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ABSTRACT 

 

Central nervous system (CNS) disorders, such neurodegenerative diseases (NDs) are 

increasing over the last years as a consequence of a continuous growing and aging of 

population. 

The molecular mechanisms underlying the pathophysiology of NDs, namely Alzheimer and 

Parkinson diseases, are still not fully understood. Neurodegeneration seems to be 

multifactorial and associated to a complex set of events comprising inflammation, oxidative 

stress, caused by an overproduction of reactive oxygen species (ROS), depletion of 

endogenous antioxidants, protein dysfunction and aggregation, among others, that at the end 

lead to the demise of neurons. Oxidative stress induced by imbalanced redox states, involving 

either excessive generation of reactive oxygen species (ROS) or dysfunction of the antioxidant 

system, and the higher levels of iron in the brain seems to have a crucial role in NDs 

progression. So, antioxidant therapy emerged as an useful approach to modulate oxidative 

stress events. However, despite the promising results obtained in in vitro cell-free and cell-

based assays, the pharmacokinetics/pharmacodynamics properties of the majority of 

antioxidants preclude their advance in pre- and clinical trials. The blood-brain barrier (BBB) 

formed by specialized structures, such as cell-cell adhesion complexes obliterating the 

paracellular space (tight junctions) and an array of transport and shuttle proteins, mainly by 

action of P-glycoprotein (P-gp), is also a part of the CNS attrition drawbacks.  

PEGylated platforms engineered to specifically target desired organs, cells or tissues and 

deliver therapeutic agents across BBB has aroused the interest of both academy and industry 

as a solution for the treatment of NDs. In addition, PEGylation technology has been associated 

with improvement of drug solubility and half-life circulation by protecting them against in vivo 

biological inactivation.  

In this thesis, PEGylation was used to ameliorate the bioavailability of two different antioxidant 

systems based on hydroxycinnamic acids (caffeic (CAF) and ferulic (FER) acids) and the 

cytotoxicity of a mitochondriotropic antioxidant (AntiOxCIN6). In the last case a dual PEGylated 

antioxidant (CPTPP) was obtained by PEG functionalization with caffeic acid and mitochondria 

targeting triphenylphosphonium (TPP+) cation. The PEGylated antioxidants systems were 

generally named as PEGAntiOxs. In addition, two potent and selective monoaminoxidase-B 

inhibitors (coumarin C75 and chromone C27) were encapsulated in polymeric NPs 

(PLGA@C75 and PCL@27 NPs) coated with PEGylated surfactants.  

Overall, the bioactive compounds were successfully conjugated or encapsulated in PEGylated 

platforms. In physiological conditions, PEGAntiOxs showed hydrodynamic values between 95 

and 575 nm, with the exception for CPTPP conjugate that presented large aggregates. 
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PEGylated antioxidants displayed similar radical scavenging activities as they precursors in 

cell-free in vitro total antioxidant assays, with catecholic conjugates showing higher activity. 

The same tendency was observed in antioxidant activity cell-based in vitro assays, where 

PEG1CAF showed remarkable protective effects against the oxidative damage caused by 

H2O2, t-BHP and FeNTA stressors. The increase of PEG chain led to a decrease in 

neuroprotective properties, as observed with PEG5CAF and CPTPP.  

Both PLGA@C75 and PCL@C27 NPs showed a sustainable iMAO-Bs release in physiological 

medium, with final C75 and C27 amount release, after 7 days, of 45.8 ± 1.9 % and 67.7 ± 3.7 

%, respectively. The release was severely affected in gastrointestinal mimic medium. The 

sustainable release of both iMAO-Bs was probably due to a slow diffusion through polymeric 

matrix, which suggests an interaction between iMAO-Bs and NPs matrix.  

PEGylated platforms allowed to circumvent the cytotoxicity presented by CAF (50 and 100 

µM), FER (50 and 100 µM), AntiOxCIN6 (10, 25 and 50 µM) and C75 (10 and 50 µM) in all cell 

lines tested. Furthermore, PEGylated systems, with exception for CPTPP, were inhibitors of 

P-gp (data attained in Caco-2 cells). This result was of the uttermost importance since C75 

was found to be a P-gp substrate. In fact, PLGA@C75 NPs allowed a higher C75 uptake in 

Caco-2 cells and a basal accumulation (28.8 % of initial dose) in the permeability assay using 

Caco-2 cells. PCL NPs showed to be able to cross Caco-2 monolayers, although with a lower 

cross efficiency. 

In general, the PEGylated systems were able to cross through hCMEC/D3 cell monolayers, an 

in vitro model of BBB. For instance, the accumulation in basal medium of PLGA@C75 NPs 

(50 µM) and PEG1CAF (100 µM) was 25.6 and 27.3 % of initial dose, respectively. The 

hydrodynamic size, the overall lipophilicity of the systems and the capacity of P-gp inhibition 

capacity were found to be the most important parameters that modulate the permeability 

across biological barriers of the developed systems. 

 

Keywords: Neurodegenerative diseases, PEGylation technology, PEG antioxidant 

conjugates, PEGylated nanoparticles, MAO-B inhibitors and blood-brain barrier. 
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RESUMO 

 

Os distúrbios do sistema nervoso central (SNC), tais como as doenças neurodegenerativas 

(DNs) têm vindo a aumentar nos últimos anos como consequência de um crescimento 

contínuo do envelhecimento da população. 

Os mecanismos moleculares subjacentes à fisiopatologia dos DNs, nomeadamente as 

doenças de Alzheimer e Parkinson, ainda não são totalmente conhecidos. A 

neurodegeneração parece ser multifatorial e associada a um complexo conjunto de eventos 

que compreende inflamação, stress oxidativo causado por uma superprodução de espécies 

reativas de oxigênio (ERO), depleção de antioxidantes endógenos, disfunção e agregação 

de proteínas, entre outros, que no final levam à morte neuronal. O stress oxidativo induzido 

por estados redox desequilibrados, envolvendo a geração excessiva de ERO, a disfunção 

do sistema antioxidante e os elevados níveis de ferro no cérebro parecem ter um papel 

crucial na progressão dos DNs. Assim, a terapia antioxidante surgiu como uma útil 

abordagem para modular os eventos de stress oxidativo. No entanto, apesar dos resultados 

promissores obtidos em ensaios in vitro não-celulares e celulares, as propriedades 

farmacocinéticas/farmacodinâmicas da maioria dos antioxidantes impedem o seu avanço 

em ensaios pré-clínicos e clínicos. A barreira hematoencefálica (BHE) formada por 

estruturas especializadas, como complexos de adesão célula-célula que obliteram o 

espaço paracelular (junções justas) e uma matriz de proteínas de transporte de efluxo, 

nomeadamente a glicoproteína P (P-gp), também fazem parte do restrito acesso ao SNC. 

Plataformas PEGuiladas projetadas para atingir especificamente órgãos, células ou tecidos 

e fornecer agentes terapêuticos em toda a BHE têm despertado o interesse da academia 

e da indústria como uma solução para o tratamento de DNs. Além disso, a tecnologia de 

PEGuilação tem sido associada à melhoria da solubilidade do fármaco e do aumento de 

tempo de circulação, protegendo-os contra a inativação biológica in vivo. 

Nesta tese, a PEGuilação foi usada para melhorar a biodisponibilidade de dois sistemas 

antioxidantes diferentes baseados em ácidos hidroxicinâmicos (ácidos cafeico (CAF) e 

ferúlico (FER)) e a citotoxicidade de um antioxidante mitocondriotrópico (AntiOxCIN6). No 

último caso, um antioxidante PEGuilado (CPTPP) foi obtido pela dupla funcionalização do 

PEG com o CAF e o catião trifenilfosfônio (TPP+) visando a mitocôndria como alvo. Os 

sistemas antioxidantes PEGuilados foram geralmente denominados PEGAntiOxs. 

Adicionalmente, dois potentes e selectivos inibidores da monoaminoxidase-B (cumarina 

C75 e cromona C27) foram encapsulados em nanopartículas (NPs) poliméricas 

(PLGA@C75 e PCL@C27 NPs) revestidos com surfactantes PEGuilados. 



xviii | Resumo 

 

No geral, os compostos bioativos foram conjugados ou encapsulados com sucesso em 

plataformas PEGuiladas. Em condições fisiológicas, os PEGAntiOxs apresentaram valores 

hidrodinâmicos entre 95 e 575 nm, com exceção do conjugado CPTPP que apresentou 

grandes agregados. Os antioxidantes PEGuilados apresentaram atividades de captação 

de radicais livres similares aos seus precursores em modelos de avaliação da atividade 

antioxidante não celulares, com os conjugados catecólicos apresentando maior atividade. 

A mesma tendência foi observada em modelos celulares de avaliação da antioxidante, nos 

quais o PEG1CAF apresentou notáveis efeitos protetores contra o dano oxidativo causado 

pelos agressores H2O2, t-BHP e FeNTA. O aumento da cadeia de PEG levou a uma 

diminuição das propriedades neuroprotetoras, como observado com PEG5CAF e CPTPP. 

Ambas as NPs de PLGA@C75 e PCL@C27 apresentaram uma sustentável libertação de 

iMAO-Bs em meio fisiológico, com uma libertação final de C75 e C27, após 7 dias, de 45,8 

± 1,9% e 67,7 ± 3,7%, respetivamente. A libertação foi severamente afetada no meio que 

mimetizou o fluido gastrointestinal. A libertação sustentável de ambos os iMAO-Bs foi 

provavelmente devida a uma lenta difusão através da matriz polimérica, o que sugere uma 

interação entre os iMAO-Bs e a matriz de NPs. 

Plataformas PEGuiladas permitiram contornar a citotoxicidade apresentada por CAF (50 e 

100 µM), FER (50 e 100 µM), AntiOxCIN6 (10, 25 e 50 µM) e C75 (10 e 50 µM) em todas 

as linhas celulares testadas. Além disso, os sistemas PEGuilados, com exceção do 

CPTPP, foram inibidores da P-gp (dados obtidos em células Caco-2). Este resultado foi da 

maior importância visto que se verificou que o C75 é um substrato da P-gp. De fato, as NPs 

de PLGA@C75 permitiram uma maior incorporação de C75 nas células Caco-2 e um 

acúmulo basal (28,8% da dose inicial) no ensaio de permeabilidade usando células Caco-

2. As NPs de PCL mostraram ser capazes de atravessar as monocamadas de Caco-2, 

embora com uma menor eficiência de permeação. 

Em geral, os sistemas PEGuilados foram capazes de atravessar monocamadas de células 

hCMEC/D3, um modelo in vitro da BHE. A acumulação em meio basal de NPs de 

PLGA@C75 (50 µM) e PEG1CAF (100 µM) foi de 25,6 e 27,3% da dose inicial, 

respetivamente. O tamanho hidrodinâmico, a lipofilicidade total dos sistemas e a 

capacidade de inibição da P-gp foram os parâmetros mais importantes que modularam a 

permeabilidade através das barreiras biológicas dos sistemas desenvolvidos. 

 

Palavras-chave: Doenças neurodegenerativas, tecnologia de PEGuilação, conjugados 

antioxidantes com PEG, nanopartículas PEGuiladas, inibidores da MAO-B e barreira 

hematoencefálica. 
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THESIS OUTLINE 

 

The thesis is organized in five chapters: 

 

Chapter I. Introduction. 

Chapter I includes a literature review on epidemiological, pathophysiological and 

pharmacological aspects of neurodegenerative diseases. It also encloses the main 

characteristics of blood-brain barrier and their restrictive capacity to block the drug 

treatment. The chapter includes an overview related with PEGylated platforms and their 

versatility in the improvement of drug bioavailability. Finally, the main goals of the present 

thesis are also outlined in this chapter. 

 

Chapter II. Introduction complement. 

Chapter II comprises a review article prepared within the scope of the thesis. It is a 

complement to the introduction as it contains additional information related with natural 

scaffold-based antioxidants and nanocarriers used in nanomedicine. Some cases of study 

with nanocarriers used as carrier for natural antioxidants are described in this review article.  

 

Chapter III. Experimental section. 

Chapter III includes the scientific articles prepared within the scope of the thesis. 

 

Chapter IV. Integrated Discussion, conclusions and future perspectives. 

Chapter IV encloses the general discussion and conclusions of the experimental data 

obtained. The most relevant results and future outlooks are also addressed in this section. 

 

Chapter V. References. 

Chapter V lists all the bibliographic references used in the previous chapters.
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1.1. Brain and neurodegenerative diseases 

The aging of the world population has become a serious case for the mental health of 

the human being. In 2010, the worldwide population with age higher than 65  years was 

estimated to be 532 million, a 33 million increase since 2000, with a growth projection of 

16.7% (1550 million) by 2050 [1]. Although the increase in longevity represents a progress 

per se, it can become a social, economic and medical problem when it is not associated 

with the maintenance of the quality of life.  

With the increasing of human lifespan, a proportional rise of the frequency and 

prevalence of central nervous system (CNS) diseases is expected [2]. The World Health 

Organization indicated that CNS diseases are the major medical challenge of the 21st 

Century. Among them, neurodegenerative diseases (NDs), namely Alzheimer's (AD) and 

Parkinson's diseases (PD) are the most widespread CNS disorders [3]. NDs are progressive 

neurological disorders characterized by the loss of neurons and synaptic connections, that 

irreversibly produce a series of events related with dementia (impairment of memory and 

cognitive capabilities) or ataxia (impairment of movement) and sometimes both [4]. The 

brain region where neuronal loss primarily occurs will dictate the type of illness. Thus, 

degeneration in hippocampal and cortical neurons is associated with the symptoms of AD, 

whereas in midbrain neurons, that use the neurotransmitter dopamine (DA), underlies PD 

[5].  

Albeit the etiology of both diseases is not fully understood, it is consensual that these 

disorders arise by multifactorial conditions, such as abnormal protein dynamics with 

defective protein degradation and aggregation, impaired bioenergetics and mitochondrial 

dysfunction, oxidative stress and free radical formation and exposure to diverse 

environmental related factors [6]. Despite the intensive research performed so far, there is 

currently no effective treatment for AD and PD. The currently therapies available are only 

focused in palliative treatment and fail to modify disease progression.  

 

1.1.1. Alzheimer’s Disease 

Alzheimer’s disease (AD) was first diagnosed in 1906 by Dr. Alois Alzheimer, when he 

noticed changes in the brain tissue of a woman who had died of an unusual mental illness. 

The patient with 51-year-old suffered from severe dementia and presented memory loss, 

language problems and unpredictable behavior. In that time, this case was a singularity, but 

nowadays AD represents the most commons cause of senile dementia [7].  

According to epidemiological surveys, it is estimated that the AD prevalence reaches 

approximately 7 % among patients with 65-69 years of age and increases to 50-60 % among 
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persons with 85 years of age [8]. With the expected increase of the worldwide elderly 

population in the decades ahead (from about 600 million now to 1.5 billion in 2050), a 

subsequent increase of the AD prevalence is predicted to lead to a 3-fold increase of 

dementia cases by 2050 [9]. This forecast represents a huge burden for the worldwide 

economy and patient’s families, with estimated costs US $1 trillion , which is greater than 

the economic impact of important and common chronic diseases, such as heart disease 

and cancer [10].  

The progression of AD is generally divided in three stages. The first one is often 

mistakenly attributed to ageing or stress. In this stage, the patient has memory lapses such 

as forgetting familiar words or the location of everyday objects, which denotes its lack of 

ability to produce new memories and skills [11]. The second stage of AD is typically the 

longest one and can last for many years. Herein, the progressive deterioration of neurons 

can lead to problems with speech and severe difficulties in reading and writing. During this 

phase, memory problems worsen, and the patient may fail to recognize close relatives [12]. 

In the most advanced phase, AD patients show full incapacity, confusion and disorientation, 

having the majority of patients mobility problems and suffering from hallucinations and 

deliriums [13].  

Overall, AD brains show a decline in neuronal mass in regions related with cognition and 

memory, which leads to a depletion of cholinergic neurons and acetylcholine (ACh), 

resulting in synaptic dysfunction [14]. The neuropathological changes of AD brains are 

mostly characterized by abnormal amyloid plaques (senile plaques) and neurofibrillary 

tangles (NFT) deposition (Figure 1) [15].  

 

 

Figure 1. Formation and deposition of senile plaques and NFT in neuron. 
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Normally, a transmembrane protein amyloid-β precursor protein (APP) is essential to 

neuron growth, survival and post-injury repair. However, in AD patients, APP is 

automatically cleaved by secretases (β and γ) into a small peptide with 39–43 amino acids 

in length called Aβ, which is deposited outside neurons in a dense conformation, also known 

as senile plaques (Figure 1) [16]. Meanwhile, NFT are intraneuronal aggregates of 

hyperphosphorylated and misfolded tau (tau-P). When tangle-bearing neurons die, NFT 

become extraneuronal and activate a series of neurotoxic processes that can cause 

synaptic dysfunction and neuronal death (Figure 1) [17]. These effects occur mainly in the 

temporal and parietal lobes and in certain parts of the frontal cortex, affecting mainly 

cholinergic neurons, which results in a decrease of ACh levels [18]. 

Although the histopathology of AD is fully understood, the main cause of the disease 

remains unknown. In fact, several hypotheses have been reported to explain the onset and 

progression of AD. These include the amyloid hypothesis, cholinergic hypothesis, 

glutamatergic hypothesis, oxidative stress hypothesis and metal hypothesis [19]. 

Currently available drugs for AD therapy are mainly focused on the cholinergic and 

glutamatergic hypothesis, with the administration of acetylcholinesterase (AChE) inhibitors 

and N-methyl-D-aspartate receptor (NMDAR) antagonists (Table 1) [20]. These drugs  are 

mainly used in mild to moderate AD [21]. 

 

Table 1. Drugs in clinical use for AD treatment. 

Drug classa Examples Structure 

AChE inhibitors 

Donepezil 

 

Rivastigmine 

 

Galantamine 

 

NMDAR 
antagonists 

Memantine 
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In order to enhance the cholinergic transmission in the synaptic cleft, AChE inhibitors 

such as donepezil (Pfizer, New York, NY, USA), rivastigmine (Novartis, Basel, Switzerland) 

and galantamine (Janssen, Beerse, Belgium), have been used to delay the degradation of 

ACh [22]. A further therapeutic option for moderate to severe AD is memantine. This drug 

is an uncompetitive, moderate-affinity N-methyl-D-aspartate (NMDA) antagonist believed to 

protect neurons from excitotoxicity [21].  

 

1.1.2.  Parkinson’s Disease 

Parkinson’s disease (PD) was firstly described by the English surgeon James Parkinson 

[23] and is the second most prevalent ND.  

Nowadays, PD affects approximately 7 million people globally, and its prevalence rate 

rose from 1 % in patients with more than 60 years of age to 4 % in the population over 80 

[24]. Due to the increased life expectancy in the future, it is expected that the number of PD 

patients will increase dramatically and may even double by 2040 [25].  

Generally, PD patients present symptoms related with the motor system, namely 

tremors, slowness of movement (bradykinesia), rigidity, and postural instability [26]. In 

addition, non-motor symptoms can also appear,  namely autonomic dysfunction, 

neuropsychiatric problems (mood, cognition, behavior or thought alterations), sensory 

(especially altered sense of smell) and sleep difficulties [26].  

Pathophysiologically, PD is characterized by a degeneration of dopaminergic neurons in 

specific areas of the substantia nigra pars compacta region of the midbrain and is related 

with a widespread DA depletion. DA synthesized in this brain region is directed to the 

striatum and frontal cortex, allowing control of the musculoskeletal system and movement. 

Consequently, the destruction of dopaminergic neurons leads to a decrease of DA levels, 

which causes most of PD symptoms. It is estimated that clinical manifestations only appear 

after 70-80 % of loss of dopaminergic neurons [26]. The pathological hallmark of PD are 

Lewy bodies, which are lamellated and fibrillated aggregates that include α-synuclein 

(αSyn) and ubiquitin (Figure 2) [27]. Accumulation of αSyn results in death of dopaminergic 

neurons [28]. 

In spite of being extensively studied, the trigger that causes of PD remains unknown. An 

appraisal of the literature points towards a complex multifactorial etiology, in which a 

multiplicity of pathological stimuli contributes to the neurogenerative cascade. So far, the 

causes pointed out are impaired calcium homeostasis, inflammation, protein aggregation 

and inefficient metabolism [29]. In addition, several studies have shown that oxidative stress 
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is a key factor in neuronal death, since mitochondrial dysfunction was observed in PD 

patients [30]. 

 

 

Figure 2. Lewy bodies formation from α-synuclein (αSyn). 

 

Similarly to the observations made for AD, the treatment for PD is focused on slowing 

down the progression of the disease, by ameliorating the motor symptoms of the patients. 

As observed in Table 2, pharmacologic therapies act particularly in the enhancement of DA 

levels, which can be achieved by: (i) direct replacement of DA with levodopa [31]; (ii) 

avoiding the levodopa metabolism with catechol-O-methyltransferase (COMT) inhibitors 

(entacapone and tolcapone) [32]; (iii) using DA receptor agonism (pramipexole, ropinirole, 

apomorphine) [33]; (iv) reduction of the DA metabolism via monoamine oxidase-B (MAO-

B) inhibition (rasagiline, selegiline, safinamide) [34].  

 

Table 2. Drugs in clinical use for PD treatment 

Drug classa Examples Structure 

DA percursors Levodopa 

 

DA receptor 
agonism 

Pramipexole 

 

Ropinirole 
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Apomorphine 

 

MAO-B inhibitors 

Rasagiline 

 

Selegiline 

 

Safinamide 

 

COMT inhibitors 

Tolcapone 

 

Entacapone 

 
 

 

1.1.3.  Oxidative stress mechanisms 

Oxidative stress has been largely studied and associated to a panoply of diseases, such 

as NDs [35], cardiac diseases [36], cancer [37], or autism [38], with diverse mechanisms of 

action. Oxidative stress occurs when the production of free radicals or their by-products 

exceed antioxidant defense mechanisms. Although oxygen is required for energy 

metabolism that maintains the survival and normal functions of most eukaryotic organisms, 

their by-products, known as reactive species, are capable of inducing biological damage 

and initiate a cascade of events mainly in mitochondria. These events include dysfunction 

of mitochondrial respiration, excitotoxicity, and a fatal rise in cytosolic calcium leading to 

cellular dysfunction [29].  

Reactive species can be defined according to their nature as reactive oxygen species 

(ROS) or reactive nitrogen species (RNS) and by the presence or absence of a paired 

electron, as radical or non-radical species [39]. Among the most reactive are the superoxide 
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anion (O2

•−) and hydroxyl (HO•) radicals, hydrogen peroxide (H2O2) and peroxynitrite 

(ONOO-) (Figure 3) [40]. They can damage cells via nonselective oxidation of lipids, 

proteins, nucleic acids and sugars whose integrity is essential for the structure and well-

function of neurons. Although both ROS and RNS contribute in biological redox reactions, 

due to their crucial role in the development of AD and PD, in this section the focus will be 

given to ROS.   

