TIR analysis shows, as marked by the arrows in figure 12, that some peaks are 

prominent in some wavelengths for each sample. As described in the literature[139], curcumin has a 

peak in its F-TIR absorbance spectra in 1419 cm-1. As is seen in figure 12, free curcumin and curcumin 

loaded exosome-like liposomes have some common peaks, proving that curcumin was indeed 

encapsulated in these exosome-like liposomes. The remaining peaks are all relative to the lipids that 

constitute the exosome-like liposomes. These peaks are marked with the black arrows and are 

coincident in the graphs of empty and loaded liposomes. Taken together, this proves that curcumin is 

encapsulated in the exosome-like liposomes. 

As for the cytotoxic assays, we can assume that cell metabolism is not affected by liposome 

concentration up to 4 mM. Although also showing low cytotoxicity, samples containing higher 

concentrations of exosome-like liposomes without DODAP tend to induce more cytotoxicity. The two 
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higher concentration of these exosome-like liposomes (5 mM and 1 mM) lightly affect cell metabolism 

and viability, contrary to other exosome-like liposome concentrations. This was not observed with the 

trypan blue assay. The addition of DODAP to the formulation, potentially giving the exosome-like 

liposomes a positive surface charge, and potentially causing more cytotoxicity, due to interference with 

the membrane potential and with membrane function and integrity[140]. However, this negative effect 

was not observed, and exosome-like liposomes with DODAP induce even less cytotoxicity than 

exosome-like liposomes without this positive lipid in the formulation. This fact can be justified with the 

use of low concentrations of DODAP and its low cytotoxicity by itself. In fact, liposomes with this lipid 

have been associated to a lower cytotoxicity compared to liposomes with other cationic lipids [141]. 

Furthermore, this molecule is only positively charged for acidic pH (3.0 or lower)[142]. While these 

exosome-like liposomes were prepared in citrate buffer with pH 3.0, they were later purified in the 

molecular exclusion column, with HEPES buffer of pH 7.4. This could mitigate the positive charge of 

DODAP, making these exosome-like liposomes less problematic to exposed cells. The fact that these 

exosome-like liposomes are little to non-cytotoxic is further proven by the results in figure 29, 

supplementary data, where it can be seen that the cells maintain their normal morphology after 24 h, 

48 h and 72 h of incubation with the exosome-like liposomes. Although the induction of some 

cytotoxicity, the HEPES should not be cytotoxic, as it is a biocompatible buffer, that can be used in 

some culture mediums and cell assays. 

The curcumin-loaded exosome-like liposomes can deliver curcumin into the cells with more 

efficiency than what was reported by Li et al. in which only a similar transfection of free and liposomal 

curcumin in LoVo human colorectal cancer cells could be achieved[143]. However, curcumin seems to 

not enter the nuclei, as seen in figure 18. These results are similar to those by Banderali et al. who 

reported perinuclear accumulation of curcumin [144]. The exosome-like liposomes and free curcumin 

accumulate inside the cells more strongly after 4 h of incubation. No apparent difference between the 

two types of exosome-like liposomes in delivery efficiency was noted. 

Curcumin-loaded exosome-like liposomes also do not seem to induce cytotoxicity, provided 

that the concentration of curcumin in the exosome-like liposomes is lower than 20 µM. There is evident 

toxicity of curcumin for values superior to 40 µM (free curcumin) as evidenced by figure 19. Free 

curcumin is cytotoxic, as described by Woo et al. that demonstrated that, when treated with 50 µM of 

curcumin, human renal carcinoma Caki cells would enter apoptosis, by activating caspase 3 cleavage 

of phospholipase C-g1 and DNA fragmentation[145]. 
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Curcumin-loaded exosome-like liposomes also do not seem to induce cytotoxicity, provided 

that the concentration of curcumin in the exosome-like liposomes is lower than 20 µM. There is evident 

toxicity of curcumin for values superior to 40 µM (free curcumin) as evidenced by figure 19. Free 

curcumin is cytotoxic, as described by Woo et al. that demonstrated that, when treated with 50 µM of 

curcumin, human renal carcinoma Caki cells would enter apoptosis, by activating caspase 3 cleavage 

of phospholipase C-g1 and DNA fragmentation[145]. 

Curcumin-loaded exosome-like liposomes with and without DODAP contribute to a reduction 

of oxidative stress production and its consequent negative effect on cell metabolism in the SH-SY5Y 

neuronal cell line, which is proven by the resazurin, DCFH and Acridine orange assays. Daverey et al. 

also found that curcumin can alleviate oxidative stress and mitochondrial damage[146]. Yin et al.  also 

found that curcumin can protect SH-SY5Y cells against oxidative stress by up-regulating HO-1 

expression[147]. 

For lipoplex formation, DODAP was essential to give exosome-like liposomes a positive surface 

charge (figure 23), facilitating electrostatic encapsulation of siRNA. siRNA could be efficiently 

encapsulated in exosome-like liposomes with DODAP, with the least encapsulation efficiency for 

4.1x10-4 M siRNA, possibly by reaching the saturation limit for encapsulation of this molecule. 

To quantify the efficiency of siRNA encapsulation, the detergent with the best results was C12E8. 