 

Figure 3. The interplay between ROS generation and endogenous antioxidant systems, Adapted 

from ref. [41]. 

 

Cellular ROS are usually generated by both exogenous and endogenous stimulus [42]. 

Exogenous sources of ROS generation include metals, ultra violet radiation, ionizing 

radiation, drugs whose mechanism of action is mediated via ROS production [43], 

environmental toxins and chemicals [44]. Endogenous production of ROS is mediated by 

mitochondrial and non-mitochondrial ROS-generating enzymes including nicotinamide 

adenine dinucleotide phosphate oxidase (Nox), xanthine oxidase, cytochrome P450 from 

endoplasmic reticulum, and flavin oxidases from peroxisomes (Figure 3) [45]. 

The O2
•− produced in oxidative chain reactions is spontaneously converted by superoxide 

dismutases (SOD) into H2O2, which is then partially reduced to HO• radical in the presence 
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of Fe2+ by the Fenton reaction (Figure 3) [46]. The HO• is also generated via the metal-

catalyzed Haber-Weiss reaction and its reaction with phospholipids induces lipid 

peroxidation and the formation of alkyl (R•), alkoxyl (RO•) and peroxyl (ROO•) radicals 

(Figure 3) [47]. These radicals are unstable and normally react with other alkyl, alcohol or 

carboxylic systems, promoting the production of radicals that are harmful and unsuitable for 

signaling processes [48]. 

Nitric oxide radicals (•NO) are generated from L-arginine by a family of enzymes called 

nitric oxide synthases (NOS) and can react with O2
•− to yield ONOO− [49]. In turn, this radical 

can react with carbon dioxide to form nitrogen dioxide and HO• that initiate lipid peroxidation.  

Most of ROS are enzymatically generated during mitochondrial electron transport chain 

(ETC) that occurs in four multiprotein complexes (I–IV) located in the inner mitochondrial 

membrane (Figure 4).  

 

 

Figure 4. Overview of mitochondrial ROS production. Adapted from ref. [50]. 

 

In complexes I and II, nicotinamide adenine dinucleotide (NADH) or flavin adenine 

dinucleotide reduced form (FADH2) can react with oxygen to produce O2
•− [51]. In addition, 

the same processes occur in the cytochrome P450-dependent oxygenases and Nox located 

on the cell membrane of phagocytes due to the  flux of electrons between complexes III and 

IV [52]. In the cytosol, enzymatic reaction from xanthine oxidase produces both O2
•− and 

H2O2 [51]. In addition, O2
•− is also produced non-enzymatically by transferring a single 

electron to oxygen by reduced coenzymes, prosthetic groups (e.g., flavins or iron sulfur 

clusters) or previously reduced xenobiotics [53]. Complexes I, II and III produce ROS within 
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the mitochondrial matrix whereas complex III also generates ROS and releases it into the 

intermembrane space (Figure 4) [50]. 

Another important source of mitochondrial ROS is MAO-B (Figure 4). This flavoenzyme 

is located in the outer mitochondrial membrane and catalyzes the oxidative deamination of 

neurotransmitters and monoamines, namely DA. MAO-B represents a significant source of 

ROS production in brain mitochondria where it has been shown to generate ROS in a much 

higher amount than the ETC [54]. 

 

1.1.4. Neurodegeneration and oxidative stress: Trigger or consequence? 

Although the pathophysiological mechanisms of NDs are complex and remain largely 

elusive, it is generally accepted that oxidative stress mediated by reactive species takes 

part of cytotoxic mechanisms triggering damage and contributes to neurodegeneration [55, 

56]. This process occurs as a direct consequence of the increased susceptibility of the brain 

towards oxidative damage. The extensive production of ROS in the brain may provide an 

explanation for the magnitude of the role of oxidative stress in NDs. The brain consumes 

about 20 % of the oxygen supply of the body, and a significant portion of that oxygen is 

converted to ROS [57]. In addition, the brain contains a large amount of oxidizable 

unsaturated fatty acids and pro-oxidants, such as transition metals, as well as low levels of 

active repair systems, presenting a reduced cellular regeneration capacity when compared 

with other organs [58]. Experimental data showed that postmortem brain tissues from AD 

or PD’s patients, possessed pathological evidences that confirm the presence of high levels 

of ROS [59], supporting the hypothesis that oxidative damage is an accountable mechanism 

for NDs. 

Among the diverse cytotoxic processes mediated by oxidative stress, the most directly 

associated are metal dyshomeostasis and metal-induced toxicity. Redox-active metals 

accumulate in NDs patient’s brains and generate ROS by Fenton and Haber-Weiss 

reactions or by promoting lipid peroxidation cascades (Figure 3) [60]. The byproducts of 

these processes can react with proteins and nucleic acids, promoting calcium deregulation 

and kinase activation. For example, acrolein is a peroxidation product of arachidonic acid, 

and is described to be responsible for the increase of the phosphorylation of Tau in both 

human neuroblastoma cells and primary cultures of mouse embryo cortical neurons [61]. 

 

AD and misfolding proteins 

High levels of ROS are trigger mechanisms based on abnormal proteins formation. In 

AD, ROS can activate c-Jun N-terminal kinases (JNK) and p38, and deactivate protein 
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phosphatase 2A (PP2A), which is responsible for tau expression inhibition (Figure 5) [62]. 

These combined processes lead to an increase of tau expression and phosphorylation, 

promoting the generation of NFT [63].  

 

 

Figure 5. The causal relationship between ROS and misfolded proteins underlying NDs. 

 

Moreover, high levels of H2O2 result in an increase of the intracellular Aβ levels in human 

neuroblastoma (SH-SY5Y) cells [64]. It has been reported that oxidative stress induces the 

accumulation of neurotoxic Aβ peptide by enhancement of APP amyloidogenic process, 

boosting the activity of β-secretase and APP cleaving enzyme 1 (BACE1) expression 

(Figure 5) [65]. The increase of Aβ aggregation leads to: (i) an activation of Nox that leads 

to an overproduction of O2
•−; (ii) a Ca2+ influx that elicits excitatory neurotoxicity; (iii) a 

generation of H2O2 during the aggregation process that converts molecular oxygen into 

H2O2 by reduction of divalent metal ions (Fe2+, Cu2+) [66]. 

Evidence also demonstrated that the aggregation of Aβ induces both expression and 

catalytic activity of AChE [67, 68]. This occurs because AChE forms a complex with Aβ, 

which has a higher toxic effect than Aβ [69]. Moreover, the kinetic properties of Aβ-AChE 

complexes (Km and Vmax)  are higher than those presented by free AChE [69]. Furthermore, 

it was found that high levels of choline, the metabolite of acetylcholine, induce O2
•−/H2O2 

overproduction in complex I-III in mitochondria during the ETC by a series of redox reactions 

[70]. 
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PD and misfolding proteins 

In PD, the presence of high levels of ROS are also related with protein aggregation 

processes [71]. Posttranslational modifications of the αSyn by oxidative stress (Figure 5), 

including those promoted by 4-hydroxy-2-nonenal (HNE-αSyn), nitration (n-αSyn), and 

oxidation (o-αSyn), have been implicated in promotion of oligomerization of αSyn into fibrils 

[59]. Among them, HNE-αSyn and n-αSyn modifications are more prone to form oligomers 

than unmodified αSyn. In fact, HNE-αSyn showed higher cellular toxicity than the other 

posttranslationally modified species, since its exposure in dopaminergic neurons led to an 

overproduction of intracellular ROS, preceding neuronal cell death [72].  

Furthermore, the metabolism of DA itself is accompanied by the reduction of oxygen to 

H2O2 (Figure 5) [73], which is of the extremely importance since that expression of MAO-B 

in neuronal tissues is age-dependent [74]. Despite that high levels of MAO-B positive 

astrocytes are contained in substantia nigra, they are somehow protected against the 

effects of H2O2 by the fact that they contain high levels of both glutathione (GSH) and 

glutathione peroxidase (GPx) (Figure 3) [75]. Contrarily, dopaminergic neurons are 

particularly vulnerable to H2O2, since that contain lower levels of GSH and GPx [76]. This 

fact suggests that H2O2 produced within astrocytes by MAO-B may be either broken down 

to H2O within these cells or may diffused to vulnerable nearby cells such as dopaminergic 

neurons.  

 

1.1.5.  Antioxidant endogenous defenses  

Although endogenous antioxidant defenses composition is vary among species, the 

presence of antioxidants capable of inhibiting or quenching free radical reactions and delay or 

inhibit cellular damage is universal [47].  

Antioxidant systems can be categorized as enzymatic and non-enzymatic. Enzymatic 

antioxidants work by breaking down and removing free radicals, converting highly reactive 

species to H2O2 and then to water, in a multi-step process in which cofactors such as copper, 

zinc, manganese and iron are generally present.  

As shown in Figure 3, examples of enzymatic antioxidants include SOD, GPx, 

thioredoxin reductase (TR) and catalase (CAT) [77]. The O2
•− is converted to O2 and H2O2 

by SOD, being the H2O2 further transformed in H2O and O2 by TR, CAT and GPx in the 

presence of a non-enzymatic antioxidant GSH [78].  

In addition, non-enzymatic antioxidants are also used to limit the over-accumulation of 

ROS. Non-enzymatic antioxidants work by interrupting free radical chain reactions. Examples of 

the non-enzymatic antioxidants, presented in Figure 6, comprise vitamin C (ascorbic acid), 
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vitamin E (α-tocopherol), co-enzyme Q10 (CoQ10), uric acid and GSH [79]. The location and 

action site of these antioxidants depend of their solubility in the water or lipids [46]. The water-

soluble antioxidants (e.g. vitamin C, CoQ10, uric acid and GSH) are present in the cellular fluids 

such as cytosol, or cytoplasmic matrix [80]. The lipid-soluble antioxidants (e.g. vitamin E) are 

predominantly located in cell membranes [80]. 

Vitamin E (Figure 6) is a lipid soluble antioxidant that stops the lipid peroxidation in cell 

membranes and in various lipid systems namely low-density lipoprotein (LDL) [46]. Vitamin E 

neutralizes lipid peroxyl radicals (ROO˙), being converted in tocopheroxyl radical. This radical 

is relatively stable and unable to scavenge ˙OH and alkoxyl radicals (˙OR) in vivo [47]. However, 

trials in mice have proven that pretreatment with vitamin E prevents brain oxidative damage [81]. 

From the clinical studies performed so far specific setbacks have been pointed out for the 

inefficacy of vitamin E therapy, namely dose and posology [82]. 

Vitamin C (Figure 6) is a water-soluble antioxidant that scavenges radicals by donating 

an electron, being converted in the ascorbate form. The pairs of ascorbate radicals react 

rapidly to produce one molecule of ascorbate and one molecule of dehydroascorbate. [83]. 

Moreover, it converts tocopheroxyl radical back to vitamin E in cell membranes in combination 

with gluthatione (GSH). Vitamin C is absorbed from the gut, and then it is rapidly distributed to 

all tissues [84]. It has been reported that the combination of vitamins C and E significantly 

reduces the prevalence and incidence of AD [84]. 

Gluthatione (Figure 6) reacts with radical species and becomes a thiyl radical itself [85], 

which dimerizes to form the non-radical glutathione disulfide (GSSG) (Figure 3). The GSH 

is regenerated from GSSG by the reaction with glutathione reductase (GR) that transfers 

electrons from NADPH to GSSG [86]. Low levels of reduced GSH in cortical areas and 

hippocampus has been found to be a relevant feature in AD [87]. 

CoQ10 (Figure 6) is an important component of the mitochondrial ETC and is able to 

regenerate the reduced form of other antioxidants [88]. Also, CoQ10 preserves mitochondrial 

membrane potential during oxidative stress and protects neuronal cells against protein 

aggregates’ toxicity, mainly through the inhibition of the opening of the mitochondrial 

membrane transition pore [88].  
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Figure 6.  Main endogenous non-enzymatic antioxidants. 

 

Uric acid (Figure 6) is an exceptional scavenger of ONOO− in the extracellular fluid [80], 

which requires the conjugation with vitamin C and thiols to complete the process [89]. 

Furthermore, uric acid cannot scavenge the O2
•− and loses its radical scavenging activity within 

lipid membranes [90].  

 

1.1.6.  Exogenous antioxidants 

Natural compounds derived from animals, plants and microbes have been used to treat 

human disease since the dawn of medicine [91]. In fact, a large amount of drug candidates 

and Food Drug Administration (FDA)-approved drugs for a multiplicity of diseases have their 

scaffolds directly derived from naturally-occurring structures [92]. The research on natural 

scaffolds as source of new drugs reached its peak in the western pharmaceutical industry 

in the 80s, which resulted in a chemical landscape heavily influenced by non-synthetic 

molecules [91]. Of the 877 new chemical entities introduced between 1981 and 2006, 

roughly half (49 %) were natural products and semi-synthetic analogues or synthetic 

compounds based on natural-product pharmacophores [93]. The major feature of natural 

based-scaffolds is related to the premise that natural compounds present biological 

properties with no relevant cytotoxic effects [94-97], allowing minimal structural 

modifications to enhance their biological activity and/or bioavailability. 

The use of natural compounds in drug discovery for NDs is mainly focused in finding 

compounds able to counterbalance the over production of ROS, metal chelators, 
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modulators of inflammatory processes or inhibitors of AChE and MAO-B in the case of AD 

and PD, respectively[98, 99].  

Given the role of oxidative stress in the pathogenesis of NDs, antioxidant therapy has 

been proposed as a promising approach for delaying or slowing the neurodegeneration 

[100]. Boosting the pool of endogenous antioxidants or the intaking exogenous dietary 

antioxidants was proposed as an effective therapeutic strategy for NDs [101-103]. 

Neuroprotective agents that can prevent, recover and/or regenerate the function of CNS 

cells and prevent the multiple neurochemical cascades are urgently needed.  

In this context, antioxidant therapy for ND has received considerable attention over the 

last years as a promising approach to delay or slow oxidative stress-induced 

neurodegeneration.  

A regular consumption of fruits and vegetables, commonly attributed to the presence of 

phenolic antioxidants, is associated with neuroprotective benefits [104]. Moreover, dietary 

natural phenolic antioxidants have an extended array of biological activities that makes 

them promising candidates for adjuvant therapy in NDs [105].  

Dietary phenolic antioxidants can be subdivided into two main groups: flavonoids and 

nonflavonoids. Flavonoids and derivatives thereof are the most common group of phenolic 

compounds in the human diet. The flavonoid derivatives have a benzopyrane-based 

structure, which consists in 15 carbon atoms arranged in three rings (C6-C3-C6),  

commonly labelled as A, B, and C rings  (Figure 7) [80]. The various classes of flavonoids 

differ in the level of oxidation and pattern of substitution of the C ring, while individual 

compounds within a class differ in the pattern of substitution of the A and B rings. Quercetin 

and epigallocathechin-3-gallate (Figure 7) have been described as the most promising 

dietary antioxidants [106, 107]. 

Quercetin (Figure 7) is a flavonol that can protect DNA from oxidative damage caused 

by •OH, H2O2, and O2
•− [108]. It was found that quercetin’s effects on DNA damage were 

dependent on the concentration of transition metals, like cupric ion [109]. At low 

concentrations of cupric ions (<25 mM), quercetin exhibited a protective role, while, at 

higher concentrations (>25 mM), quercetin enhanced ROS-induced DNA damage. 

 



44 | Chapter I 

Introduction 

 

 

 

Figure 7. Quercetin and epigallocatechin-3-gallate: two flavonoid derivates with antioxidant 

properties. 

 

Epigallocatechin-3-gallate (Figure 7), the main and most significant polyphenol of 

green tea, has been widely described as a potent antioxidant, anti-inflammatory and anti-

atherogenic agent [110]. The pyrogallol moiety on the B-ring was linked to its 

antioxidative activity [111]. In addition, it was found that the galloyl moiety of 

epigallocatechin-3-gallate was critical for the inhibition of fatty-acid synthase [112]. 

Other phenolic antioxidants are nonflavonoid derivatives (Figure 8), with resveratrol, 

curcumin, hydroxybenzoic acids or hydroxycinnamic acids (HCAs) as the most common 

studied as therapeutical agents [113].  

Resveratrol (Figure 8), an hydroxystilbene present in grape seeds and red wine, 

exhibits a wide range of biological and pharmacological activities including potent 

antioxidant activity [114]. Several studies have shown that this compound could inhibit the 

formation of Aβ fibrils and destabilize fibrilized Aβ, reducing neurodegeneration in the 

hippocampus by attenuating intracellular ROS accumulation [115]. Also, resveratrol 

prevented oxidative stress-induced damage in cerebral ischemia models, indicating 

potential neuroprotective activity [116]. In addition, it was previously reported that glial cells 

were protected against oxidative stress by grape seed extract that contains also resveratrol 

[117]. 
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Figure 8. Structures of several exogenous dietary natural antioxidants. 

 

Rosmarinic acid (Figure 8) is known to have a number of potentially beneficial 

biological effects, such as anti-inflammatory or antioxidant effect. It was reported that 

rosmarinic acid elevated basal cellular GSH levels and decreased lipid peroxidation in 

hepatocellular carcinoma (HepG2) cells [118]. Furthermore, protective benefits of 

rosmarinic acid have been suggested as a result from both anti-inflammatory and 

antioxidant properties. Aside from its biological properties and its safe cytotoxic profile (in 

mice), rosmarinic acid is rapidly eliminated from the blood circulation, which constitutes a 

problem for its further application in therapy [101]. 

Curcumin (Figure 8), a lipid soluble phenolic compound that shows remarkable radical 

scavenging activity [119], displays chain breaking antioxidant ability comparable to that of vitamin 

E. In fact, both in vitro and in vivo studies have shown that curcumin inhibited the formation of 

Aβ fibrils from Aβ1-40 and Aβ1-42 [120]. In another work, curcumin administration led to benefits 

on cognitive performances in animal models of AD, mainly due to its antioxidant properties 

[121].  

Gallic acid (Figure 8) is present in diverse diet sources, such as blueberries, walnuts 

and tea. It has antioxidant properties by its own capacity of scavenging species and 

chelating transition metals. The effect of gallic acid on ROS generation and the GSH/GSSG 

ratio was determined in B16 cells as a mouse model for human melanoma [122]. Results 

indicated that gallic effectively down-regulated the ROS generation and enhanced the 

GSH/GSSG ratio. In addition, anti-inflammatory, anti-mutagenic and anti-carcinogenic 

properties have been described for this system [123]. Oral administration of gallic acid 
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showed a significantly improvement in the passive avoidance memory deficits in 6-

hydroxydopamine treated rats [124]. However, due to its hydrossolubility, gallic acid has no 

ability to accumulate in cells, particularly within mitochondria [125]. 

Caffeic and ferulic acids (Figure 8) are HCAs with higher antioxidant activity compared to 

the corresponding hydroxybenzoic acids [126]. The presence of the o-dihydroxy group in the 

phenolic ring (as in caffeic acid) enhances the antioxidant activity of HCAs toward human LDL 

oxidation in vitro [127]. The radical scavenging antioxidant mechanism of HCAs is similar to that 

of the flavonoids and is mediated by hydrogen transfer to radicals, resulting in resonance-

stabilized radicals. The o-dihydroxy substituents also possess metal chelation capacity similar of 

flavonoids. 

In an Aβ25-35-injected AD mouse model, the oral administration of caffeic acid (CAF) 

improved the route awareness and novel object recognition compared with the untreated 

Aβ25-35-injected controls [128]. In addition, CAF inhibited lipid peroxidation and NO formation 

in the liver, kidney and brain [128]. 

Meanwhile, ferulic acid (FER) also showed a remarkable capacity to protect dopaminergic 

neurons in substantia nigra pars compacta area and nerve terminals in the striatum from 

the rotenone-induced damage in an animal model of PD [129]. Following treatment with 

FER, inflammatory mediators such as cyclooxygenase-2 and inducible NOS and 

proinflammatory cytokines were also reduced [129]. 

Despite the promising results obtained with CAF and FER, the carboxylic acid moiety is 

easily deprotonated in physiological medium, which diminishes the ability to passively 

diffuse across biological membranes, namely the BBB in order to reach the CNS [130]. 

 

1.2.  The brain – a challenging site for drug delivery 

The development of effective treatments for NDs represents a challenge due to the 

unique and restrictive environment imposed by the CNS itself. It is caused by the presence 

of three main interfaces in the brain that protect neurons from blood-borne substances and 

help to maintain water homeostasis and an appropriate milieu for neuronal function. The 

protective barriers are the BBB, the blood cerebrospinal fluid barrier, and other specialized 

CNS barriers like the arachnoid barrier [131].  

Although many promising drug candidates have been developed for CNS disorders, only 

a few (< 5%) can be used, as they cannot get access to the desired site of action in 

therapeutically relevant quantities because of the BBB [131]. For the same reason, the vast 
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majority of large-molecule CNS drug candidates (such as monoclonal antibodies, nucleic 

acids/genes, peptides, recombinant proteins) never reaches the market [132].  

The BBB has an extremely high density capillary network throughout the brain 

parenchyma with a total length of 600-650 km and a surface area of 20 m2, providing almost 

every neuron with an individual blood supply [133]. Because of that, the BBB is considered 

the primary interface of the brain with bloodstream, which keeps the specific environment 

required for proper brain function: it ensures the maintenance of the brain interstitial or brain 

cerebrospinal fluids and the protection of neurons from neurotoxic metabolites, acquired 

xenobiotics or fluctuations in ionic composition [134].  

The natural tendency to block drug transport defines the BBB as the main obstacle to 

overcome in CNS drugs delivery. For that, it becomes crucial to understand its structural 

composition as well the factors that regulate permeability of the substances across the BBB. 

 

1.2.1. Physiology of Blood-Brain Barrier 

The structure of the BBB is based in brain microvascular endothelial cells (BMECs), 

which form the cerebral microsvascular endothelium, paving the luminal side (the blood 

capillary side) [135]. The microvessels are phenotypically different compared with vessels 

from other organs, since they have smaller diameter, thinner wall and higher mitochondrial 

density [135].  

As shown in Figure 9, BMECs are in close association with basement membrane and 

neighboring cell types, namely astrocytes, pericytes, neurons, and the extracellular matrix, 

which constitutes a "neurovascular unit" that regulates the cerebral blood flow and BBB 

performance [136]. BMECs form an effective and thin barrier between the bloodstream and 

brain parenchyma, where they perform biological functions, such as barrier, transport of 

nutrients, receptor-mediated signaling, leukocyte trafficking and osmoregulation [137]. 

Furthermore, BMECs have an enzymatic function, due to the presence of γ-glutamyl 

transpeptidase and alkaline phosphatase in luminal endothelium, which are capable to 

metabolize drugs and nutrients. In luminal surface of BMECs, several drug efflux 

transporters are expressed [138]. In addition, BMECs release a number of diffusible factors 

that are able to affect neural precursors and to promote stem-cell renewal [139]. 

The BMECs share the same basement membrane with the perivascular astrocytic 

endfeet and pericytes (Figure 9), possessing a tightly integrated conformation into the brain 

parenchyma [140]. Pericytes play an important role on the integration of BMECs and 

astrocytes functions at the neurovascular unit [141]. The exact mechanisms of how 

microglia influences BBB properties are still unknown [142].  



48 | Chapter I 

Introduction 

 

 

 

Figure 9. Blood–brain barrier (BBB) and other components of a neurovascular unit. Adapted from 

reference [143]. 

 

Astrocytes, like neurons, derive from the ectoderm of the neural tube and are crucial on 

BBB integrity and functions [138]. Astrocytes and BMECs influence each other’s structure, 

by inducing and modulating the development of the BBB and unique endothelial cell 

phenotype [133]. Also, interactions between them enhance endothelial cell tight junctions 

(TJs) and reduce gap junctional area [133]. In addition, neurons are a key factor on BBB 

cerebral flow and vessel dynamics [144].   

Adherents junctions (AJs), TJs, and metabolic barriers (enzymes and diverse transport 

systems) are the responsible for the strictly constraints of the transport of substances across 

BBB, affecting the paracellular permeability [145]. The presence of TJs between BMECs 

consisting in a complex network of integral proteins (junctional adhesion molecule-1, 

occludin, and claudins) and cytoplasmic accessory proteins (zonula occludens-1 and -2, 

cingulin, AF-6, and 7H6) bound to the actin cytoskeleton. Claudins are responsible for the 

primary seal of TJs and determine TJs integrity, while occludins are the dynamic regulatory 

proteins responsible for TJs regulation and subsequent trans-endothelial electrical 

resistance (TEER) enhancement, and paracellular permeability restriction [146].  

In addition, BBB also possesses AJs located near of the basolateral side of BMECs, 

holding them together and giving the tissue structural support [147]. Besides that, the lack 

of pores, low endogenous pinocytotic activity and the presence of metabolic barriers are 

other characteristics of BBB that contribute to limit drug uptake [148]. 
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1.2.2.  Mechanisms of transport in and out from the brain 

The controlled influx and efflux of a wide variety of substances, regulated by BBB, avoids 

the entrance of therapeutic drugs into the brain, maintaining, at the same time, a favorable 

environment for the CNS [149]. 

In that way, the cerebral pharmacological efficacy of any drug depends on its CNS 

uptake which, in turn, is dependent on a combination of factors, including CNS physical 

barriers and the affinity of the substrate for specific transport systems located at both sides 

of BBB. The capacity of a substance to cross or be transported through BBB is dependent 

on its physicochemical properties as molecular weight (MW), size, lipossolubility and 

customizable surface [150]. 

Generally, the mechanisms of transport (in and out) of solutes across brain membranes 

can be categorized into two forms: passive or active transport.  

The transport may occur either by simple diffusion or facilitated transport across aqueous 

channels (Figure 10). The rate of diffusion is proportional to the concentration gradient of 

the solutes across the membrane and can occur between the cells (paracellular) or through 

the cells (transcellular), depending on the physicochemical features of the solutes [151]. 

Since TJs avoid the paracellular diffusion, only solutes that are able to penetrate through 

the BMECs can enter in brain by passive diffusion [151]. Thus, only a few of drugs can cross 

the BBB by passive diffusion. 

 

 

Figure 10. Different transport routes across blood-brain barrier.  
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On the other hand, transport mediated by a carrier such as proteins is known as active 

transport, which can be carrier-mediated transport, receptor-mediated transport, 

adsorptive-mediated transport and active efflux transport [152]. Whereas the carrier-

mediated and active efflux transports are responsible for the transport of small molecules 

between the bloodstream and the brain, the receptor-mediated and adsorptive-mediated 

transports are responsible for the transport across the BBB of certain endogenous large 

molecules [132]. 

Carrier-mediate transport (Figure 10) proteins are located on both the luminal and 

abluminal membranes of the capillary endothelium, catalyzing the bidirectional movement 

of small hydrophilic molecules such as amino acids, nucleosides or glucose [133]. These 

solutes access different specialized transporter proteins, which are stereospecific. The 

glucose transporter 1 (GLUT1)  transports glucose and other hexoses cross the BBB, while 

large neutral amino acid type 1 transporter (LAT1) transports neutral amino acids, as well 

as several drugs and metabolites including Levodopa, α-methyl-dopa, α-methyl-para-

tyrosine or gabapentin [153]. Furthermore, basic amino acids are carried by cationic amino 

acid transporter 1 (CAT1), while monocarboxylic acid transporter (MCT1) transports lactate, 

pyruvate and ketone bodies and certain monocarboxylic acid drugs, such as probenecid 

[154].  

Receptor-mediated transport (Figure 10) is a highly specific and energy mediated 

transport enabling eukaryotic cells to selective uptake macromolecules as specific cargo 

[148]. Certain large-molecule peptides in the blood undergo receptor-mediated transport 

across the BBB via the endogenous peptide receptors [152]. As example, insulin crosses 

the BBB via the endogenous BBB insulin receptor, while transferrin binds to receptor-

mediated transport across the BBB transferrin receptor [152]. Also, modified lipoproteins, 

such as acetylated LDL, undergo receptor-mediated transport into the BMECs via the 

scavenger receptor type B1 [155].  

Adsorptive-mediated transport (Figure 10) is based on the electrostatic interaction 

between a positively charged substance (e.g. albumin) and the negatively charged surface 

on the BMECs surface (e.g. glycoprotein) [156]. It was found that N-cationic derivatives 

based on endomorphin scaffold showed an enhancement central-mediated analgesia [157]. 

The flux rate of cationized bovine serum albumin across the BMECs monolayers was linear 

with respect to concentration and was approximately seven times greater than those 

observed for bovine serum albumin [158]. 

Active efflux transporters (Figure 10) involve the extrusion of drugs from the brain in 

the presence of efflux pumps, which have a major impact on the drug pharmacokinetics. 

The main efflux transporters are the ATP-binding cassette (ABC) transporters that use ATP-
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bound energy for the transport of solutes across the cell membrane [159]. Among them, P-

glycoprotein (P-gp), multidrug resistance protein and breast cancer resistance protein 

(BCRP) are examples of ABC transporters [160]. These proteins have a broad substrate 

specificity including organic cations, weak organic bases, some organic anions and some 

uncharged compounds, excreting them out of the brain  [160, 161].  

One of the most effective efflux pump present in BMECs is P-gp, since a wide number 

and variety of drugs is mediated by this protein [162]. P-gp is a 170 kDa transmembrane 

protein encoded by the multidrug resistance gene, that is located on the apical surface of 

the BMECs and is involved in the process of extruding various structurally unrelated 

amphipathic compounds with a MW greater than 500 Da from the endothelial cell into the 

capillary lumen and preventing their accumulation in the brain [163]. Furthermore, the use 

of hydrophobic drugs does not ensures the BBB passage, since P-gp has affinity for 

hydrophobic compounds, causing their extrusion from the brain to the bloodstream [164]. 

[165]. 

By a combination of the BBB's structure and its specific regulation of paracellular 

integrity, this barrier is considered the major goalkeeper in the treatment of most 

neurological disorders, since it hinders the delivery of many potential drugs and drug 

candidates to the CNS. 

 

1.2.3.  Failure on brain drug delivery 

The great concern of pharmaceutical industry is that most small-molecule drugs and drug 

candidates in clinical trials do not cross the BBB. In fact, from the 7000 drugs found in the 

comprehensive medicinal chemistry database, only 5 % of all drugs effectively reach the 

CNS [154]. The mentioned CNS active drugs are solely for the treatment of depression, 

schizophrenia, and insomnia [152], and their physicochemical features are based on MW 

below 400 Da and a  suitable lipophilicity that allows them to cross the BBB by transcellular 

pathway (Figure 10) [152]. In fact, it was found that BBB permeation decreases 100-fold 

as the drug’s surface area and MW increased from 52 Angstroms2 (MW ~ 200 Da) to 105 

Angstroms2 (MW ~ 450 Da) [166].  

Remarkable drawbacks have been found concerning the application of antioxidants in 

the treatment of NDs, since their hydrophilicity hinders their capacity to cross the BBB by 

transcellular pathway. Oxyresveratrol (40 mg/kg) was unable to effectively cross the BBB 

in adult male wistar rats after 1 hour of injection [167]. A similar conclusion was reported for 

a water-soluble neuroprotector agent (NXY-059) [168]. 
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Additional studies found that oral intake of high doses of vitamin E (400–4000 IU/day for 

5 months) failed to increase its levels in patients’s cerebrospinal fluid [169], and that vitamin 

C only crosses the BBB in its oxidized form transported by GLUT1 receptor [170]. More 

recently, permeability studies using bovine endothelial cells showed that CAF and FER, 

among others HCAs, presented negligible permeation profile through the BBB in an in vitro 

model [171]. This low BBB permeability could be attributed to a low paracellular or 

transcellular passive diffusion or to the involvement of an active efflux transport mechanism 

that pumps the HCAs back to the apical side of the in vitro BBB model [171]. 

Overall, the translation of natural scaffold-based compounds from the pre-clinical stage 

to clinical settings exhibits several setbacks. Although the reasons are not completely 

understood, some factors, such as low bioavailability, poor absorption, cytotoxicity, fast 

metabolism and biological elimination should be considered [172]. Regarding NDs, the 

inherent difficulty of drugs to cross the BBB, either by passive or active transporters, and 

access the brain remains as the major challenge in the development of new NDs treatments 

[172]. 

 

1.3.  PEGylation technology – the second chance for non-

bioavailable drug candidates 

The main challenge in pharmaceutical industry is related with the discovery of a specific 

drug for a particular disease or condition. During this process, different problems need to 

be addressed, namely those related with highly active compounds that have low water 

solubility and/or those that have a very short circulating half-life. One possible solution to 

solve these problems is the use of drug delivery systems (DDS) like polymeric carriers, due 

to their inherent biocompatibility and wide options of surface functionalization. 

One of golden stealth polymers is poly(ethylene glycol) (PEG), which is a synthetic 

polymer comprised of repeating ethylene oxide subunits with MW of 44 Da [173]. PEG 

molecules (PEGs) have been widely described as nontoxic, nonimmunogenic, non-

antigenic and amphiphilic, among other properties described in Figure 11, and were 

approved by FDA for human oral, intravenous, and dermal pharmaceutical administration 

[174].  
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Figure 11. PEGylation procedures used to improve in vivo pharmacokinetic profile of bioactive 

systems. Adapted from reference [175]. 

 

Although the use of PEGs has traditionally been focused on consumer care products 

industry such as laxatives, toothpaste and hair shampoos [176], a growing interest of their 

application in the pharmaceutical industry has been noticed more recently. The versatility 

of PEG chemical modification, by the so-called PEGylation technology, has been used to 

improve the pharmaceutical properties of proteins, peptides, enzymes, antibody fragments, 

oligonucleotides and also small molecules. PEGylation was first described in 1970s by 

Davies and Abuchowsky as a way to functionalize PEG chains with catalase and bovine 

serum albumin using cyanuric chloride (2,4,6-trichloros-triazine) as activating reagent [177].  

Currently, although most of the PEGylation systems remains focused on proteins and 

enzymes, an increased interest in the development of PEG-small drug conjugates, 

especially those bearing a targeting residue or a combination of two drugs, has been 

observed. The collected outcome data obtained by invoking the keyword “PEGylation” from 

three well-known scientific publication databases and the FDA approval year for current 

marketed PEGylated products [178], shows that after the proofs of concept, PEGylation 

convinced both academic and industrial communities, as observed by exponential increase 

on the number of records displayed by publication year since 1998 (Figure 12).  

This great interest is related to the improvement in bioavailability and metabolism that 

bioactive moieties suffer when conjugated with PEG. PEGylation may enhance circulation 

time of a protein or small molecule, the aqueous solubility of drugs or drug candidates, 

protecting them against in vivo biological inactivation by proteolysis, and reducing 

immunogenicity of some biopharmaceuticals (Figure 11) [179]. 
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Figure 12. Number of papers containing the keyword “PEGylation” in the last 20 years. Data from 

three large databases of scientific research (Scopus, Science Direct and PubMed). 

 

Most of these features are mainly related to the interaction between PEGs and water. 

Each ethylene glycol subunit is associated with two to three water molecules, making 

PEGylated conjugates about five to ten times larger than a soluble protein with similar MW 

[180]. Because the kidneys filter substances based on size, PEGylated conjugates that 

have a higher MW and larger hydrodynamic size (DDLS) than the parent molecule are 

cleared at a much slower rate [181]. Furthermore, the PEG chains protect the conjugated 

compound from enzymes by steric hindrance and therefore reduce the drug's enzymatic 

degradation [181]. Nevertheless, this steric entanglement of PEG chains during 

protein/receptor recognition process may contribute for a reduction in biological potency of 

certain enzyme inhibitors [182, 183]. 

 

1.3.1.  The chemistry behind PEGylation technology 

The PEGylation concept has increased the interest of pharmaceutical industry, since the 

design of PEGylated systems can meet wide specificities required for the targeting and 

therapeutic of a specific condition.  

 

Functional PEG groups 

Frequently, PEG has one of its terminal groups capped with a methoxy group (mPEG) 

to prevent cross-linking during the conjugation, being used in all approved PEGylated 

therapeutic products [176]. Still, around 15% of mPEG contained un-capped PEG as an 
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impurity, which can be removed by several methods in order to avoid side reactions. 

Nowadays, multiple PEG derivatives with different functional end groups, different MW and 

a variety of architectures are commercially available (Table 3). 

 

Table 3. Main functional group of marketed PEGs. 

Functional 

group 
Structure 

Functional 

group 
Structure 

Acrylate 

 

Maleimide 

 

Amine 
 

NHS ester 

 

Azide 
 

Propionaldehyde 

 

Carboxylic 
acid 

 

Succinimidyl 
carboxymethyl 

ester 
 

Hydroxy 
 

Thiol 
 

 

 

As shown in Table 3, PEGs may present different conformation with several functional 

groups, MW or even the possibility of bifunctionalization in the second PEG arm with the 

same functional group, for example hydroxy-PEG-hydroxy, or with different functional 

groups (amine-PEG-carboxylic acid).  

In spite of this conformational variety, it is important to highlight that acylating PEG 

reagents or intermediates are preferential involving in PEGylation reaction, since coupling 

chemistry generally presents higher yields with few by-products than conventional reactions 

[176]. Examples of this type of reaction is the activation of carboxylic acid group with 

coupling agents, namely N,N'-dicyclohexylcarbodiimide (DCC) or 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) followed by the nucleophilic substitution with an 

amine, alcohol or thiol residue (Figure 13) [184]. 
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Figure 13. Schematic representation of activation of PEG carboxylic acid with DCC or EDC and 

substitution with amine, alcohol or thiol group. 

 

Furthermore, this specific activation has been widely used in PEG bioconjugation with 

proteins, peptides or antibodies, since that reaction occurs without any presence of organic 

solvent or harmful conditions to the biological compounds [185]. 

 

Type of bond 

Another feature that can be tune in PEGylation reaction is the “permanent” or 

“releasable” bond between PEGs and active agents. Permanent PEG conjugation creates 

novel compounds with increased oral bioavailability, as example of permanent PEGylation 

of naloxol (NKTR-118), which entered in phase III of clinical trials [173].  Generally, 

permanent PEGylation requires PEGs with low MW (MW < 1000 Da) as the use of a 

macromolecular PEG may block activity of small active agents at the target cells via steric 

hindrance [173]. On the other hand, releasable PEGylation requires PEGs with large MW 

(MW ~ 1000–60,000 Da) to increase the circulating half-life, modify biodistribution and 

enhance water solubility [173]. Thus, releasable PEGylation must fulfill two major 

requirements [173]: 

  

(i) prevent conjugated component from degradation during the transfer to the site 

of drug action;  

(ii) release drug(s) from the conjugate inside the targeted cells.  
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Structural PEG backbone 

In PEGylation, the architecture of PEGylated conjugates can also be defined according 

with the number and disposition of PEG chains. Linear PEGs are the simplest and most 

often used conjugate agents, where active small molecules are conjugated to the distal 

ends of a mono or di-functionalized PEG carrier [186]. However, since linear PEGs have 

only two available sites for the conjugation, only one or two drug molecules may be 

conjugated, a chemical feature that limits the loading capacity [187]. To overcome these 

shortcomings, new types of PEGs have been synthesized, namely branched, forked and 

multi-armed PEGylated systems (Figure 14).  

 

 

Figure 14. Examples of different PEGs conformations: (a) branched PEG, (b) fork-shaped PEG 

and (c) multi-arm PEG. 

 

Branched PEG (Figure 14a) has an “umbrella like” structure where two linear mPEGs 

are linked by active groups such as amino acids (e.g., glutamate, lysine) [188]. This type of 

structure can enhance drug protection against enzymatic degradation due to a combination 

of high MW and “umbrella like” effect. This technology is preferred in protein PEGylation but 

is not applied as frequently with small molecules [189]. The forked structure PEG (Figure 

14b) provides multi-proximal reactive groups at the end of one or both ends of a linear PEG 

chain. It is described to be able to increase the drug load of the PEGs by increasing active 

sites. However, it has been reported that the increase of active compounds that 

functionalize PEG chain can have limitations mainly by the solubility of components [190]. 

A star-like structure (Figure 14c), so-called multi-armed PEG, increasing the active sites 

while simultaneously increasing the MW [190].  
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1.3.2.  Current drug research on PEGylation drugs 

Over the years, the PEGylation technology has evolved in order to accompany the strict 

requirements to develop new and more effective therapeutic systems. As observed in 

Figure 15, first-generation PEGylation involved random conjugation between PEG, with low 

MW, and the bioactive compound through simple chemistry [191]. However, despite of an 

intensive purification process, non-specific PEGylation resulted in multiple isoforms of 

products with varying physicochemical and pharmaceutical properties. 

 

Figure 15. The evolution of the PEGylation technology and core competencies. Adapted from ref. 

[191]. 

 

The second-generation PEGylation tackled the random reaction problem by improving 

design and reactional framework of PEGylation. This was accomplished using high quality 

and site-activated PEGs, which enabled site-specific reaction and reduces the amount of 

impurities and by-products. The preferential us of branched PEGs decreased 

immunogenicity and increased half-life compared to linear PEGs, but generally decreased 

the activity of the drug [181]. 

Currently, the third generation aims to preserve the drug’s potency. It is envisaged 

specific conjugation between drug and a multi-armed PEG, which enables controlled drug 

release [181]. 

After the initial skepticism about the usefulness and profitability of PEGylation 

technology, the FDA-approval of PEG-adenosine deaminase (Adagen®) [192] and PEG-L-

asparaginase (Oncaspar®) [193] gave way to optimism in the pharmaceutical industry. 

Since then, new PEGylated proteins, antibody fragments, and oligonucleotides have been 

approved by FDA and are on the market (Table 4). 
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Table 4. PEGylated approved by FDA [181]. 

Brand 

name 
Company Year 

Conjugated 

molecule 
Indication 

PEG 

MW* 

PegIntron® 
Schering-

Plough 
2001 Protein Hepatitis C 12 kDa 

PEGasys® Roche 2001 Protein Hepatitis B and C 
40 kDa, 

branched 

Neulasta® Amgen 2002 Protein 
Chemotherapy induced 

neutropenia 
20 kDa 

Somavert® Pfizer 2003 Protein Acromegaly 
4–6x5 

kDa 

Macugen® Pfizer 2004 Aptamer 
Neovascular age-realted 

macular degeneration 

2 x 20 

kDa 

Mircera® Roche 2007 Protein 
Anemia associated with 

chronic kidney disease 
30 kDa 

Cimzia® UCB 2008 
FAB’ 

fragment 

Crohn’s disease, Rheumatoid 

arthritis, psoriatic 

arthritis, ankylosing spondylitis 

40 kDa, 

branched 

Sylatron® Merck 2011 Protein Melanoma 
1 x 12 

kDa 

Movantik® 
AstraZeneca/ 

Nektar 
2014 

Small 

molecule, 

oral 

Non-cancer opiod-induced 

constipation 
<1 kDa 

*PEG is linear unless otherwise noted 

 

In terms of market size barometer, the leading genotype-1 hepatitis C treatments are 

currently based on PEGylated alpha-interferons (PEGasys® and PEGIntron®), which 

capture a large portion of an estimated US $ 5 billion worldwide market, and the PEGylated 

Granulocyte Colony-Stimulating Factor (Neulasta®) that has sales over US $ 4 billion per 

year [178].  

Although the number of small molecule-based drugs is relatively large when compared 

to protein-based drugs, few studies have looked for PEGylated small-drug conjugates as 

effective therapeutics. Yet, four PEGylated small-drug conjugates are undergoing clinical 

trials, three of them for the cancer treatment and one as opioid agent (Figure 16) [194].  

One of them is the NKTR-118 (PEG-naloxol) (Figure 16), currently in phase III clinical 

trials for the treatment of opioid-induced bowel dysfunction and opioid induced constipation, 

events that occur during opioid pain management [195]. NKTR-102 (PEG-irinotecan) [196], 

EZN-2208 (PEG-SN38) [197] and NKTR-105 (PEG-docetaxel) [198] are anticancer agents 

undergoing phase II/III clinical trials (Figure 16).  
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Figure 16. PEGylated based drug candidates in clinical trials. 

 

1.3.3.  PEGylated NPs mediate drug brain delivery 

Advances in novel colloidal nanocarriers for drug delivery have progressed exponentially 

in recent years [199]. These improvements have allowed the development of nanoscaled 

drug delivery systems for the treatment of CNS disorders, improving the diagnosis and 

treatment of brain diseases [200]. 

Nanocarriers are small-size particles used for the controlled delivery of pharmaceutical 

drugs that are encapsulated adsorbed or conjugated onto their surface [200]. Various 

materials may be used as nanocarriers, which include liposomes, micelles, polymeric and 

lipid-based NPs, dendrimers, and carbon nanotubes [172] (for more detailed information, 

see Manuscript I). Herein the focus will be the polymeric NPs as drug delivery systems. 