By analyzing the size of the exosome-like liposomes in figure 25, we can deduct that the detergents 

that cause greater destabilization in the exosome-like liposomes are C12E8 and Triton 10x. This was 

expected since these detergents are known to induce the fusion of liposomes into larger vesicles, 

posteriorly solubilizing them[148]. It is possible to verify through PDI analysis of the samples treated with 

the various detergents that Triton should cause a greater destabilization of the exosome-like liposomes. 

However, it is notorious that this variation in polydispersity is greatly affected by the high number of 

detergent micelles, and not because of the substantial destabilization of the exosome-like liposomes. 

Although Tween 20 causes high polydispersity in the exosome-like liposomes, this is seen because 

there is a second population, corresponding to the detergent micelles, causing little to no liposomal 

destabilization. Moreover, studies show that this detergent has low destabilization efficiency [149], so it 

was discarded. By analyzing the graph with detergent C12E8, it is possible to substantiate that it caused 

greater destabilization, generating several populations of exosome-like liposomes, of different sizes. 
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This fact, together with a pronounced polydispersity, indicates that this detergent is the most suitable 

for the destabilization of this type of exosome-like liposomes.  

 The electrophoresis performed further corroborate the encapsulation of siRNA in exosome-

like liposomes with DODAP and the impossibility to incorporate this molecule in exosome-like 

liposomes without DODAP. This could be due to a non-internalization of the siRNA in the exosome-like 

liposomes. 

The co-encapsulation of siRNA and curcumin in exosome-like liposomes with DODAP was 

proven inefficient, with a drastic decrease in the incorporation of these molecules. The rearranging of 

the membrane by curcumin can be fundamental for the non-encapsulation of siRNA. Curcumin 

possibly mitigates the positive charge of the exosome-like liposomes, making siRNA encapsulation 

more difficult. As these molecules compete for incorporation into the membrane of exosome-like 

liposomes (siRNA at the surface and curcumin inside the membrane) the co-encapsulation of these 

molecules is not the best strategy. However, the parallel production of curcumin and siRNA-loaded 

exosome-like liposomes proved to be very efficient and the mixture of these exosome-like liposomes 

after their production is a promising and interesting approach for their later use in therapy. 

 

Conclusions and future work 

The physico-chemical properties of the exosome-like liposomes obtained by ethanol injection 

were studied using the DLS . The DLS measurements proved that the exosome-like liposomes could 

be used to cross the blood brain barrier, since their size is inferior to 200 nm. There were no significant 

differences in size and polydispersity between both formulations, and they both could efficiently 

encapsulate curcumin, with efficiencies superior to 80 %. The encapsulation of siRNA was only 

successful for exosome-like liposomes with DODAP, due to the positive charge of this lipid that could 

electrostatically bind this molecule to the exosome-like liposomes. The F-TIR measurements also 

proved that curcumin was encapsulated in exosome-like liposomes containing DODAP, and the 

electrophoresis proved that exosome-like liposomes without DODAP could not encapsulate it, while it 

was proved to be present in exosome-like liposomes with DODAP. These tests allowed us to conclude 

that exosome-like liposomes with DODAP were suitable to encapsulate both curcumin and siRNA, 

while exosome-like liposomes without DODAP could only encapsulate curcumin. The co-encapsulation 
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of siRNA and curcumin in exosome-like liposomes with DODAP was proved to be inefficient as the 

efficiency of encapsulation for both molecules was drastically inferior. For a possible therapy, it could 

be beneficial to encapsulate these molecules separately and administrate a mixture of exosome-like 

liposomes either with or without DODAP for curcumin and with DODAP for siRNA. 

Neither of these exosome-like liposomes were proven to be cytotoxic to the L929 or SH-SY5Y 

cell lines. In fact, even though DODAP is known to be cytotoxic (even though it is less cytotoxic that 

other common positively charged lipids used in liposome preparation), in the literature, due to its high 

positive charge[150], we found that exosome-like liposomes without DODAP were more toxic for the two 

highest concentrations. All these factors make exosome-like liposomes with DODAP better carriers for 

the encapsulation and delivery of curcumin and siRNA. 

The curcumin exosome-like liposomes successfully penetrate the cell membrane and deliver 

curcumin in the cytoplasm, not the nuclei. For the neuroprotection assays, both exosome-like 

liposomes with curcumin loaded were tested. The results were similar for both formulations. These 

neuroprotective effects were proven by the diminishing of the ROS levels, the improved metabolic 

activity and the reduction of cells entering late apoptosis, after oxidative insult when cells were pre-

incubated with exosome-like liposomes containing curcumin. This effect was also observed for free 

curcumin, although to a lesser extent than for the same quantity of curcumin delivered by the exosome-

like liposomes. This can indicate that the exosome-like liposomes do not only protect curcumin from 

external threats, giving it stability and providing a carrier to transport it to the brain, but also allow the 

curcumin to be internalized into the cells and have better neuroprotection effects. 

Further in vivo tests can be performed in order to test these exosome-like liposomes 

cytotoxicity and bioactivity. Zebrafish are an excellent model to test nanoparticles and can be an 

interesting vessel to verify the accumulation of these exosome-like liposomes.  
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5. Supplementary Data  

 

 

Liposomes without DODAP 

(C= 8x10-7 M) 

 

Liposomes without DODAP 

(C= 5x10-3 M) 

Liposomes with DODAP 
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Figure 29: L929 cell morphology after 24 h of incubation with the liposomes. 