The polymeric NPs may be defined as colloidal systems, which can be assembled from 

biocompatible and biodegradable copolymers with low water solubility in which drugs are 

dissolved, entrapped, encapsulated, chemically bound, or adsorbed to the constituent 

polymer matrix (Figure 17) [201]. Polymeric NPs present size approximately between 50 

and 1000 nm and have been associated with a plethora of therapeutic progresses, such as 

extension of drug half-life, improvement of drug solubility in human plasma, reduction of 
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drug immunogenicity [202]. Also, they demonstrated high biocompatibility and ability to 

interact with specific receptors/transporters expressed by BMECs.  

 

 

Figure 17. Main features of nanoparticulated systems to drug delivery. 

 

Nowadays, the most commonly polymers used for controlled drug release applications 

include chitosan [203], albumin [204], poly(lactic acid) (PLA) [205], poly(D,L-lactide-co-

glycolide) (PLGA) [206], and polycaprolactone (PCL) [207]. In particular, PLGA, PCL and 

PLA (Figure 17) have been used in an impressive number of controlled release drugs, due 

to their ability to [208]:  

 

(i) release drugs at an experimentally predetermined rate over a prolonged period 

of time; 

(ii) release drugs at target sites; 

(iii) maintain drug concentrations within therapeutically appropriate ranges in 

circulation and within tissues; 

(iv) protect drugs (small molecules, proteins, nucleic acids or peptides) from hepatic 

inactivation, enzymatic degradation and rapid clearance in vivo, leading to an 

increase of drug efficiency and in turn a decrease of the drug dosage required to 

disease treatment.  
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For that, features such as the size of the NPs, polymer type and their surface coating 

can induce steric stabilization of NPs in physiological medium [209]. Surface modifications 

with hydrophilic polymers, such as PEGs or PEGylated surfactants, increases their 

residence time in the systemic circulation, while the inclusion of ligands enables targeted 

delivery to the specific organelles or organs, such as mitochondria or brain [210]. 

Notably, many research studies reported that the encapsulation or conjugation of drugs 

to polymeric NPs shown an enhancement in brain permeation [211]. Although the 

mechanism of how NPs cross the BBB is far from being understood, several mechanisms 

have been hypothesized. The transport might occur by [212]:  

 

(i) opening of TJs between BMECs or induced local toxic effects caused by NPs that 

leads to a localized permeabilization of the BBB allowing the penetration of the 

drug in a free form or conjugated with the NPs;  

(ii) crossing of NPs through BMECs by transcytosis; 

(iii) crossing of NPs through BMECs by endocytosis, their content is released into the 

cell cytoplasm and then exocytosed in the endothelium abluminal side;  

(iv) combination of several of the mechanisms described previously.  

 

According with literature mechanisms ii), iii) and iv) are the main transport of NPs [212]. 

However, it is important to keep in mind that BBB passage is particularly hard and the 

efficiency of crossing is highly dependent on several NPs physicochemical features [143]. 

To address this problem, either size, charge optimization or surface modifications of the 

nanocarrier can be performed. 

 

Size and surface charge 

A panoply of studies has shown that a clear inverse correlation among NPs size and 

BBB penetration exists [213, 214]. Firstly, the recognition of reticuloendothelial system 

(RES), located in the liver, spleen and lung, is ameliorated with smaller sized NPs (<200 

nm), which results in longer circulation time [211]. Additionally, larger NPs (>250 nm) 

accumulate in different organs, such as liver and spleen, while very small NPs (<5 nm) 

cannot pass the cut-off limit of the kidney [211].  

Most of the studies performed so far with AD or PD animal models have used NPs with 

diameters in the range of 50-100 nm [210, 215]. Apparently, this size range is optimal to 

cross through BBB, enhancing NPs permeation.  
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Also, zeta potential (ZP) is described as another important parameter that compromises 

NPs BBB crossing ability. Overall, the majority of studies for drug brain delivery reported 

the use of NPs with moderate (between −1 to −15 mV) or high (between −15 to −45 mV) 

negative ZP values [212]. Yet, some NPs formulations were found to cross BBB with 

moderate (up to 15 mV) or high positive ZP (above 15 mV) [216]. However, it has been 

reported that a highly positive density charge in NPs surface can cause immediate toxicity 

in the BBB [217].  

 

Surface modification 

In addition, it has been also found that modification of the NPs surface can enhance BBB 

permeability. These compounds can be classified as (i) ligands that have direct interaction 

per se with BBB transporters or receptors, (ii) ligands that increase charge and 

hydrophobicity, (iii) ligands that improve blood circulation time (e.g. PEG) or (iv) ligands that 

mediate the adsorption of proteins from the bloodstream by interacting with BBB receptors 

or transporters (e.g. PEGylated surfactants) [218].  

It has been widely reported that covalent attachment of PEGs to the polymer backbone 

of NPs or by adsorption of PEGylated surfactants, such as polysorbate 80 (TWEEN® 80) or 

poloxamer (Figure 18) improves NPs capacity to reach the brain [219].  

 

 

Figure 18. Examples of polysorbate 80 (TWEEN® 80) and poloxamer surfactants often used to 

coated polymeric NPs. 

 

In contrast with uncoated NPs, PLGA NPs (ca. 78 nm) covalently coated with PEG were 

able to rapidly penetrate rat brain tissue ex vivo, due to a decrease of  surface charge 

caused by PEG presence [220]. This occurred by a reduction of NPs opsonization and 

lowering RES uptake [221]. Moreover, poly(butylcyanoacrylate) or PLGA NPs coated with 

polysorbate 80 or poloxamer 188 were able to transport doxorubicin across the BBB, 

considerably reducing the toxicity of this drug in other organs [131]. It was justified that the 
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presence of PEGylated surfactants adsorbed in NPs surface, can interact with 

apolipoprotein E and/or A-I [222], and consequently these apolipoproteins interacted with 

lipoprotein receptors expressed in the brain endothelium, enabling the cross of NPs through 

BBB [222]. 

The intense research performed on the development of polymeric NPs showed that 

several parameters influence the transport of NPs through the BBB at different extents. 

Although NPs fine-tuning enhance the pharmacokinetics/biodistribution ratio and drug 

efficacy performance in vivo models [223, 224], it is important to notice that so far, the best 

formulations administered intravenously deliver up to 5% of the initial dose effectively 

across the brain [212]. NPs brain delivery improvement might require systems that target 

and cross more efficiently the BBB but also systems that are slowly clear from the 

bloodstream. 

 

1.4.  PEGylated platforms and neurodegenerative diseases therapy 

In recent years, the use of PEGylated platforms with peptides, enzymatic inhibitors or 

small drugs, either linked or encapsulated, has been described as a promising solution to 

overcome pharmacokinetic constrains of CNS drugs [173, 225, 226]. In fact, high 

expectations are directed to the development of next DDS generation able to target and 

release the drugs or drug candidates to specific site. 

However, despite the novelty and challenges of PEGylation technology, the number of 

studies related with its use as a tool to enhance the therapeutic efficiency in NDs is still 

reduced (Table 5). In terms of the application of DDS as carriers of natural antioxidants, an 

extensive review published in 2014 was reported by our group [172], where we described 

the combination of several antioxidants agents conjugated or encapsulated in various DDS 

(for detailed information, see Manuscript I). In the following sections, we will complement 

the information of Manuscript I with studies focused on PEGylated platforms for AD or PD 

therapies.  
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Table 5. Description of the therapeutic approaches and main conclusions obtained in studies using 

PEGylated platforms in models of AD and PD. 

Disease DDS 
Therapeutic 

agent 
Remarks Reference 

AD 

PLA- and 

PACA-PEG 

NPs 

n.d. NPs reduced Aβ peptide [227] 

PLGA-PEG 

NPs 
Selegiline 

Destabilized and solubilized Aβ1-40- 

and Aβ1-42 -fibrils  
[228] 

PACA-PEG 

NPs 
Selegiline 

Destabilized and solubilized Aβ1-40- 

and Aβ1-42 –fibrils 
[229] 

PLGA NPs 

coated with 

PVA 

Curcumin 

Reversed learning and memory 

impairments in an amyloid beta 

induced rat model of AD-like 

phenotypes 

[230] 

PEG-

Curcumin 

conjugate 

Curcumin 

Reduced the lipopolysaccharide-

induced ROS 

Increased antioxidant defense 

systems 

Reduced enzymes responsible for the 

protein aggregation 

[231] 

PBCA 

coated with 

T80 

Rivastigmine 

Accumulation 3.8-fold higher in brain 

than free rivastigmine 

AChE inhibition 

[232] 

 

PD 

PLGA NPs 

coated with 

PVA 

Rasagiline 

MAO-B inhibition 

Reduced rotenone-induced damage in 

in vivo model 

[233] 

PLGA NPs 

coated with 

PVA 

Dopamine 

Delivered DA in the brain, reduced 

dopamine associated toxicity, and 

recovered neurochemical and 

neurobehavioral alterations in PD 

[234] 

PLGA-PEG 

NPs 
Urocortin 

Improve apomorphine-induced 

rotation test results; 

Higher DA content in lesioned striatum 

[210] 

PAMAM-

PEG NPs 
hGDNF gene 

Improved locomotor activity reduced 

dopaminergic neuronal loss and 

enhanced DA neurotransmitter 

[235] 

PBCA NPs 

coated with 

T80 

NGF Reduced motor symptoms of PD [215] 

PLA – Polylactic acid; PACA - Poly(alkyl cyanoacrylate); PVA – Polyvinyl alcohol; CeO2 – Cerium oxide; T80 – 

Tween 80 or Polysorbate 80; PBCA - Poly(butylcyanoacrylate); PAMAM – Polyamidoamine; hGDNF – Human 

glial cell line-derived neurotrophic factor; NGF – NGF. 

 

1.4.1. PEGylated platforms to AD 

As described previously, both ROS and misfolding proteins, namely Aβ plaques and 

NFT, are the main sources of neurotoxicity in AD pathogenesis [200]. Not surprisingly, the 
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search of new and more effective AD treatments using nanotechnology is mainly focused 

on the development of DDS capable of inhibiting the formation or dissolving Aβ plaques or 

NFT, and to neutralize or avoid the formation of ROS in the brain [200]. 

Different types of PEGylated NPs  interacted with monomeric and soluble oligomeric 

forms of Aβ1-42 peptide, affecting its aggregation kinetics [227]. In addition, similar results 

were found when selegiline loaded PLGA-PEG NPs and selegiline loaded PACA-PEG NPs 

were used [228, 229]. In these works, it was reported that NPs with size in the range of 120-

220 nm, containing encapsulated selegiline, effectively targeted Aβ1–42 fibrils, leading to their 

destabilization. Further in silico studies concluded that the Apo-E adsorption enhanced even 

more the affinity of Aβ1–42 peptide to NPs surface [227]. 

It has been reported that curcumin exerts neuroprotective effects against 6-

hydroxydopamine and inhibits Aβ aggregation and Tau-phosphorylation [230]. The 

formulation resulting from the curcumin encapsulation in PLGA NPs coated with PVA (Cur-

PLGA-NPs) induced neural stem cells proliferation and neuronal differentiation in vitro and 

in the hippocampus and subventricular zone of adult rats [230]. The formulation was 

internalized in neural stem cells, inducing neurogenesis by several biological processes, 

reversing learning and memory impairments in an amyloid beta induced rat model of AD-

like phenotypes.  

The PEGylation of two moieties of curcumin with a low MW PEGs (Figure 19) via ester 

bonds was also performed (CurcmPEG454) to evaluate ROS production inhibition, and 

regulation of nuclear factor kB (NF-κB), c-Jun, and Nrf2 gene, as well as their regulated 

gene expression in RAW264.7 macrophage cells [231].  

 

 

Figure 19. Chemical structure of PEGylated curcumin (CurcmPEG454). 

 

Data showed a decrease of lipopolysaccharide-induced ROS damage as well as an 

enhance of total antioxidant capacity in RAW264.7 cells by increasing antioxidant mediators 

like heme oxygenase-1, SOD, and CAT, increasing intracellular GSH levels and inhibiting 

NF-κB activation, suppressing c-Jun phosphorylation, and activating Nrf2 gene antioxidant 

systems. 

Encapsulation of an the AChEI rivastigmine within poly(butyl cyanoacrylate) (PBCA) 

coated with T80 in order to increase its brain delivery was also reported [232]. Studies 
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showed a 3.8-fold increase in rivastigmine uptake within the brain compartment compared 

with free rivastigmine after intravenous injection in rats. This was due to the Apo-E 

adsorption in plasma of NPs surface, which mediates their transcytosis mediated by LDL 

receptor in BMECs [232]. 

 

1.4.2. PEGylated platforms to PD 

Nowadays, all strategies proposed for the treatment of PD are based on the maintenance 

or increase DA levels in the brain, which can occur by DA uptake or replacement, inhibition 

of MAO-B or by gene therapy.  

Rasagiline mesylate was encapsulated in PLGA NPs coated with PVA to promote 

neuroprotection in a rotenone-induced advanced model of PD [233]. Resulting NPs were 

administrated in rats, that already have been treated with daily doses of rotenone for 15 

days. The data obtained showed that formulation was able to revert the cytotoxic effects of 

rotenone and controlled release the rasagiline mesylate making this new therapeutic system 

an interesting approach for the treatment of PD [233]. 

Sustained and safe delivery of DA across the BBB was achieved with DA encapsulation 

inside PLGA NPs [234]. These NPs (DDLS = 119.7 ± 2.69 nm) were able to cross BBB and 

internalized in differentiated SH-SY5Y cells and dopaminergic neurons in the substantia 

nigra and striatum. Furthermore, DA-loaded PLGA NPs recovered neurobehavioral 

abnormalities in 6-hydroxydopamine-induced parkinsonian rats, neither caused alterations 

in the heart rate and blood pressure nor showed any abrupt pathological change in the brain 

and other peripheral organs [234]. 

Urocortin is a promising therapeutic agent to protect dopaminergic neurons but it is 

unable to cross the BBB [218]. Urocortin-loaded PLGA-PEG NPs functionalized with 

lactoferrin (DDLS = 90 nm) were found in cortex, substantia nigra and striatum regions after 

intravenous administration [210]. This formulation was able to protect dopaminergic 

neurons, improved locomotor functional deficits (evaluated by the apomorphine-induced 

rotation test) and increased the levels of DA  

Alternatively, gene therapy has been proposed for PD treatment by two different ways: 

the neurotrophic factors that prevent the death of dopaminergic neurons (i.e., glial derived 

neurotrophic factor, brain derived neurotrophic factor, etc.) or proteins that amplify 

dopamine production like tyrosine hydroxylase [200]. 

Human glial cell line-derived neurotrophic factor gene (hGDNF) was encapsulated in 

polyamidoamine (PAMAM) and PEG NPs (DDLS = 200 nm; ZP = +30 mV) modified with 

lactoferrin [235]. This nanoformulation crossed the BBB and exerted a neuroprotective 
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effect against 6-hydroxydopamine- and rotenone-induced damage in PD rat models, 

accompanied by an improvement of the locomotor activity in both experimental protocols 

[235]. 

Using PBCA NPs coated with T80 (DDLS = 250 ± 30 nm), it was possible to deliver nerve 

growth factor (NGF) to the brain and evaluate its effect in the model of acute scopolamine-

induced amnesia in rats, as well as in the model of 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP)-induced Parkinsonian syndrome [215]. The intravenous 

administration of the nanoparticle-bound NGF successfully reversed scopolamine-induced 

amnesia and improved recognition and memory, as well as reduce the basic symptoms of 

Parkinsonism (oligokinesia, rigidity, tremor). 

 

1.4.3.  PEGylated platforms to mitochondrial targeting 

Mitochondrial oxidative stress is a key pathologic factor in AD or PD, since mitochondria 

are a major source of ROS (e.g. ETC or DA metabolization by MAO-B). Mitochondria-

targeting has led to the development of carriers conjugated with ligands destined to enter 

in intracellular mitochondrial matrix [236]. Due to the inherent hydrophobicity and strong 

negative membrane potential (∆Ψm), efforts have been made to use triphenylphosphonium 

(TPP+) cation derivatives as ligands of carriers for mitochondria targeting (Figure 20) [236].  

 

 

Figure 20. Targeting of mitochondria using TPP+ derivatives. 

 

This delocalized cation easily transports cargo from an aqueous medium to inner 

mitochondrial membrane in response to the electrochemical gradient potential. In fact, it is 

reported that the accumulation of TPP+ derivatives is 1000-fold higher in mitochondrial 

matrix than in the cytosol based on the Nernst equation when ∆Ψm is ~180 mV.  
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Due to its importance in AD and PD progression, several attempts to delivery 

antioxidants to mitochondria have been performed using TPP+ as mitochondria-target ligand 

[237, 238].  

Conjugation of TPP+ with nanocarriers also led to an enhancement of mitochondria 

uptake when compared with nanocarriers non-functionalized with TPP+ [184].  Nanocarrier-

based on PLGA-PEG-TPP NPs were prepared in order to deliver several drugs to 

mitochondria, with special emphasis on curcumin [184]. Resulting PLGA-PEG-TPP NPs 

with DDLS values around 100 nm and high positive ZP values were able to accumulate inside 

mitochondria. The results indicated that the curcumin-loaded PLGA-PEG-TPP NPs 

reverted the damage induced by Aβ protein in human neuroblastoma IMR-32 cells. 

Also, mitochondria–targeted nanocarrier for CoQ10 delivery was prepared based on ABC 

miktoarm polymers (A= PEG, B = PCL and C = TPP+) [239], followed by the encapsulation 

of CoQ10 within this multifunctional polymer. Loaded NPs (DDLS = 25-60 nm) were able to 

reach the intracellular mitochondrial matrix and protect mitochondria against the cytotoxic 

effects of H2O2 in primary hippocampal cells. 

The functionalization of cerium oxide (ceria) NPs with PEG-TPP+ demonstrated the 

capacity of this type of nanocarriers to efficiently target mitochondria [240]. Resulting NPs 

(22-24 nm) accumulated in mitochondria and significantly reduced the damage caused by 

Aβ in in vivo 5XFAD mouse model. 

 

1.5.  Research objectives  

Nowadays, the tremendous increase of life expectancy is accompanied by the raising of 

the incidence of brain disorders in modern society, namely AD and PD. Although several 

mechanisms have been reported for both CNS disorders, the oxidative stress plays an 

important role in the initiation/propagation of radical-based reactions, which culminate in 

neuronal cell death.  

Natural compounds are privileged and versatile starting points for the creation of new 

chemical entity libraries that can be applied in therapy [241]. With this in mind, our group 

recently designed, developed and proved the biological activities of HCAs and benzopyrone 

derivative compounds, as antioxidants and iMAOBs, respectively [242-244]. However, the 

translation of natural scaffold-based compounds from pre-clinical stage to clinical settings 

displays several drawbacks mainly related with pharmacokinetics (bioavailability) and 

pharmacodynamics (therapeutic index and onset of action). Furthermore, the high efficiency 

inherent of the BBB prevents the majority of new chemical entities to reach the CNS. 
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In our case, several problems related with a) cytotoxicity effects of phenolic compounds 

in both neuronal and human endothelial brain cells, and b) water solubility of benzopyrone 

compounds, difficulted their application in in vivo studies. PEGylation technology can thus 

offer a solution for these problems in order to increase their bioavailability and BBB crossing 

efficiency. 

The challenge of this thesis was to design and develop PEGylated platforms capable of 

delivering HCAs and iMAOBs derivatives to the CNS and avoiding the effect of efflux 

pumps, namely P-gp. The work herein presented is divided in terms of type of carriers and 

type of the drug candidates (Strategy A and B, Figure 21). 

 

 

Figure 21. General strategy adopted for the development of the new PEGylated platforms for NDs. 

 

Accordingly, the specific aims set for the present study are the following:  

Strategy A 

A.1) Synthesis of PEGylated antioxidants based on HCAs scaffolds (PEGAntiOxs). 

PEGylated antioxidants will be synthetized based on two different HCAs scaffolds, namely 

caffeic and ferulic acids. The effects of PEG chain length and the possibility of dual PEG 

functionalization with mitochondria targeting ligand will be also described. 

A.2) Structural characterization of PEGAntiOxs. The structural elucidation of the 

PEGAntiOxs will be assess by NMR and MALDI-TOF analysis. 

A.3) Morphological characterization in physiological conditions. The shape and 

size of all PEGAntiOxs will be determined. 
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A.4) Screening for the cytotoxicity in different cellular models. The cytotoxic effects 

of PEGAntiOxs, HCAs and AntiOxCIN6 will be evaluated in neuronal (SH-SY5Y), liver 

(HepG2), intestinal (Caco-2) and human brain endothelial (hCMEC/D3) cell lines.  

A.5) Evaluation of in vitro antioxidant activity of PEGAntiOxs in cell-based and cell 

free systems. Antioxidant activity will be evaluated using synthetic radicals (ABTS+• and 

DPPH•) and cellular oxidative stress-inducers (H2O2 and t-BHP). 

A.6) Evaluation of in vitro metal chelating activity of PEGAntiOxs in cell-based and 

cell free systems. Antioxidant activity will be evaluated using iron (II) and cellular oxidative 

stress-inducers (FeNTA). 

A.7) Evaluation of BBB permeability. The ability of PEGAntiOxs to cross in vitro model 

of brain barrier will be studied using hCMEC/D3 cell monolayers. 

A.8) Determination of P-gp inhibitory activity. The capacity of PEGAntiOxs to inhibit 

P-gp will be verify using Rhodamine 123 (RHO 123) as P-gp subtract in Caco-2 cell line. 

 

Strategy B 

B.1) Encapsulation of two iMAOBs derivatives in polymeric NPs. The development 

of two different nanoformulations containing chomone or coumarin derivatives will be 

prepared by nanoprecipitaion method using PEGylated surfactants as coating agents. 

B.2) Physicochemical and structural characterization of nanoformulations. The 

encapsulation and subsequently encapsulation efficiency of iMAO-Bs will be determined by 

NMR and analytical techniques, such as HPLC or UV-vis methods. 

B.3) Morphological characterization in physiological conditions. The shape, size 

and charge density of all PEGylated NPs will be determined using SEM and DLS analysis 

B.4) Assessment of controlled iMAOBs release. The kinetic release profiles of iMAO-

Bs will be evaluated in different control release media. 

B.5) Screening for the cytotoxicity in different cellular models. The cytotoxic effects 

of both iMAO-Bs and respective nanoformulations will be evaluated in neuronal (SH-SY5Y), 

intestinal (Caco-2) and human brain endothelial (hCMEC/D3) cell lines. 
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B.6) Evaluation of NPs uptake in neuronal and intestinal cells. The ability of both 

iMAO-Bs and respective nanoformulations to be accumulated in SH-SY5Y and Caco-2 cells 

will be evaluated. 

B.7) Evaluation of membrane permeability. The ability of both iMAO-Bs and respective 

nanoformulations to cross in vitro models of intestinal and brain barrier will be studied using 

Caco-2 and hCMEC/D3 cell monolayers. 

B.8) Determination of P-gp inhibitory activity. The capacity of both iMAO-Bs and 

respective nanoformulations to inhibit P-gp will be verify using Rhodamine 123 (RHO 123) 

as P-gp subtract in Caco-2 cell line.
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Abstract 

 

Despite research efforts to discover new drugs for Parkinson treatment, the majority of 

candidates fail in preclinical and clinical trials due to inadequate pharmacokinetic properties, 

namely blood-brain barrier permeability. Within the high demand to introduce new drugs to 

market, nanotechnology can be used as a solution. Accordingly, PEGylated PLGA 

nanoparticles (NPs) were used as a smart delivery carrier to solve the suboptimal aqueous 

solubility, which precludes its use in in vivo assays, of a potent, reversible and selective 

monoamine oxidase B inhibitor (IMAO-B) (coumarin C75, IC50 = 28.89 ± 1.18 nM). Long-

term stable PLGA@C75 NPs were obtained by nanoprecipitation method, with sizes around 

105 nm and zeta-potential of -10.1 mV. The encapsulation efficacy was around 50 %, 

achieving the final C75 concentration of 807 ± 30 µM in the nanoformulation, which 

corresponds to a therapeutic concentration 27828-fold higher than its IC50 value. Coumarin 

C75 showed cytotoxic effects at 50 µM after 48 and 72 hours of exposure in SH-SY5Y, 

Caco-2 and hCMEC/D3 cell lines. Remarkably, no cytotoxic effects were observed after 

nanoencapsulation. The cellular uptake studies showed that C75 suffered P-glycoprotein 

(P-gp) efflux and has a lower uptake profile in intestinal cells. This transporter also 

influenced its permeability profile in hCMEC/D3 cells. Interestingly, PLGA NPs inhibited P-

gp and were able to cross intestinal and brain membranes allowing the successful transport 

of C75 through this type of biological barriers. Overall, this work showed that 

nanotechnology can be used to solve drug discovery related drawbacks. 

 

 

 

 

 

Keywords: Parkinson’s disease, MAO-B inhibitors, polymeric nanosystems, drug release, 

cytotoxicity, intestinal and brain permeability, efflux transporters 
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INTRODUCTION 

Parkinson’s disease (PD), the second most common neurodegenerative disorder, is 

characterized by the progressive damage of dopaminergic neurons in the substantia nigra 

and a subsequent substantial reduction in the dopamine concentration in the striatum.1 

Dopamine depletion is responsible for the major symptoms, as tremors, memory loss and 

hesitant speech, of the disease that normally appear after approximately 60 % of the 

dopaminergic neurons are damaged and the dopamine concentration in the striatum drops 

by about 80 %.2 

Despite the main cause of PD is still not fully understood, various risk factors have been 

associated to this disorder, including exposure to pesticides and other toxics, positive family 

history and oophorectomy, being the age of the patient the most important one documented 

so far.2 The pharmacological treatments are merely for symptomatic disease mitigation and 

are based on the administration of levodopa, catechol-O-methyltransferase inhibitors or 

monoamine oxidase B inhibitors (IMAO-B), namely selegiline, rasagiline and safinamide.3 

Monoamine oxidase-B (MAO-B) is one of the isoforms of monoamine oxidases and is 

responsible for the metabolization of dopamine in both peripheral and central neuronal 

tissues. This metabolization is age-dependent once the expression of MAO-B in neuronal 

tissues enhances 4-fold with aging.4 Since no IMAO-B drugs modify and/or revert the 

progression of PD,4 a pressing need to find new chemical entities still exists.5 

Despite research efforts to discover new drugs for PD theraphy, the majority of drug 

candidates fail in clinical trials due to inadequate pharmacokinetic properties, specifically 

blood-brain barrier (BBB) permeability.3 The extremely tight junctions engendered by 

endothelial cells of BBB, which provides a superfine filter, circumvent the transport of drugs 

from the vasculature into the brain parenchyma.6 Furthermore, BBB has active drug efflux 

transporters, namely P-glycoprotein (P-gp), multidrug resistance protein (MRP) and breast 

cancer resistance protein (BCRP), which mediate an active extrusion of their substrates 

back into the capillary lumen.7 

Polymeric nanoparticles (NPs) are emerging as promising drug delivery systems as they 

can easily be tailored to enhance the transport of drugs across the BBB.8 Among the 

different polymers, poly(lactic-co-glycolic acid) (PLGA) has attracted considerable interest 

for biomedical application due to its excellent biocompatibility, biodegradability, and 

mechanical strength properties.9 PLGA NPs surface can be modified with drugs, enzymes 

or other polymers to improve their efficiency to reach the target sites. PLGA NPs coated 

with poly(ethylene glycol) (PEG)-based surfactants, namely polysorbate 80 or poloxamer 

188 (P188), can accumulate more efficiently in the brain,10 a process related to the 

improvement of blood circulation time and the stealth nature of PEG-coated NPs.11 
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Moreover, the use of PLGA was already approved by Food and Drug Administration and 

European Medicines Agency as a drug delivery system for parenteral administration as well 

as for diagnostics.12 

Till now few studies have been addressed to the use of PEGylated NPs to solve drug 

discovery and development problems in the field of neurodegenerative diseases.13 Even 

though rasagiline and selegiline (IMAO-B) were effectively encapsulated in polymeric 

NPs,14, 15 a gap still exists to solve drug discovery problems, like site-targeted, controlled 

and bioavailability of potential drug candidates. 

Thus, in this study PLGA NPs coated with P188, a PEGylated surfactant, were used as a 

carrier of a new chemical entity (coumarin C75, see structure in Table 1), selected from a 

library of our group, as a potent, reversible and selective IMAO-B. The IMAO-B data was 

acquired and described for the first time in this work. Coumarin C75 was entrapped into 

PLGA NPs to solve its water solubility and bioavailability problems that restrict its application 

in preclinical assays.  

Accordingly, PEGylated PLGA NPs were prepared by the nanoprecipitation method. The 

nanoformulations were characterized and coumarin controlled release evaluated in different 

conditions. The cytotoxicity of free and encapsulated coumarin C75 was evaluated in SH-

SY5Y, Caco-2 and hCMEC/D3 cell lines. In addition, permeability and transport studies 

were performed in intestinal and BBB in vitro models. 

 

RESULTS AND DISCUSSION 

Monoamine Oxidase Inhibition Studies. The evaluation of human MAO (hMAO) inhibitory 

activity of the coumarin C75 was performed by a fluorescence-based assay measuring its 

effect on the production of H2O2 from p-tyramine (a common substrate for both hMAO-A 

and hMAO-B).16 The results of the in vitro evaluation of inhibitory potency (IC50 values) and 

selectivity, expressed as selectivity index (SI), toward hMAO-A and hMAO-B of the 

coumarin and reference inhibitors ((R)-(−)-deprenyl, rasagiline, safinamide) are shown in 

Table 1. 
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Table 1 – hMAO inhibitory activities of coumarin C75 and reference inhibitors ((R)-(−)-deprenyl, 

rasagiline, safinamide)a. Results are presented as mean ± SEM. 

Coumarin C75 

 

IC50 (nM) 

SIc 
hMAO-A hMAO-B 

C75 a 28.89 ± 1.18 >3461b 

    

(R)-(−)-Deprenyl 68730 ± 421 16.73 ± 1.48 4108 

Rasagiline 52974 ± 742 49.66 ± 2.26 1067 

Safinamide a 23.07 ± 2.07 >4335b 

 aInactive at 100 µM (highest concentration tested); bValues obtained under the assumption that the 
corresponding IC50 against MAO-A is the highest concentration tested (100 μM). cSI = ([IC50(MAO-
A)]/[IC50(MAO-B)]) 

 

The data obtained showed that coumarin C75 is a potent and selective IMAO-B with an IC50 

around 28.89 ± 1.18 nM, which is in the same order of magnitude of reference inhibitors. 

Coumarin selectivity is in the same range of the reference drugs (R)-(−)-deprenyl and 

safinamide.  

The coumarin inhibition mechanism towards hMAO-B was determined by measuring the 

initial rates of substrate oxidation in the absence and presence of coumarin C75 (60 and 

125 nM) (Figure 1).  
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Figure 1 – Kinetic studies on the mechanism of hMAO-B inhibition by coumarin C75. The effect of 

the C75 on the enzyme was determined from the double reciprocal plot of 1/rate (1/V) versus 

1/substrate concentration in the presence of varying concentrations of the C75. The Ki values were 

calculated by the fit to the appropriate form of the Michaelis-Menten equation using GraphPad Prism 

V6.0 InStat. (plot insets in the top right). 
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The results are presented as double reciprocal Lineweaver−Burk plots (1/V vs 1/[S]), and 

the data showed a linear behaviour for the different concentrations of C75, intercepting the 

y-axis, which indicates that this compound acted as a competitive IMAO-B.4 However, when 

global fit analysis of the enzyme velocity versus substrate concentration curves in the 

presence and absence of the C75 (125 nM) showed a better fitting using a mixed inhibition 

model. For the fitting, the hMAO-B inhibition binding affinity, determined as inhibition 

constant (Ki), it was calculated. Coumarin C75 displayed Ki value of 20.76 ± 3.39 nM, which 

is similar with the IC50 value obtained (Table 1). 

Moreover, the type of binding between hMAO-B and coumarin C75 was assessed by time-

dependent inhibition studies.4 The binding behavior of irreversible ((R)-(−)-deprenyl and 

rasagiline) and reversible (safinamide) inhibitors was also evaluated under the same 

experimental conditions (Figure 2). 
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Figure 2 - Time-dependent inhibition of recombinant hMAO-B by reference drugs (R)-(−)-deprenyl 

(50 nM), safinamide (40 nM), and rasagiline (200 nM) and coumarin C75 (30 nM). The remaining 

activity was expressed as % of activity. Data are the mean ± SD of three different experiments. 

 

The studies of reversibility showed for the rasagiline and (R)-(−)-deprenyl that the enzyme 

residual activity decayed continuously after the first 15 minutes of incubation, which is 

consistent with irreversible enzymatic inhibition. Contrarily, for safinamide and coumarin 

C75, the enzymatic activity increases constantly along the analysis times showing that 

coumarin C75 behaves as a reversible IMAO-B. 

Preparation and characterization of nanoformulations. Firstly, to surpass the coumarin 

C75 solubility drawbacks, C75-loaded PEGylated PLGA-based NPs (PLGA@C75 NPs) 

were prepared by the nanoprecipitation method. In parallel, unloaded PEGylated PLGA-

based NPs (PLGA NPs) were prepared in the same conditions with the absence of coumarin 

C75. The organic solvent/water and polymer/drug ratios as well as the amount of P188 used 
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in the preparation of NPs were optimized (data not shown) to attain a nanoformulation with 

the required physicochemical properties. The morphology and shape of both PLGA and 

PLGA@C75 NPs were assessed by scanning electron microscopy (SEM) (Figure 3).  

 

 

Figure 3 – SEM micrographs and particle size distribution histograms of (a) PLGA and (b) 

PLGA@C75 NPs. The solid line represents the log-normal distribution fit. Average particle size and 

standard deviation estimated by SEM (DSEM ± SD) assuming a log-normal particle size distribution. 

 

As shown in Figure 3, spherical shaped NPs were obtained with a uniform size distribution. 

To estimate the physical diameter (DSEM) of the particles at least 300 NPs were measured 

from 5 different micrographs. The particle size distribution was fitted by a log-normal 

function (Figure 3) and DSEM values of 115.7 ± 1.4 nm and 88.6 ± 1.4 nm have been 

obtained for PLGA and PLGA@C75 NPs, respectively. Noticeably, coumarin C75 

encapsulation influenced NPs size probably due to its hydrophobic character and/or to its 

interaction with PLGA along the nanoprecipitation process. In fact, during the process the 

presence of the hydrophobic coumarin, in the organic phase micelles, can act as 

precipitation nanocrystals around which PLGA involved them. As a result, the size of 

PLGA@C75 NPs is smaller than those obtained with PLGA NPs. 

The hydrodynamic average size (DDLS), polydispersity index (PdI) and zeta potential (ZP) of 

PLGA and PLGA@C75 NPs were assessed in three different conditions: Milli-Q water, 

phosphate-buffered solution (PBS 1x) and Hank’s balanced salt solution with calcium and 

magnesium (HBSS +/+) (Table 2). Even though particle characterization measurements 

are usually performed in Milli-Q water,17 they were also evaluated in PBS and HBSS (+/+), 

the media used in drug-controlled release and permeability assays.  
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Table 2 – Hydrodynamic average sizes (DDLS), polydispersity index (PdI) and zeta potential (ZP) 

values of PLGA and PLGA@C75 NPs in Milli-Q water, PBS (1x) and HBSS (+/+). Results are 

presented as mean ± SD. 

 Nanoformulation 

 PLGA NPs PLGA@C75 NPs 

Medium 
DDLS

a 

(nm) 
PdI 

ZP 

(mV) 

DDLS
a 

(nm) 
PdI 

ZP 

(mV) 

Milli-Q 

water 
135.0 ± 3.4 0.13 ± 0.08 -26.5 ± 2.7 100.7 ± 5.7**** 0.07 ± 0.02 -29.1 ± 3.7 

PBS 1x 135.4 ± 1.6 0.06 ± 0.01 
-16.3 ± 1.1 

(¥¥¥¥) 

104.6 ± 1.0**** 

(¥) 
0.05 ± 0.01 

-9.9 ± 0.4**** 

(¥¥¥¥) 

HBSS 

(+/+) 
135.5 ± 0.6 0.05 ± 0.01 

-11.2 ± 1.4 

(¥¥¥¥) 

105.1 ± 1.8**** 

(¥¥) 
0.05 ± 0.02 

-9.4 ± 0.5*** 

(¥¥¥¥) 

aData obtained from the intensity distribution. Statistical comparisons were made using two-way ANOVA. In all 

cases, p values lower than 0.05 were considered significant (****p < 0.0001 vs. PLGA NPs values; ¥p<0.05, 

¥¥p<0.01, ¥¥¥p<0.001, ¥¥¥¥p<0.0001 vs Milli-Q water values). 

 

Through dynamic light scattering (DLS) analysis, both samples presented similar low PdI 

and monodisperse profiles with hydrodynamic sizes lower than 135 nm. In all media tested, 

PLGA@C75 NPs were smaller than empty PLGA NPs (p<0.0001), which validated the 

results obtained by SEM analyses. Furthermore, to compare the size estimated by DLS and 

SEM in Milli-Q water, it was required to convert the DDLS values obtained from the intensity 

distribution into values of derived number distributions. The values obtained were 111.9 ± 1.5 

and 81.6 ± 3.6 nm for PLGA and PLGA@C75 NPs, which are significantly lower than those 

obtained by intensity distribution (Table 2). This fact is in accordance with literature.18 By 

comparison with SEM data, it was possible observed that the DSEM values are slight higher 

than DDLS values, which can be justify by the occurrence of NPs aggregation during the drying 

process or by the fact that SEM images represent only a very small fraction of the sample.18  

When Milli-Q water was used as a dispersion medium, the nanoformulations showed 

negative ZP values (around -30 mV), which can be related with the ionization of PLGA free 

carboxylic acid end-group.19 However, when both PBS and HBSS medium were used, the 

ZP values of PLGA and PLGA@C75 NPs were less negative than those obtained in Milli-

Q water (p<0.0001). Decreasing of absolute values of ZP could be explained by the 

presence of salt in solution that affect charge density in NPs surface.20  

Moreover, nanoformulations showed a high stability maintaining their size and 

physicochemical properties. Also, their colloidal appearance was kept even after 6 months 

of storage at 4 ºC (data not shown). The long-term stability in aqueous solution of so small 
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NPs was mainly due to the combination of their surface charge and the presence of P188 

in NPs surface.  

The structural characterization of nanoformulations was performed by 1H nuclear magnetic 

resonance (1H NMR) and differential scanning calorimetry (DSC) analysis. 1H NMR spectra 

of coumarin C75, PLGA@C75 and PLGA NPs are shown in Figure 4a. 
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Figure 4 – Structural characterization by: (a) 1H NMR and (b) DSC analysis of coumarin C75 (red 

line), PLGA@C75 NPs. (black line) and PLGA NPs (green line). 

 

As shown in 1H-NMR spectra (Figure 4a) both PLGA and PLGA@C75 NPs (green and 

black lines, respectively) presented PLGA characteristics peaks at 1.4 (3H), 4.8 (2H) and 

5.2 (1H) ppm that were assigned to -CH3, -CH2, and -CH protons, respectively.21 The peaks 

located at 3.6 ppm, assigned to -CH2, confirmed the presence of P188 in PLGA NPs.22 In 

addition, in PLGA@C75 NPs spectra the signals due to the presence of coumarin were 

observed, namely the presence of aromatic ring protons (7.4-6.8 ppm) and methoxy and 

methyl groups, at 3.9 and 2.5 ppm, respectively.  

The DSC thermograms of free C75, PLGA and PLGA@C75 NPs are shown in Figure 4b. 

DSC thermogram of C75 (red line) showed a sharp endothermic peak corresponding to its 

melting transition, characterized by a Tmax = 129.3 C, which is in accordance with the C75 

melting point (Supporting information). This peak disappeared in PLGA@C75 NPs DSC 

thermogram (black line), which suggested that C75 was in an amorphous or disordered 

crystalline phase of a molecular dispersion or a solid solution state in the PLGA matrix.23 

The PLGA NPs thermogram (green line) showed a small peak at around 49.6 C and an 

intense peak at 363.0 C, which can be related with the relaxation peak that follows the 

glass transition (Tg) and polymer decomposition peak, respectively. The data is in 

accordance with literature reports on the same type of systems.24, 25 The slight increase in 
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Tg and decrease in decomposition temperature presented by PLGA@C75 NPs DSC 

thermogram could be related to the presence of interactions between C75 and PLGA 

matrix.26  

Overall, NMR and DSC data evidenced the successful encapsulation of coumarin C75 in 

PLGA NPs. 

Encapsulation efficiency and in vitro release. After ultrafiltration process, the 

concentrated PLGA@C75 nanoformulation was ultracentrifuged in order to estimate the 

mass of PLGA@C75 NPs per milliliter of solution and evaluate the encapsulation efficiency 

of nanoformulation. The concentrated PLGA@C75 nanoformulation had 4.13 mg/mL of 

PLGA@C75 NPs powder and a coumarin concentration of 807 ± 30 µM, which led to an 

encapsulation efficiency of 53.3 ± 2.0 %, a concentration that is 27828-fold higher than the 

concentration required for the therapeutic effect (MAO-B IC50 = 28.89 ± 1.18 nM). 

The sustainable release of coumarin from PLGA@C75 NPs was evaluated in PBS (pH 7.4) 

at 37 C for 7 days to mimic the physiological medium and at pH 1.2 for 2 hours followed 

by pH 7.4 for 5 hours to mimic the upper and lower gastrointestinal tract.27 The cumulative 

percentage of coumarin released was plotted against time in order to obtain the release 

profile (Figure 5). 
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Figure 5 – Release profiles of coumarin from PLGA@C75 NPs: (a) in PBS (pH 7.4) along 7 days; 

(b) in 0.1 N HCl, pH 1.2 for 2 hours followed by PBS, pH 7.4, for 5 hours. Data are means ± SD, n=3.  

 

The in vitro release profile of coumarin in PBS presented a biphasic pattern (Figure 5a), 

consisting on an initial burst release (around 30 %) until the first 24 hours followed by a 

sustained release which extend up to 7 days. This type of kinetic profile is described for 

other PLGA NPs.28 After, a slow diffusion of C75 over a period of 7 days was observed with 

a total amount release of 45.8 ± 1.9 % and a final concentration of 371.2 ± 13.7 µM 

(approximately 12793-fold higher than the coumarin MAO-B IC50 value). The initial release 
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step can be related to the dissolution of entrapped C75 molecules near or in the NPs 

surface29 and the second with coumarin slow diffusion process from PLGA matrix and/or by 

the erosion of PLGA in physiological medium.30, 31  

The studies performed in gastrointestinal simulated fluids (Figure 5b) allowed to conclude 

that acidic medium accelerated PLGA biodegradation leading to an increment of the 

coumarin rate of C75 release. Comparing both assays in the first 90 minutes a 2.5-fold 

increase of C75 release was obtained using acidic medium.  

Then, the coumarin release kinetics was analyzed by linear regression using different 

mathematical models to fit the data: zero order (Q = K0t), first order (ln(100 − Q) = ln Q0 − 

K1t) or Higuchi (Q = KH t1/2) models.27 Regression parameters were estimated by least 

squares method and the best fit model was selected based on the correlation (r2) values. 

The results are shown in Table 3 and the best linearity was found using Higuchi’s equation 

plot.32 

 

Table 3 - Kinetic values obtained from the analysis of C75 release in different dissolution medium.  

pH 
(medium) 

r
2
 Korsmeyer-Peppas 

Zero-order First-order Higuchi r
2
 n K (h

-1
) 

7.4 0.8244 0.6201 0.9910 0.9899 0.7948 1.40 

1.2-7.4 0.9435 0.7504 0.9908 0.9812 0.588 4.25 

 

To characterize the drug release mechanism the data was fitted to the Korsmeyer−Peppas 

model Mt/M∞ = Ktn, where Mt/M∞ is the fraction of drug released after time t, K is kinetic 

constant, and n is the release exponent.27 In both conditions the n values are higher than 

0.5 and point toward a non-Fickian release mechanism, indicating that the drug release is 

controlled by the erosion of the polymer in the NPs surface.32 Accordingly, the higher kinetic 

constant attained in simulated gastrointestinal fluid condition can be related with the faster 

PLGA degradation process.33 

In vitro cytotoxicity studies. The cytotoxic profile of C75 and PLGA@C75 NPs long-term 

exposure in human neuroblastoma (SH-SY5Y) and epithelial colorectal adenocarcinoma 

(Caco-2) cell lines was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) and neutral red (NR) assays (Figure 6). No significant cytotoxicity was 

detected for C75 and PLGA@C75 NPs at 10 μM in both cell lines. However, coumarin at 

50 µM caused a significant decrease (cell viability below than 82 %) in cell metabolic activity 

(Figure 6a) and NR uptake (Figure 6b) at 48 and 72 hours. No PLGA@C75 NPs cytotoxic 

effects were observed for the same experimental conditions. 
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Figure 6 – Cytotoxic profile of C75 and PLGA@C75 NPs (10 and 50 μM) in neuronal and intestinal 

cell lines after 24, 48 and 72 hours of exposure determined by MTT reduction (a, c) and the NR 

uptake (b, d) assays. Results are expressed as mean % cell viability ± SEM (n = 3) (*p<0.05, **p<0.01, 

****p<0.0001 vs control data). Control data was set as 100 % and represented by a grey dotted line. 

 

In general, PLGA@C75 NPs and C75 did not show a significant decrease in the metabolic 

activity of Caco-2 cell line, regardless the concentration and time of exposure. However, the 

C75 appears to disturb the lysosomal function, being this effect more evident at the higher 

concentration (62 % of NR uptake vs control, p<0.0001).  

The data allow concluding that encapsulation in PLGA NPs decreased coumarin intrinsic 

toxicity. The controlled C75 release could played an important role in the coumarin 

cytotoxicity decrease, since as observed in Figure 5a after 72 hours, only 38 % of C75 

presented inside NPs was released to the medium. 

Coumarin uptake in SH-SY5Y and Caco-2 cell lines. The cellular uptake at 24 hours of 

coumarin C75 and PLGA@C75 NPs was evaluated by fluorescence spectroscopy (Figure 

7a). The relative uptake in neuronal and intestinal cell lines was dependent on the C75 and 

PLGA@C75 concentration: higher uptake values were observed at 50 µM in both cell lines 

(Figure 7a). However, for the same concentration cellular uptake profiles were significantly 

different in both cell lines. In neuronal cells, C75 showed a better internalization when 
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compared to the nanoformulation. Conversely, a higher PLGA@C75 NPs uptake at 10 and 

50 µM was observed in Caco-2 cells (4.0 and 5.3-fold when compared to C75). 
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Figure 7 - Relative uptake of C75 and PLGA@C75 (10 and 50 μM) in SH-SY5Y and Caco-2 cell 

lines after 24 hours of exposure (a) and with (w/) and without (w/o) simultaneous exposure of Caco-

2 cells to the glycoprotein-P (P-gp) inhibitor, elacridar (10 μM) and C75 or PLGA@C75, for 24 hours 

(b). Cytotoxic profile of C75 and PLGA@C75 (10 and 50 μM) determined by MTT (c) and NR (d) 

assays to evaluate the effect of P-gp inhibition in Caco-2 cells, after 24 hours of exposure. Results 

are expressed as mean % cell viability ± SEM (n = 3).  Statistical comparisons were made using two-

way ANOVA in studies (a) and (b) and one-way ANOVA in (c) and (d) cases. In all cases, p values 

lower than 0.05 were considered significant (****p<0.0001 by comparison of both sample at higher 

concentration; §§§p<0.001, §§§§p<0.0001 by comparison of both sample at lower concentration; 

¥¥¥¥p<0.0001 by comparison with results obtained without Elacridar use; ♦p<0.5, ♦♦p<0.01, 

♦♦♦♦p<0.0001 by comparison with control). 

 

The high P-glycoprotein (P-gp) expression levels of Caco-2 cells and the putative role of 

coumarin as a P-gp substrate can justify the observed decrease of its intracellular 

concentration. To test this hypothesis, Caco-2 cells were co-incubated with C75 or 
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PLGA@C75 NPs (at 10 and 50 µM) and with elacridar (at 10 µM), a well-known third-

generation P-gp inhibitor, for 24 hours. When elacridar was used a notorious increase on 

C75 coumarin uptake was observed (Figure 7b). This result showed that coumarin suffered 

P-gp efflux and explained its lower uptake profile in intestinal cells than in neuronal cells. 

Furthermore, the P-gp-mediated efflux could also explain the non-cytotoxic effect of 

coumarin in the metabolic activity of Caco-2 cells (Figure 7c).  

In fact, when P-gp was inhibited with elacridar, a slight decrease (p<0.5) in Caco-2 

metabolic activity was detected at the tested concentrations (Figure 7c). In addition, C75 

(50 µM) also display cytotoxicity in the NR uptake assay (Figure 7d), data that is consistent 

with the results previously obtained (Figure 6d). With PLGA@C75 NPs no increase in 

cellular uptake or toxicity in Caco-2 cells was detected when elacridar was used. The overall 

data strengthen the importance of nanoencapsulation on increasing of C75 bioavailability.  

Permeability and transport studies. Lastly, C75 or PLGA@C75 NPs permeability data 

was obtained using in vitro intestinal and BBB models. To predict the absorption of orally 

administered coumarin C75 and PLGA@C75 NPs (at 50 µM), a confluent Caco-2 cell 

monolayer cultured on a cell culture insert filter (Transwell) was used. An increment of C75 

and PLGA@C75 NPs amount that cross the barrier was observed over the time (Figure 

8a). 
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Figure 8 - Cumulative amount of coumarin in C75 (% ID) that cross the Caco-2 cells monolayer in 

function of time (hours) (a) and accumulation of rhodamine (RHO) 123 in Caco-2 cells (b). Data are 

expressed as means ± SEM of three independent assays. Statistical comparisons were made using 

two-way ANOVA and One-way ANOVA for Caco-2 permeability (a) and RHO 123 accumulation (b) 

assays, respectively. In all cases, p values lower than 0.05 were considered significant (**p<0.01, 

***p<0.001 and ****p<0.0001 by comparison with free C75 values; ####p<0.0001 when compared with 

control cells). 
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A linear profile characteristic of passive transcellular permeation was obtained for C75 

(clogP 3.78),34 which is in accordance with the data attained for other lipophilic drugs. 

Actually, several studies point out that lipophilic drugs have the capacity to cross intestinal 

barrier by passive diffusion.35-37 

A different profile was obtained with PLGA@C75 NPs as a tendency for a slight curve was 

observed after 2 hours, which is can be ascribed to a mixed passive and transport-mediated 

mechanism.35 This process is dependent on the size of the NPs. It has been proposed that 

the optimum size for epithelial cross was around 100 nm,38 the same DDLS value obtained in 

this work. Although particles up to about 100–200 nm can be internalized by receptor-

mediate endocytosis,39 they can also cross the Caco-2 epithelial monolayer by transcellular 

route.40, 41  

Interestingly, C75 and PLGA@C75 NPs final accumulation concentrations obtained in basal 

medium were also significantly different. After 8 hours around 8.5 % of initial dose (ID) of 

C75 crossed the Caco-2 cells monolayer to the basal medium, a value that is attained with 

PLGA@C75 nanoformulation after 3 hours. At the end of the experiment, the accumulation 

of coumarin in the basal medium was 3.4-fold higher (28.8 %, p<0.0001) when PLGA@C75 

NPs were used. The apparent permeability coefficient (Papp) values42 of C75 and 

PLGA@C75 NPs were of 2.6 x 10-6 and 8.9 x 10-6 cm/s, respectively. The lower 

accumulation of C75 in basal medium, when compared with PLGA@C75 NPs, can be 

related with fact that it was found to be a P-gp substrate.  

For data validation a subsequent experience was done using Rhodamine (RHO) 123 as a 

reference P-gp substrate probe.43 Elacridar, used as a positive control, acted as P-gp 

inhibitor avoiding the RHO 123 efflux from Caco-2 cells (Figure 8b). As expected no 

significant difference in fluorescence was verified with C75 (Figure 8b). However, a 2.41-

fold increase in RHO intracellular accumulation was observed for PLGA@C75 NPs (Figure 

8b). The data obtained so far evidence that nanoencapsulation facilitates coumarin passage 

through Caco-2 cells monolayers by surpassing the effects of efflux transporters, such as 

P-gp. 

The permeability studies were also performed with the brain microvascular endothelial cell 

line (hCMEC/D3 cells) as a BBB model.44 This cell line expresses not only P-gp in high 

concentration levels, but also other transporters such as breast cancer resistance protein 

(BCRP or ABCG2), and multidrug resistance-associated proteins (MRP)-4 and -5 (or 

ABCC4 and 5).45  

Firstly, the cytotoxicity of C75 (50 µM) and PLGA@C75 NPs (50 and 100 µM) was assessed 

through the MTT assay. As no cytotoxic effects (Supporting Information, Fig. S5) were 

noticed the in vitro permeability assays were performed (Figure 9). 



140 | Chapter III 

Experimental Section 

 

 

T im e  (m in )

C
u

m
u

la
ti

v
e

 C
7

5
 B

B
B

 c
r
o

s
s

e
ff

ic
ie

n
c

y
 (

%
 I

D
)

0 1 5 3 0 4 5 6 0 9 0 1 2 0 1 8 0

0

5

1 0

1 5

2 0

2 5

3 0 P L G A @ C 7 5  N P s  (5 0  M )

P L G A @ C 7 5  N P s  (1 0 0  M )

*

* * * *

* * * *

* * *

a )

C 7 5  (5 0  M )

¥ ¥

¥ ¥ ¥ ¥

¥ ¥ ¥ ¥

¥ ¥ ¥ ¥

¥ ¥ ¥ ¥

¥ ¥ ¥ ¥

T im e  (m in )

C
u

m
u

la
tiv

e
 C

7
5

 B
B

B
 c

r
o

s
s

in
g

e
f
f
ic

ie
n

c
y

 ( 
M

)

0 1 5 3 0 4 5 6 0 9 0 1 2 0 1 8 0

0

4

8

1 2

1 6

2 0P L G A @ C 7 5  N P s   (5 0  M )

P L G A @ C 7 5  N s P   (1 0 0  M )

b )

 
Figure 9 - C75 and PLGA@C75 NPs efficacy (ID %) in BBB cross endothelial membrane (a) and 

amount of sample accumulated in the basal medium (b) after 3 hours of exposure. Data values 

represent mean ± SEM (n=3). Statistical comparisons were made using two-way ANOVA. In all 

cases, p values lower than 0.05 were considered significant (¥¥p<0.01 and ¥¥¥¥p<0.0001 by 

comparison with free C75; *p<0.05, ***p<0.001 and ****p<0.0001 by comparison with both 

concentrations of PLGA@C75 NPs). 

 

In the first 3 hours no C75 was detected in the basal medium while PLGA@C75 NPs (50 

µM) exhibited a final accumulation around 25.6 % of ID, which corresponded to a coumarin 

concentration of 12 µM, 414-fold of its MAO-B IC50 value. An increase of PLGA@C75 NPs 

ID (100 µM) led to a significant decrease in the BBB cross efficacy and a lower accumulation 

efficiency (Figure 9a). However, to compare the concentration accumulated in basal 

medium after 3 hours of permeability assay no significant difference was observed, which 

suggested that both concentrations can be used for in vivo assays (Figure 9b). 

The inability of C75 to cross this barrier can be related with its capacity to interact with efflux 

transporters, as it was found to be P-gp substrate in Caco-2 permeability assay, that are 

also expressed in hCMEC/D3 cell line. Once again PLGA NPs give a “stealth mode” to 

coumarin, allowing its permeation across the endothelial cells membranes. It has been 

proposed that PLGA NPs coated with surfactants like tween 80 or P188 facilitate BBB 

crossing by a diversity of mechanisms, namely silencing P-gp.46  

Overall, results suggested that the developed nanoformulation could be a promising 

strategy to circumvent BBB hindrances, like drug efflux transport, improving drug ability to 

cross this biological barrier. 

 

CONCLUSIONS 

Overcoming poor solubility and permeability of candidates is a significant issue in drug 

discovery as they constrain pivotal properties that determine drug absorption. In this study, 
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a potent, reversible and selective IMAO-B was successful encapsulated in PLGA NPs 

coated with PEGylated surfactant (P188) by nanoprecipitation method. The NPs presented 

hydrodynamic sizes in physiological conditions of 105.3 ± 1.0 nm and ZP of -10.1 ± 0.8 mV, 

which guaranteed the long-term stability of the nanoformulation in conjugation with the 

PEGylation of NPs surface. The final nanoformulation had a C75 concentration of 807 ± 30 

µM, which was 27828-fold higher than MAO-B IC50 of coumarin. In physiological conditions, 

the nanoformulation released approximately 45.8 ± 1.9 % of coumarin content and 

decreased the cytotoxic effects of C75 in SH-SY5Y, Caco-2 and hCMEC/D3 cells. 

The successful transport of C75 through intestinal epithelial and brain cell membranes 

achieved when C75 was encapsulated in PEGylated PLGA NPs translate the potential of 

this type of nanocarriers to deliver bioactive compounds that can delay or reverse the 

progression of neurodegenerative disorders. 

 

EXPERIMENTAL SECTION 

Materials. Poly(lactic-co-glycolic acid) [50:50] with terminated carboxylic acid (MW ≈ 44000 

Da, determined by gel permeation chromatography) was kindly offered by Corbion Purac 

and used without further purification. Phosphate buffered saline solution (PBS 10 x), 

nonessential amino acids (NEAA), heat inactivated bovine serum (FBS), 0.25 % trypsin/1 

mM EDTA, antibiotic (10,000 U/mL penincilin, 10,000 µg/mL streptomycin), rat tail collagen 

type I, Hank’s balanced salt solution without and with calcium and magnesium [HBSS (-/-) 

and HBSS (+/+)] were purchased from Gibco Laboratories (Lenexa, KS, USA). Dulbecco’s 

modified eagle’s medium (DMEM) with 4.5 g/L glucose, hydrocortisone, ascorbic acid, 4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), basic fibroblast growth factor 

(bFGF) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were 

acquired from Sigma-Aldrich. Endothelial basal medium 2 (EBM-2) was acquired from 

Lonza, and Triton X-100 from Spi-Chem. General reagents were obtained from Sigma-

Aldrich (Sintra, Portugal). Water was Milli-Q (Millipore). 

 

Synthesis of 3-(3,4-dimethoxyphenyl)-8-methylcoumarin (C75). The synthesis of 3-

(3,4-dimethoxyphenyl)-8-methylcoumarin was performed by carbodiimide cross linker 

reaction as previously reported by our group.47 The structural characterization and purity 

were obtained by NMR (1H, 13C and DEPT), mass spectroscopy and melting point 

determination using capillary method (see Supporting information). 
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Determination of hMAO activity. The inhibitory activity of coumarin C75 on both hMAO 

isoforms was assessed following a previously described assay (see Supporting 

information).16 

 

Evaluation of hIMAO-B type of binding affinity. The type of hMAO-B binding of C75 and 

reference inhibitors (rasagiline, (R)-(−)-deprenyl and safinamide) was evaluated by a time-

dependent inhibition assay (see Supporting information).4  

 

Preparation of C75-loaded and unloaded NPs. PLGA NPs loaded with coumarin C75 

were prepared using the nanoprecipitation method as described by Klippstein et al.48 Briefly, 

PLGA polymer and C75 were dissolved in acetone. The organic phase was then added 

dropwise into 40 mL of water containing 0.25 % P188 as an amphiphilic surfactant. The 

resulting mixture was maintained under magnetic stirring for 4 hours, at room temperature. 

Acetone was evaporated under reduced pressure at room temperature. The NPs were 

purified by ultrafiltration (10 min, 3000 × g, Amicon Ultra 100 kDa MWCO, Millipore) and 

stored at 4 ºC until use. The unloaded PLGA NPs were prepared likewise, without coumarin 

C75. The NPs samples of loaded and unloaded were labelled as PLGA@C75 NPs or PLGA 

NPs, respectively. 

 

Characterization of nanoparticles 

Determination of morphology, particle size and zeta potential. The morphology of the 

PLGA@C75 and PLGA NPs was analyzed by scanning electron microscopy (SEM) (JEOL 

JSM-6390, Tokyo, Japan). The NPs were fixed on adequate supports and coated with 

carbon using platinum sputter module (JFC-1100, JEOL Ltd.), in a higher vacuum 

evaporator at 20 mA for 5 minutes. Different magnifications were performed at 10, 15 and 

20 kV. The NPs mean size was estimated by measuring the physic diameter of 300 NPs for 

each sample using Image J software. The distribution of measured NPs diameter was fitted 

assuming a log-normal particle size distribution.49 

The hydrodynamic particle size (DDLS), polydispersity index (PdI) and zeta potential (ZP) of 

NPs were analyzed by dynamic light scattering and electrophoretic mobility using Zetasizer 

(Malvern, UK). PLGA and PLGA@C75 NPs were diluted (10 % v/v) in Milli-Q water, PBS 

(1x) and HBSS (+/+). Experiments were run in triplicate.  

 

Nuclear magnetic resonance analysis. 1H NMR spectra of C75, PLGA@C75 NPs and 

PLGA NPs were acquired, at room temperature, on a Brüker AMX 300 spectrometer 

operating at 400.13 MHz. The samples were analyzed with a final concentration of 30 
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mg/mL in DMSO-d6. The chemical shifts are expressed in δ (ppm) values relative to 

tetramethylsilane (TMS) as internal reference and coupling constants (J) are given in Hz. 

 

Differential scanning calorimetry analysis. DSC measurements were performed with a 

Netzsch DSC 204 calorimeter (Netzsch, Germany). The accurately weighed sample 

(around 5 mg) was placed in an aluminum pan. An empty aluminum pan was used as 

reference. The experiments were carried out in nitrogen atmosphere (flow rate 70 mL/min) 

at a scanning rate of 10 °C/min in the range of 25–400 °C. 

 

Quantification studies. Coumarin C75 was quantified by HPLC/UV using a Waters 2690 

Alliance HPLC system (Milford, MA, USA) in isocratic mode with a reverse phase Waters 

Spherisorb RP-18 (5 µm) ODS2 column, with 4.6 mm internal diameter and 250 mm length. 

The mobile phase was a mixture of acetonitrile and water (50:50) with 0.1 % of trifluoroacetic 

acid, at a flow rate of 1 mL/min. All solutions were degassed and filtered through a 0.45 μm 

pore size filter (Millipore, USA). The sample injection volume was 50 µL, and the detection 

was performed in a Waters 996 PDA detector, at a wavelength of 340 nm.  

 

UV/Vis and fluorescence data. The UV/Vis spectra of C75 and PLGA@C75 NPs were 

acquired with a Shimadzu UV/Vis spectrophotometer (UV-1700 PharmaSpec, Japan). The 

C75 and PLGA@C75 NPs were analyzed in DMSO solution at final concentration of 50 µM 

and 10 mg/mL, respectively. The fluorescence spectra of the C75 and nanoformulation, in 

DMSO solution, was measured using the spectrometer C11347-11 from Hamamatsu, that 

is equipped with a 150 W xenon lamp (coupled to a monochromator for wavelength 

discrimination). Both the UV/Vis and fluorescence spectra were acquired at room 

temperature.  

 

Encapsulation efficiency and in vitro release studies. The amount of coumarin 

incorporated into the PLGA NPs was determined after complete dissolution of PLGA@C75 

NPs in DMSO. Briefly, PLGA@C75 NPs were ultracentrifugated (30 min, 13000 × g) and 

the supernatant rejected. The resulting solid was lyophilized. Then, 10 mg of the freeze-

dried NPs were vortexed with 1 mL of DMSO for 30 minutes and the resulting solution 

analyzed by HPLC at 340 nm. The analysis was performed in triplicate. 

Encapsulation efficiency (EE) was calculated as the ratio between the coumarin content in 

the freeze-dried NPs and the initial coumarin amount used in the NPs preparation (equation 

1).44 
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𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑤𝑡. 𝑤𝑡. %) =  
𝐷𝑟𝑢𝑔 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑢𝑔 𝑎𝑚𝑜𝑢𝑛𝑡
 𝑥 100⁄             (1) 

 

The release studies were performed in PBS (1x, pH 7.4) and in a sequential combination of 

PBS (1x, pH 7.4) followed by HCl (0.1 N, pH 1.2).27 Briefly, NPs suspension was divided in 

three tubes, which were kept in an orbital shaker at 37 ºC. At predetermined time intervals, 

the suspension was centrifuged at 13000 × g for 15 minutes at 4 ºC. The resulting solid was 

redispersed in release medium and incubated until the next sampling. The supernatant was 

analyzed by HPLC to determine the amount of C75 released at different time intervals. The 

experiments were performed in triplicate and under sink conditions. 

 

Cells culture experiments 

Human neuroblastoma (SH-SY5Y) cells. SH-SY5Y cells (ATCC, Manassas, VA, USA) 

were routinely cultured in 75-cm2 flasks using DMEM with 13.5 g/L glucose, supplemented 

with 10 % heat-inactivated FBS (v/v), 1 % NEAA (v/v) and 1 % penicillin/streptomycin (v/v). 

Cells (passage 33–42) were maintained at 37 °C in a humidified atmosphere of 95 % air/5 

% CO2 and the medium was changed every 3 days. Cultures were passaged weekly by 

trypsinization (0.25 % trypsin). In all experiments, the cells were seeded at the density of 

2.5 × 104 cells/cm2 with medium supplemented with 0.1 % of retinoic acid to promote the 

differentiation of the cells in dopaminergic cells.50 After three days the medium was changed 

by a new one supplemented with 0.1 % of 12-O-tetradecanoylphorbol-13-acetate (TPA) and 

the cells were incubated for more 3 days until confluence was reached.  

Human epithelial colorectal adenocarcinoma (Caco-2) cells. Caco-2 cells derived from 

human colorectal adenocarcinoma, were obtained from the American Type Culture 

Collection (ATCC; Manassas, VA, USA). The cells (passage 54–63) were routinely cultured 

as described in section above. Cultures were passaged weekly by trypsinization (0.25 % 

trypsin). In cell viability and cellular uptake assays, the Caco-2 cells were seeded at a 

density of 6 × 104 cells/cm2 and used 4 days after seeding, when confluence was reached.  

Immortalized human cerebral microvascular endothelial (hCMEC/D3) cells. 

Immortalized human Cerebral Microvascular Endothelial Cell Line (hCMEC/D3 cell line) 

were purchased from Cedarlane (Canada). The hCMEC/D3 cells (passage 35–41) were 

grown in tissue culture flasks, in EBM-2 medium supplemented with FBS (5 %, v/v), 

penicillin-streotomycin (1 %, v/v), hydrocortisone (1.4 μM), ascorbic acid (5 μg/mL), 

chemically defined lipid concentrate (1/100, v/v), HEPES (10 mM) and bFGF (1 ng/mL). 

This last supplement was added in the culture medium. Cells were maintained at 37 °C in 

a humidified atmosphere of 95 % air/5 % CO2 and subcultured every 3–4 days using 

trypsin–EDTA to detach them from the flasks. Briefly, the cells were seeded at a density of 
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4 × 104 cells/cm2. After 24 hours of incubation, medium was removed and cells were 

washed twice with 200 μL PBS.  

 

Cell viability analysis. The cell viability was assessed by MTT and NR assays. Briefly, 

after reaching confluence, the cells were exposed to the tested C75 and PLGA@C75 NPs 

[concentration of C75 (CC75) = 10.0 and 50.0 μM] in fresh cell culture medium. After 24, 48 

and 72 hours of exposure (SH-SY5Y and Caco-2 cells assay) or 4 hours (hCMEC/D3 cells), 

the culture medium was removed, followed by the addition of fresh cell culture medium 

containing 0.5 mg/mL MTT or 50 μg/mL NR dye, and incubation at 37 °C, in a humidified 5 

% CO2–95 % air atmosphere, in the dark for 1 hour.  

In the MTT assay, after the incubation period, the cell culture medium was removed, and 

the formed formazan crystals dissolved in 100 % DMSO. The absorbance was measured 

at 550 and 690 nm in a multiwell plate reader (PowerWaveX BioTek Instruments, Vermont, 

US). In NR uptake assay, the cell culture medium was removed and replaced by an ethanol 

absolute/distilled water (1:1) solution containing 5 % of acetic acid. Absorbance was 

measured at 540 nm in a multiwell plate reader. The results are expressed as metabolic 

activity percentage and NR uptake for MTT and NR assays, respectively, using untreated 

cells as control cells (100 % of cell viability). 

 

Cellular uptake analysis. SH-SY5Y and Caco-2 cells were incubated with C75 and 

PLGA@C75 NPs (conditions in cell viability analysis section): Then, they were washed with 

fresh HBSS (-/-) to remove the excess of C75 or PLGA@C75 NPs. Then, DMSO was added 

to the cells and the fluorescence measured in a multiwell plate reader (excitation and 

emission wavelengths at 360 and 528 nm, respectively).  

 

Transport studies. To test the effect of P-gp inhibition, after reaching the confluence, the 

cells were exposed to cell culture containing elacridar (10 μM in the well), a potent third-

generation P-gp inhibitor,51 and the compound desired at the concentrations described 

above for 24 hours. The cells were then washed with fresh HBSS (-/-) and the fluorescence 

measured in a multiwell plate reader. 

 

Rhodamine 123 accumulation assay. P-gp inhibitory activity of both C75 and PLGA@C75 

NPs was determined by measuring intracellular accumulation of RHO 123 in Caco-2 cells 

in the absence or presence of P-gp inhibitors as described in the literature.43 Briefly, after 

reaching the confluence, Caco-2 cells were exposed to 20 µM RHO 123 for 90 minutes at 

37 °C in the absence or presence of C75 and PLGA@C75 NPs (CC75 = 50 μM). Elacridar 

(10 µM) was also used as positive control. After this time, cells were washed with PBS, 
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lysed with DMSO and intracellular RHO 123 levels were quantified by spectrofluorimetry 

using a multiwell plate reader (PowerWaveX BioTek Instruments, Vermont, US) (excitation 

and emission wavelengths were 485 and 535 nm, respectively). Data was expressed as % 

of RHO 123 accumulation relative to control cells (untreated with P-gp inhibitors), arbitrarily 

set at 100 %. 

 

Permeability studies 

Intestinal permeability model. The absorption of C75 and PLGA@C75 NPs through 

human intestinal epithelium was evaluated using Caco-2 cells monolayer as in vitro model.52 

Briefly, Caco-2 cells were seeded on 12-well plate with Transwell inserts with a cellular 

density of 6 × 104 cells/cm2. The cell culture medium was changed every three days, 

followed by the transmembrane resistance measurement to ensure the complete formation 

of the intestinal epithelial membrane using an endothelial voltohmmeter (World Precision 

Instruments, Sarasota, FL, USA). The resistance value (Ω cm-2) of an empty filter was 

subtracted from each measurement. After to reach the value of 400 Ω cm-2, C75 and 

PLGA@C75 NPs (CC75 = 50 μM) solutions in HBSS (+/+) medium were added to the apical 

chamber and incubated at 37 °C, in a humidified 5 % CO2–95 % air atmosphere. At 

predetermined time intervals, 200 μL of basal medium was removed and the same volume 

of pre-heated HBSS was added to replace the withdrawn volume. The aliquots were 

injected into the HPLC to determine the amount of C75 that crossed the membrane. The 

experiments were performed in triplicate and under sink conditions. 

 

BBB permeability model. The ability of NPs to permeate the BBB was studied as 

described by Gomes et al., using a cellular in vitro model of this biological barrier.44 For the 

set-up of the model, the membrane of a Transwell system (3.0 μm pore) was coated with 

rat tail collagen type I (with a 50 μg/mL solution) for 1 hour before seeding the cells, and 

then washed twice with PBS. Then, hCMEC/D3 cells were cultured at a density of 2.5 × 104 

cells/cm2 on the apical side of the semi-permeable filter. Cells were cultured for 8 days at 

37 °C in a humidified 5 % CO2–95 % air atmosphere. Cell culture medium was changed 

every two days. Cell monolayer integrity was periodically analyzed by determining the trans-

endothelial electrical resistance (TEER) using an endothelial voltohmmeter (World 

Precision Instruments, Sarasota, FL, USA). The resistance value (Ω cm-2) of an empty filter 

was subtracted from each measurement. When TEER value reached 200 Ω cm-2, 500 μL 

of C75 and PLGA@C75 NPs (CC75 = 50 μM) diluted in HBSS (+/+) were added to the apical 

compartment. Then, the assay was conducted at 37 ºC using an orbital shaker incubator 

(100 rpm). At predetermined time intervals, 200 μL samples were taken from the basolateral 
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side, and the same volume of pre-heated HBSS was added to replace the withdrawn 

volume. The aliquots were injected into the HPLC to determine the amount of C75 that 

crossed the membrane. The experiments were performed in triplicate and under sink 

conditions. 

 

Statistical analysis. Data related with physicochemical properties are presented as the 

mean ± standard deviation. The data from in vitro studies are presented as the mean ± 

standard error. Normality of the data distribution was assessed by three different normality 

tests: KS, D’Agostino and Pearson omnibus and Shapiro–Wilk. For simple group statistical 

comparisons were performed with the parametric method of one-way ANOVA, followed by 

the Dunn’s post hoc test. Two-way ANOVA followed by Tukey post hoc test was used for 

multi-group comparison. Statistical significance was set at p˂0.05. All assays were 

performed in triplicate. GraphPad Prism V6.0 InStat (GraphPad Sofware Inc., San Diego, 

CA, USA) was used as software. 
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Additional methods are available in supporting information. Figure S1 is related with C75 

concentration-response curve in inhibition of hMAO-B activity. Figures S2-4 are related with 

spectrophotometry and fluorescence properties of C75 and PLGA@C75 NPs. Figure S5 is 

related with cytotoxic studies in hCMEC/D3 cells. The Supporting Information is available 

free of charge on the ACS Publications website. 
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Supporting Information 

Chemistry 

Synthesis of 3-(3,4-dimethoxyphenyl)-8-methylcoumarin (C75). The synthesis of 3-

(3,4-dimethoxyphenyl)-8-methylcoumarin was previously reported by Matos and 

colleagues.1 Briefly, N,N’-dicyclohexylcarbodiimide (11.46 mmol) was added to a solution 

of 2-hydroxy-3-methylbenzaldehyde (7.34 mmol) and 3,4-dimethoxyphenylacetic acid (9.18 

mmol) in dimethyl sulfoxide (15 mL) (Scheme 1), and heated at 110 ºC for 24 hours. Then, 

around 10 mL of acetic acid and ice were added to the reaction mixture and stirred at room 

temperature for 2 hours. Then, the mixture was extracted with diethyl ether, washed with 

sodium bicarbonate aqueous solution and the organic phase was dried over Na2SO4 and 

evaporated under vacuum. The dry residue was purified by flash chromatography 

(hexane/ethyl acetate 9:1) to give the desired product.  

 

 

Scheme S1 – Synthetic strategy followed to obtain C75 coumarin. 

 

Mp: 135-136 oC (capillary method). 1H NMR (DMSO) δ (ppm), J (Hz): 2.51 (s, 3H, -CH3), 

3.94 (s, 6H, -(OCH3)2), 6.95 (d, 1H, H-5’, J=8,06), 7.16-7.39 (m, 5H, H-5, H-6, H-7, H-2’, H-

6’), 7.77 (s, 1H, H-4). 13C RMN (CDCl3) δ (ppm): 15.41, 55.94, 110.92, 111.70, 119.43, 

121.14, 123.99, 125.41, 125.80, 127.45, 127.49, 132.39, 139.15, 148.62, 149.57, 151.60, 

160.86. DEPT (CDCl3) δ (ppm): 15.41, 55.94, 110.92, 111.70, 121.14, 123.99, 125.41, 

132.39, 139.15. MS m/z (%): 297 (46), 296 (M+, 100), 281 (31), 253 (40), 210 (10) 182 (14), 

181 (18), 152 (11), 148 (14).  

 

Pharmacology 

Determination of hMAO activity. The inhibitory activity of the coumarin C75 under study 

on both hMAO isoforms was assessed following a previously described assay.2  

Briefly, the inhibitory activity on hMAOs was evaluated by measuring the effects of C75 on 

the production of hydrogen peroxide (H2O2) from p-tyramine, using the Amplex Red MAO 

assay kit (Molecular Probes, Inc., Eugene, OR, U.S.) and microsomal MAO isoforms 

prepared from insect cells (BTI-TN-5B1-4) infected with recombinant baculovirus containing 
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cDNA inserts for hMAO-A or hMAO-B (Sigma-Aldrich Quimica S.A.). The C75 and FDA 

approved IMAO-B ((R)-(−)-deprenyl, rasagiline and safinamide) and adequate amounts of 

recombinant hMAO-A or hMAO-B were incubated for 15 minutes at 37 °C in flatblack-

bottom 96-well microplates (BRANDplates, pureGrade, BRAND GMBH, Wertheim, 

Germany) with Amplex Red reagent, 1 U/mL horseradish peroxidase, and 1 mM p-tyramine. 

The production of H2O2 catalyzed by MAO isoforms was detected using 10-acetyl-3,7-

dihydroxyphenoxazine, a nonfluorescent and highly sensitive probe that reacts with H2O2 in 

the presence of horseradish peroxidase to produce a fluorescent product (resorufin), which 

was quantified at 37 °C in a multimode microplate reader (Biotek Synergy HT), based on 

the fluorescence generated (excitation, 545 nm, emission, 590 nm) over 15 minutes, in 

which the fluorescence increased linearly. The coumarin and reference inhibitors did not 

react directly with the Amplex Red reagent, which indicated that they did not interfere with 

the measurements. Control experiments were carried out simultaneously by replacing the 

tested drugs (C75 and reference inhibitors) with appropriate dilutions of the vehicles. The 

IC50 values were determined in triplicate from the dose−response inhibition curve (Figure 

S1) and are expressed as mean ± standard error mean (SEM). All IC50 values are presented 

as mean ± SEM from three independent experiments. 
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Figure S1 – C75 concentration-response curve in inhibition of hMAO-B activity. Results are 

presented as mean ± SEM from 3 independent experiments (performed in triplicate). Concentration-

response curve was fitted using the dose inhibition method of GraphPad Prism V6.0 InStat. 

 

To determine the steady-state kinetic parameters (Km, Michaelis constant, and Vmax, 

maximum rate) of hMAO-A and hMAO-B, the enzymatic activity of both isoforms was 

evaluated (under the experimental conditions described above) in the presence of different 

p-tyramine concentrations. Under our experimental conditions, hMAO-A displayed a Km of 

449.08 ± 28.42 μM and a Vmax of 30.03 ± 0.6529 nmol/min whereas hMAO-B showed a 

Km of 58.76 ± 11.67 μM and a Vmax of 22.60 ± 1.018 nmol/min (n = 3). 
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Evaluation of hIMAO-B type of binding affinity. The type of hMAO-B binding of C75 and 

reference inhibitors (rasagiline, (R)-(−)-deprenyl and safinamide) was evaluated by a time-

dependent inhibition assay.3 The hMAO-B was incubated for a 90 minutes period with the 

C75 as well as with the inhibitors, at their IC80 values. The final well concentrations were: 

C75 (30 nM), (R)-(−)-deprenyl (50 nM), safinamide (40 nM) and rasagiline (200 nM) and 

MAO-B (6.4 μg/mL). Control experiments without inhibitors were run simultaneously. The 

enzymatic activity was evaluated as described in section above. The percentage of enzyme 

activity was plotted against the incubation time to determine time-dependent enzyme-

inhibition. Data are the mean ± SEM of three independent experiments. 

 

Evaluation of hMAO-B-Inhibitor Kinetics. To evaluate the mechanism of hMAO-B 

inhibition of the coumarin C75, substrate-dependent kinetic experiments were performed.3 

The catalytic rates of hMAO-B were measured at five different concentrations of p-tyramine 

substrate (0.125−2 mM) in the absence or presence of the coumarin C75 at 60 or 125 nM. 

The results are presented as double reciprocal Lineweaver−Burk plots (1/V vs 1/[S]). The 

Ki value were estimated using mixed inhibition model to fit the data of enzyme velocity 

versus substrate concentration curves in the presence and absence of the C75 (125 nM). 

The enzymatic reactions and measurements were performed using the same hMAO-B 

assay conditions as described above (n = 3).  

 

Physicochemical characterization  

UV/Vis spectroscopy. UV/Vis spectra of C75 and PLGA@C75 NPs were acquired with a 

Shimadzu UV/Vis spectrophotometer (UV-1700 PharmaSpec, Japan) (Figure S2). 
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Figure S2 – UV-Vis spectra of free coumarin and PLGA@C75 NPs with concentrations of 50 µM 

and 10 mg/mL in DMSO, respectively. 
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Both C75 and PLGA@C75 NPs were dissolved in DMSO at final concentration of 50 µM 

and 10 mg/mL, respectively, and the UV/Vis spectra was obtained between 200 and 600 

nm. The data from UV/Vis analysis showed a maximum absorbance at 340 nm for C75 and 

PLGA@C75 NPs. 

The fluorescence data of the C75 and nanoformulation was measured using the 

spectrometer C11347-11 from Hamamatsu. Both coumarin C75 and PLGA@C75 NPs were 

dissolved in DMSO and their fluorescence properties were verified by measuring the 

emission radiation intensity after their excitation with radiation at 360 nm (Figure S3).  

 

300 400 500 600 700 800

Excitation

radiation

Wavelength (nm)

 C75

 PLGA@C75 NPs

Emission

radiation

 

Figure S3 – Fluorescence spectra of C75 and PLGA@C75 NPs with excitation radiation at 360 nm. 

 

The maximum emission radiation was obtained at 456 nm for both C75 and PLGA@C75 

NPs. To the best of our knowledge, the only coumarin (7,8-dihydroxy-4-

((methylamino)methyl)-2H-chromen-2-one) described in literature that combine 

fluorescence properties with its IMAO-B capacity possessed an IMAO-B IC50 around 12.4 

µM (427 times less potent than C75 coumarin).7 

Although the higher emission radiation was achieved at 456 nm, the best C75 

concentration-emission radiation intensity linear response was obtained when he 

remaining fluorescence was measured at 528 nm (Figure S4). 

 



Chapter III | 157 

Experimental Section 

 

 

C 7 5  c o n c e n tra t io n  ( M )
F

lu
o

r
e

s
c

e
n

c
e

 I
n

te
n

s
it

y
 (

a
.u

.)

0 2 4 6 8 1 0

0

5 .01 0 3

1 .01 0 4

1 .51 0 4

2 .01 0 4

 

Figure S4 – Emission fluorescence intensities of different concentrations of C75 coumarin with an 

excitation and emission radiation of 360 and 528 nm, respectively. 

 

hCMEC/D3 cells viability analysis. The cytotoxicity of both C75 (50 µM) and PLGA@C75 

NPs (50 and 100 µM) was assessed through the MTT reduction assay at 4 hours after 

exposure, to ensure the safety of the samples during the permeability assay. All samples 

had non-cytotoxic effects in endothelial cells (Figure S5). 
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Figure S5 - Cytotoxicity evaluation of C75 (50 μM) and PLGA@C75 NPs (50 and 100 μM) in 

hCMEC/D3 cells after 4 hours of exposure determined by MTT reduction. Results are expressed as 

mean % cell viability ± SEM (n = 3). 
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Development of effective PEGylated PCL-based nanoformulations 

for the delivery of potent MAO-B chromone–based inhibitor 
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Abstract 

 

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by a progressive 

loss of structure or function of neurons. Although many efforts have been made for the 

pursuit of successful therapies, the majority of drug candidates fail in pre- and clinical trials 

due to several bioavailability setbacks. Within this framework the use of polymeric 

nanoparticles (NPs) as drug delivery systems has been reported as an interesting tool to 

increase the stealth capacity of drugs to surpass biological barriers, while reducing low 

water-solubility issues. In the present work, a novel potent, selective and reversible 

monoamine oxidase B inhibitor (IMAO-B) (chromone C27, IC50 = 670 ± 130 pM) was 

encapsulated in PEGylated PCL NPs by the nanoprecipitation method. The encapsulation 

efficacy was 65.7 ± 1.5 %, attaining the final C27 concentration of 519.1 ± 9.4 µM in the 

nanoformulation, which is a concentration 823809-fold higher than the IC50 value. 

PEGylated PCL NPs containing C27 (PCL@C27 NPs) presented sizes of 184.9 ± 1.2 nm 

and z-potential around of -5 mV in physiological conditions. Despite the strong interaction 

between chromone and the polymeric matrix in vitro release studies revealed a typical 

biphasic release pattern with a final C27 cumulative release amount of 67.7 ± 4.4 %, which 

corresponds to a C27 concentration in the medium of 174.2 ± 11.5 µM, after 7 days. Both 

C27 and PCL@C27 NPs showed no cytotoxic effects in human SH-SY5Y and Caco-2 cells, 

in the used experimental conditions. Moreover, PCL@C27 NPs act as inhibitor P-

glycoprotein, a property not ascribed to C27. Uptake and permeability studies performed in 

Caco-2 cells with a fluorescent probe (coumarin-6, C6) showed that PCL@C6 NPs 

presented a better internalization in Caco-2 cells than free coumarin C6. This data disclosed 

the potentiality of PLC NPs to permeate in human intestinal barriers.  

 

 

 

Keywords: Nanomedicine, Parkinson disease, chromone, monoamine oxidase, polymeric 

nanoparticle. 
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1. Introduction 

Parkinson's disease (PD) is a multifactorial disorder that is characterized by the progressive 

degeneration of the structure and well-function of the central nervous system (CNS), which 

led to depletion of dopaminergic neurons in the substantia nigra [1]. Nowadays, is the 

second most prevalent neurodegenerative disorder that affects 1 to 2 % of the worldwide 

population above 65 years of age, reaching to approximately 4 % in individuals above 85 

years of age [2]. As consequence of the decrease of neurotransmitter dopamine in neuron 

cleft, the major symptoms are correlated with movement control and cognitive losses, which 

appears as a form of tremors, memory loss and inconsistent speech.  

Currently, the main clinical treatments available offer only symptomatic relief for patients 

[3], and are based on the administration of levodopa, catechol-O-methyltransferase 

inhibitors, or monoamine oxidase B inhibitors (IMAO-B), namely selegiline, rasagiline and 

safinamide [4]. Monoamine oxidase-B (MAO-B) is one of the isoforms of monoamino 

oxidases involved in the metabolization of dopamine in neuronal tissues. In addition, the 

expression of MAO-B increases about 4-fold with aging. Thus, IMAO-B are used in therapy 

to extend the duration of action of endogenously and exogenously derived dopamine in 

early PD or as adjunctive therapy in patients treated with levodopa that are experiencing 

motor complications [3]. However, until now, no IMAO-B can modify and/or revert the 

progression of PD [5].  

As result, in recent years an intensive search focused on the discovery of novel IMAO-B 

has been carry out and in line chromone has been validated as a scaffold for the 

development of novel MAOs inhibitors [6]. Actually, a chromone-based compound (Figure 

1, C27) has been reported as a potent, selective and reversible IMAO-B (IC50 = 670 ± 130 

pM) [5]. Despite the remarkable outline several setbacks, mainly related with the poor water 

solubility and bioavailability, hampered preclinical studies.  

Through the years, nanoparticles (NPs) based on biodegradable polymers have been used 

for controlled drug delivery and to improve the therapeutic performance of bioactive 

molecules, such bioavailability, solubility and retention time [8]. Among the various 

biodegradable polymers approved by the US Food and Drug Administration, poly(lactide) 

(PLA), poly(D,L-lactide-co-glycolide) (PLGA), and poly(caprolactone) (PCL) are the most 

reported in the literature [9]. In particular, PCL is a non-toxic semi crystalline hydrophobic 

polyester with a high toughness and biocompatibility. It degrades slower than other 

biodegradable polyesters in physiological conditions and is miscible with a variety of 

polymers [10].  

Moreover, to enhance the reaching of NPs to the target site its surface can be modified with 

PEGylated surfactants, such as polysorbate 80 (T80) or poloxamers. In effect, PCL-T80 
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NPs could be internalized into the Glioma C6 cells with a higher cellular uptake than the 

PCL NPs [11]. In addition, PEGylated NPs with T80 can accumulate more efficiently in the 

brain [12], a process related to the improvement of blood circulation time and the stealth 

nature of PEG-coated NPs [13]. 

Till now few studies have been addressed to the use of PEGylated NPs to solve drug 

discovery and development problems in the field of neurodegenerative diseases [14]. Even 

though rasagiline and selegiline (IMAO-B) were effectively encapsulated in polymeric NPs 

[15, 16], a gap still exists to solve problems found along lead optimization processes, like 

site-targeted and bioavailability of potential drug candidates, among others. 

In the present work, chromone C27 was encapsulated in PCL NPs coated with T80 in order 

to increase its water solubility and bioavailability. An optimization process of C27 

encapsulation was performed to obtain the nanoformulation with suitable morphological and 

physicochemical properties. The release profile of the C27 from PEGylated PCL NPs was 

evaluated as well as the unloaded and loaded NPs cytotoxicity outline in human 

differentiated neuroblastoma (SH-SY5Y) cells and human epithelial colorectal 

adenocarcinoma (Caco-2) cells. In addition, transport studies in Caco-2 cell lines and PCL 

NPs cellular uptake and permeability studies in Caco-2 cells, using a fluorescent probe 

(coumarin-6 dye), were performed (Figure 1). 

 

 

 

Figure 1 – Chemical structures of chromone, chromone C27 and coumarin C6. The values of log P 

were obtained from literature [5, 7]. 
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2. Experimental section 

2.1. Materials and reagents 

Polycaprolactone (PCL, Mn ≈ 10000 Da, determined by gel permeation chromatography) 

and Tween 80 (T80) were purchased from Sigma-Aldrich (Sintra, Portugal) and used 

without further purification. 

Phosphate buffered saline solution (PBS 10 x), nonessential amino acids (NEAA), heat 

inactivated bovine serum (FBS), 0.25% trypsin/1 mM EDTA, antibiotic (10,000 U/mL 

penicillin, 10,000 µg/mL streptomycin), Hank’s balanced salt solution without and with 

calcium and magnesium [HBSS (-/-) and HBSS (+/+)] were purchased from Gibco 

Laboratories (Lenexa, KS, USA). 

Other reagents were obtained from Sigma-Aldrich (Sintra, Portugal). Water was Milli-Q 

filtered (Millipore). 

 

2.2. Synthesis of N-(3′,4′-dimethylphenyl)-4-oxo-4H-chromene-3-carboxamide 

(C27) 

The synthesis of N-(3′,4′-dimethylphenyl)-4-oxo-4H-chromene-3-carboxamide (C27) was 

performed by in situ generation of an acyl chloride intermediate, using phosphoryl chloride 

(POCl3) in N,N-dimethylformamide (DMF). The subsequent addition of the 3,4-

dimethylaniline was performed as previously reported [5]. The structural characterization is 

reported in Supporting information. 

 

2.3. Preparation of PEGylated PCL-based NPs 

The encapsulation of chromone C27 in PEGylated PCL-based NPs was performed using 

the nanoprecipitation method [17]. The nanoformulation was prepared by dissolving 50 mg 

of PCL and C27 (2.5, 5 or 10 % of PCL weight) in 10 mL of acetone and added dropwise to 

20 mL of Milli-Q water containing 50 mg of T80 under vigorous magnetic stirring. The 

resulting suspension was left under magnetic stirring for 1 hour. Acetone was then fully 

eliminated by evaporation under reduced pressure at room temperature. C27 loaded NPs 

were purified by ultrafiltration (10 min, 3000 × g, Amicon Ultra 100 kDa MWCO, Millipore) 

and stored at 4 ºC until use. The unloaded NPs were similarly prepared as described above. 

Coumarin-6 (C6) was used as fluorescent probe and its encapsulation in PCL NPs were 

performed as described above (1 % w/w of PCL). 
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For simplicity, from now on, the PCL nanoformulations containing C27 and C6 will be 

labelled as PCL@C27 NPs and PCL@C6 NPs, respectively. Unloaded NPs will be 

assigned as PCL NPs.  

 

2.4. Physicochemical characterization of NPs 

2.4.1. Quantification analysis 

The amount of C27 incorporated into the PCL@C27 NPs was determined directly after 

complete dissolution of NPs in DMSO. The encapsulation efficiency (EE) was calculated as 

the ratio between the chromone content in the freeze-dried powder and the initial chromone 

amount used in the NPs preparation (Eq. 1) [18]. The drug loading capacity (DLC %) was 

determined as the ratio between the amount of C27 encapsulated and the mass of NPs 

powder (Eq. 2) [19]. 

 

𝐸𝐸 % =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝐶27

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑓𝑒𝑒𝑑𝑖𝑛𝑔 𝐶27
∗ 100%                                      (1) 

 

𝐷𝐿𝐶 % =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝐶27

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑃𝐶𝐿@𝐶27 𝑁𝑃𝑠
∗ 100%                                    (2) 

 

Briefly, 1 mL of nanosuspension was centrifuged (15 minutes, 13000 × g, 4°C) and washed 

three times with Milli-Q water. Then, the pallet was dried and dissolved in 1 mL of DMSO. 

Once complete dissolution was achieved, the samples were quantified by UV-Vis 

spectrophotometry at 282 nm. The experiments were performed in triplicate and under sink 

conditions. 

C6 was encapsulated in PCL@C6 NPs as described above. In this case a fluorescent 

detection method was employed [20]. For that, after dissolving the pallet in 1 mL of DMSO, 

the resulting solution was measured using fluorescence radiation in a multiwell plate reader 

(excitation and emission wavelengths at 485 and 528 nm, respectively). The experiments 

were performed in triplicate and under sink conditions. 

 

2.4.2. Structural characterization 

NMR spectra of free chromone and C27 loaded and unloaded PCL NPs were acquired, at 

room temperature, on a Brüker AMX 300 spectrometer operating at 400.13 MHz. The 

samples were analyzed with a final concentration of 30 mg/mL in CDCl3. The chemical shifts 
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are expressed in δ (ppm) values relative to tetramethylsilane (TMS) as internal reference 

and coupling constants (J) are given in Hz. 

 

2.4.3. Determination of particle size, zeta potential and morphology of NPs 

The hydrodynamic particle size (DDLS), polydispersity index (PdI) and zeta potential (ZP) of 

the all prepared NPs were analyzed by dynamic light scattering (DLS) and electrophoretic 

mobility using Zetasizer (Nano ZS 90, Malvern Instruments, United Kingdom) equipped with 

a 4.0 mW internal laser. The resulting concentrated solutions of different NPs formulations 

were diluted (10 % v/v) in Milli-Q water and commercial PBS (1x). Each value resulted from 

triplicate determinations. 

The morphology of the PCL and PCL@C27 NPs were analyzed by scanning electron 

microscopy (SEM) (JEOL JSM-6390, Tokyo, Japan). The NPs were fixed on adequate 

supports and coated with carbon using platinum sputter module (JFC-1100, JEOL Ltd.), in 

a higher vacuum evaporator for 5 minutes at 20 mA. Observations under different 

magnifications were performed at 10, 15 and 20 kV.  

 

2.4.4. Differential scanning calorimetry 

The thermal analyses of chromone C27, PCL polymer and PCL@C27 NPs were performed 

on a Netzsch DSC 204 calorimeter (Netzsch, Germany). The accurately weighed sample 

(around 5 mg) was placed in an aluminum pan. An empty aluminum pan was used as 

reference. The experiments were carried out in nitrogen atmosphere (flow rate 70 mL/min) 

at a scanning rate of 10 °C/min in the range of 25–400 °C. 

 

2.4.5. Powder X-Ray Diffraction 

Powder X-ray diffraction (PXRD) was performed on an Empyrean PANalytical 

Diffractometer (Cu Kα1,2 X-radiation, λ1 = 1.540598 Å; λ2 = 1.544426 Å), equipped with an 

PIXcel 1D detector and a flat-plate sample holder in a Bragg-Brentano para-focusing optics 

configuration (45 kV, 40 mA). Data for all the samples was collected at room temperature. 

Intensity data was collected by the step-counting method (step 0.01°), in continuous mode, 

over a scan range (2 θ) from 3.5 to 50°. 

 

2.5. In vitro release profile from NPs 

The in vitro release studies were carried out using PBS (1x, pH 7.4) as release medium. 

Briefly, 1 mL of concentrated PCL@C27 nanoformulation was centrifuged (10 minutes, 
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13000 g, 4°C) to separate the supernatant from the NPs. The resulting pallet was 

resuspended in 1 mL of PBS and the eppendorfs (1.5 mL) were kept in a bath-shaker at 37 

°C and 90 rpm. At predetermined time intervals, the nanosuspension was centrifuged (10 

minutes, 16060 × g, 4°C) and the supernatant removed and replaced by fresh PBS. All 

collected supernatants were stored at 4 °C until quantification by UV-Vis spectrometry. The 

experiments were performed in triplicate and under sink conditions.  

 

2.6. Cell culture conditions 

Human neuroblastoma (SH-SY5Y) differentiated cells and human epithelial colorectal 

adenocarcinoma (Caco-2) cells were employed as in vitro models. 

Neuronal SH-SY5Y cells (ATCC, Manassas, VA, USA) were routinely cultured in 75-cm2 

flasks using DMEM with 13.5 g/L glucose, supplemented with 10 % heat-inactivated FBS 

(v/v), 1 % NEAA (v/v) and 1 % penicillin/streptomycin (v/v). Cells were maintained at 37 °C 

in a humidified atmosphere of 95 % air/5 % CO2 and the medium was changed every 3 

days. The cells used for all the experiments were taken between the 19th and 28th passages, 

to avoid phenotypic changes. Cultures were passaged weekly by trypsinization (0.25 % 

trypsin). In all experiments, the cells were seeded at the density of 2.5 × 104 cells/cm2 with 

medium supplemented with 0.1 % of retinoic acid to promote the dopaminergic 

differentiation of the cells [21]. After three days the medium was changed by a new one 

supplemented with 0.1 % of 12-O-tetradecanoylphorbol-13-acetate (TPA) and the cells 

were incubated for more 3 days until confluence was reached.  

Caco-2 cells derived from were obtained from the American Type Culture Collection (ATCC; 

Manassas, VA, USA). The cells were routinely cultured as described before. Cultures were 

passaged weekly by trypsinization (0.25 % trypsin). The cells used for all the experiments 

were taken between the 42nd and 47th passages. In cellular metabolic activity assay, the 

caco-2 cells were seeded at a density of 6 × 104 cells/cm2 and used 4 days after seeding, 

when confluence was reached.  

 

2.7. Cell viability assays 

After the confluence was reached, SH-SY5Y and Caco-2 cells were exposure to the tested 

C27 and nanoformulations [concentration of C27 (CC27) = 2.5, 5.0 and 10.0 μM] in fresh cell 

culture medium for 24 hours and cell viability was estimated indirectly by measure the 

mitochondrial activity using resazurin reduction fluorimetric assay [22]. 

After reached the end-point, the cell culture medium was removed and replaced by fresh 

medium containing resazurin (10 μg/mL) prepared in sterile PBS (1x) and left to react for 1 
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hour at 37 °C in a humidified 5% CO2-95% air atmosphere. Then, the fluorescence studies 

were performed, using excitation wavelength of 540 nm and emission of 590 nm (in a 

Cytation 3 reader (BioTek Instruments Inc., USA).  

The cytotoxic effects of C6 and PCL@C6 NPs [concentration of C6 (CC6) = 2.5 and 5.0 μM] 

in Caco-2 cells were evaluated after 24 hours of exposure using MTT reduction to measure 

the metabolic activity of the cells [23]. After reached the end-point, the culture medium was 

replaced by fresh culture medium containing 0.5 mg/mL MTT followed by an incubation of 

1 hour at 37 °C, in a humidified 5 % CO2–95 % air atmosphere. Then, the cell culture 

medium was removed, and the formed formazan crystals dissolved in 100 % DMSO. The 

absorbance was measured at 550 nm in a multiwell plate reader (PowerWaveX BioTek 

Instruments, Vermont, US). The results are expressed as a percentage of the control 

(nontreated) of three independent experiments. 

 

2.8. Rhodamine 123 accumulation assay 

P-gp inhibitory activity of both C27 and nanoformulations was determined by measuring 

intracellular accumulation of rhodamine (RHO) 123 in Caco-2 cells in the absence or 

presence of P-gp inhibitors as described in the literature [24]. Briefly, after reaching the 

confluence, Caco-2 cells were exposed to 20 µM RHO 123 for 90 minutes at 37 °C in the 

absence or presence of C27 and nanoformulations (CC27 = 5 and 10 μM). Elacridar, a potent 

third-generation P-gp inhibitor (10 µM) was used as positive control. After this time, cells 

were washed with PBS, lysed with DMSO and intracellular levels of RHO 123 were 

quantified by fluorimetry using a multiwell plate reader (PowerWaveX BioTek Instruments, 

Vermont, US) (excitation and emission wavelengths were 485 and 535 nm, respectively). 

Data was expressed as % of RHO 123 accumulation relative to control cells (untreated with 

P-gp inhibitors), arbitrarily set at 100 %. 

 

2.9. Determination of cellular uptake in Caco-2 cell lines  

After exposure to free and encapsulated C6 (CC6 = 2.5 and 5.0 μM), Caco-2 cells were 

washed thrice with fresh HBSS (-/-) to remove the excess of C6. Then, DMSO was added 

to the cells and the fluorescence measured in a multiwell plate reader (excitation and 

emission wavelengths at 485 and 528 nm, respectively).  

The absorption of C6 and PCL@C6 NPs through human intestinal epithelium was evaluated 

using Caco-2 cells monolayer as in vitro model [25]. Briefly, Caco-2 cell monolayer were 

seeded on 12-well plate with Transwell inserts with a cellular density of 6 × 104 cells/cm2. 

The cell culture medium was changed every three days, followed by the transmembrane 
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resistance measurement to ensure the complete formation of the intestinal epithelial 

membrane using an endothelial voltammeter (World Precision Instruments, Sarasota, FL, 

USA). The resistance value (Ω cm-2) of an empty filter was subtracted from each 

measurement. After to reach the value of 400 Ω cm-2, C6 and PCL@C6 NPs (CC6 = 5 μM) 

solutions in fresh cell culture medium were added to the apical chamber and incubated at 

37 °C, in a humidified 5 % CO2–95 % air atmosphere. At predetermined time intervals, 200 

μL of basal medium was removed and substituted by fresh cell culture medium. The aliquots 

were measured in a multiwell plate reader (excitation and emission wavelengths at 485 and 

528 nm, respectively) to determine the amount of C6 that crossed the Caco-2 monolayer. 

The experiments were performed in triplicate and under sink conditions. 

 

2.10. Statistical analysis 

Data related with physicochemical properties are presented as the mean ± standard 

deviation (SD). The data from in vitro studies are presented as the mean ± standard error 

mean (SEM). GraphPad Prism V6.0 InStat (GraphPad Sofware Inc., San Diego, CA, USA) 

was used to carry out the analysis. Normality of the data distribution was assessed by three 

different tests: KS normality test, D’Agostino and Pearson omnibus normality test and 

Shapiro–Wilk normality test. Statistical significance was set at p˂0.05. Statistical 

comparisons between groups were made using the parametric method of one-way ANOVA, 

followed by the Dunn’s post hoc test. All assays were performed in triplicate or 

quadruplicate. 

 

3. Results 

3.1. PEGylated PCL@C27 physicochemical characterization  

Unloaded (PCL NPs) and C27-loaded PEGylated PCL-based NPs (PCL@C27 NPs) were 

obtained by the nanoprecipitation method. The first step was the establishment of PCL NPs 

chromone C27 optimal concentration. Thus, NPs were fed with different chromone C27 

amounts (2.5, 5 and 10 % of PCL, w/w) and the EE % (equation 1) and DLC % (equation 

2) evaluated. For that all nanoformulations were ultrafiltrated, after complete evaporation of 

acetone, to remove any trace of free chromone C27 and T80 that was not adsorbed to the 

PCL NPs surface. The resulting PEGylated PCL@C27 nanoformulations were analyzed 

and the results of EE % and DLC % determinations were presented in Figure 2a (detailed 

information in Supporting information).  
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Figure 2 – PEGylated PCL@C27 physicochemical characterization (a) quantification data of 

PCL@C27 nanoformulations with different C27 feed (2.5, 5 and 10 %) and (b) 1H NMR of C27, PCL 

NPs and PCL@C27 NPs. Values of entrapment efficiency (EE %, black) and drug loading capacity 

(DLC %, red) obtained for PCL@C27 NPs prepared with different amounts of feeding C27. 

Measurements of C27 quantification were performed in triplicated and the results are presented as 

mean ± SD.  

 

As observed in Figure 2a, when the ratio of C27:PCL used in NPs preparation was 5 % 

higher EE % (65.7 ± 1.5 %) and DLC % (3.13 ± 0.07 %) values were obtained. Therefore, 

the final CC27 value of PCL@C27 NPs was 519.1 ± 9.4 µM. The concentration is 823809-

fold higher than the concentration required for the therapeutic effect (MAO-B IC50 = 670 ± 

130 pM).  

Then, 1H NMR was acquired for unloaded and loaded nanoformulations to validate their 

structural composition (Figure 2b). The 1H NMR spectra of nanoformulations (black and 

blue lines) presented characteristics peaks of PCL at 1.38, 1.65, 2.30 and 4.06 ppm related 

to -CH2- protons of PCL backbone. Also, the peak located at 3.6 ppm, assigned to -CH2-, 

corroborated the presence of T80 in both PEGylated PCL NPs [26]. In addition, the 

appearance of peaks at 2.25 and 2.28 ppm related with the two methyl groups located on 

the exocyclic aromatic ring and benzopyrone proton peaks (9.1-7.1 ppm) confirmed the 

existence of C27 chromone in NPs. The detailed 1H NMR data of C27 is described in 

Supporting Information. 

 

3.2. Evaluation of PEGylated PCL@C27 particle size, z-potential and 

morphology 

The morphology and shape of PCL@C27 NPs were evaluated using scanning electron 

microscopy (SEM, Figure 3a).  
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Figure 3 – Morphological characterization of PCL@C27 NPs by SEM (a) and hydrodynamic average 

sizes (b, DDLS) and zeta potential (c) values of PEGylated PCL NPs in Milli-Q water and PBS (1x) as 

measured by DLS. All measurements were performed in triplicated and the results are presented as 

mean ± SD. Statistical comparisons were made using two-way ANOVA. In all cases, p values lower 

than 0.05 were considered significant (****p<0.0001 vs Milli-Q water values). 

 

As shown in Figure 3a, PPCL@C27 nanoformulation presented NPs with spherical shape 

and a uniform size distribution, although some aggregation due to the drying process was 

observed. The DDLS and zeta potential (ZP) of C27-loaded and unloaded PEGylated PCL 

NPs were assessed in Milli-Q water and PBS (Figure 3b-c). Usually, particle 

characterization measurements are commonly conducted in Milli-Q water [27]. However, to 

estimate the morphology and surface charge of NPs in biological growth media, NPs were 

also evaluated in PBS medium, since it is the medium used in drug-controlled release 

studies to mimic the conditions used in cellular assays.  

The presence of chromone C27 seem to influence the size of PCL NPs in both media as 

they presented a slightly larger size when compared to unloaded NPs (~3-7 % higher size 

values). Despite that, all nanoformulations presented monodisperse profiles with DDLS lower 

than 200 nm (Figure 3b). In fact, in physiological medium, PCL@C27 NPs presented DDLS 

values of 190.6 ± 4.5 nm, which is a promising result in relation to their ability to cross 

biological barriers. In fact, nanoparticles with the size <200 nm have been reported to be 

able to cross biological barriers by preventing spleen filtration and reduce the opsonization 

by reticuloendothelial system [28, 29]. 
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The stability of NPs in aqueous medium is often assured by the presence of a surface 

charge that avoid NPs to aggregate. In general, PCL NPs, without incorporation of 

surfactant, usually presented a z-potential between -35 and -30 mV in Milli-Q water due to 

the negatively charged ionized carboxylic groups [30]. As observed in Figure 3c, the 

presence of T80 in NPs surface led to a reduction of the z-potential value -15.5 and -15.8 

mV) in Milli-Q water for PCL NPs and PCL@C27, respectively. In physiological medium, 

the z-potential values obtained (between -5.6 and -5.9 mV) were significant different 

(p<0.0001) from those obtained in Milli-Q water, suggesting the presence of interactions of 

opposite charged ions with NPs surface [31, 32]. 

In summary, PCL@C27 NPs showed favourable hydrodynamic sizes and high stability in 

physiological medium due to the presence of T80 in NPs surface that avoid aggregation. 

 

3.3. Differential Scanning Calorimetry analysis 

Unloaded and loaded NPs as well as chromone C27 were subject to thermal analysis to 

obtain information regarding the crystalline morphology of the PCL polymer and C27 in 

PCL@C27 NPs, as well as information about putative interactions between C27 and PCL 

polymeric marix [33, 34]. The DSC thermograms are shown in Figure 4a. 

 

 

Figure 4 – Physicochemical characterization of chromone C27 and nanoformulations using a) 

differential scanning calorimetry (DSC) between 40 and 400 ºC, and (b) powder X-ray diffraction 

(PXRD) in the range of 4-50 º.  

 

Chromone C27 exhibited a typical thermogram of a crystalline structure with two 

endothermic peaks at 170.0 and 202.7 °C. As none of these peaks appear in PCL@C27 
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NPs thermograms it may concluded that C27 is encapsulated in an amorphous or 

disordered crystalline phase [30]. The melting endothermic peaks at 58.4 ºC presented by 

PCL NPs [35] suffered a shift of 2 ºC in PCL@C27 NPs (60.7 ºC, Figure 4a), which clear 

indicates a strong interaction between C27 and the PCL matrix [36]. 

 

3.4. Powder X-ray diffraction analysis 

Powder X-ray diffraction (PXRD) was performed to check the crystallinity of encapsulated 

C27 into PCL NPs as this property can influence the nanoparticle drug release parameters 

[37]. The diffractograms of C27, unloaded and loaded NPs are shown in Figure 4b.  

The diffractogram of C27 exhibited sharp peaks that are related to the crystalline nature of 

chromone. Both nanoformulations seem to present a semi-crystalline structure with two 

sharp peaks between 20 and 25° [38]. Moreover, a decrease of polymer crystallinity was 

observed when compared both PCL and PCL@C27 nanoformulations, which can be related 

to an interaction between the chromone and the polymer, which corroborate the data from 

DSC analysis. Diffractogram of PCL@C27 NPs do not revealed any peak related with C27, 

which suggested its amorphization when loaded in the polymeric matrix [39]. These results 

are in concordance with data obtained in previous reports [40].  

 

3.5. In vitro drug release analysis 

Evaluation of a sustainable release of C27 in physiological medium was performed in PBS 

(pH 7.4) at 37 ºC for 7 days with constant shaking. Furthermore, in vitro release analysis 

was performed at pH 1.2 for 2 hours followed by pH 7.4 for 5 hours, to simulate the passage 

through upper human gastrointestinal tract [41]. The in vitro release profile of PCL@C27 

NPs was obtained by graphing the cumulative percentage of the C27 released with respect 

to the amount of chromone encapsulated as a function of the time (Figure 5).  

The in vitro release profile of PCL@C27 NPs presented a typical biphasic pattern, with an 

initial burst release in the first 9 hours, followed by a slow and continuous release up to 168 

hours. The initial burst estimated for PCL@C27 NPs was 41.8 ± 4.8 % that can be related 

to the dissolution in the release media of C27 molecules adsorbed in the NPs surface [42]. 

After the initial burst, C27 was slowly released from NPs until the end of the experiment (7 

days), reaching a total C27 cumulative release amount of 67.7 ± 4.4 %, which corresponds 

to a final CC27 in release medium of 174.2 ± 11.5 µM (approximately 276444-fold higher than 

the MAO-B IC50 value). This second phase of the biphasic release pattern is thought to be 

related to: (1) a slow C27 diffusion from the PCL matrix, (2) to a progressive 
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degradation/erosion of the polymeric matrix in physiological medium, or (3) a mixture of 

both mechanisms [43].  

 

 

Figure 5 - In vitro release profile of chromone C27 from PCL@C27 NPs in PBS (pH 7.4) conducted 

for 7 days. Inset: in vitro release profile performed in 0.1 N HCl, pH 1.2 for 2 hours followed by PBS, 

pH 7.4, for 5 hours. Results are presented as means ± SD, n=3. 

 

From the in vitro release studies performed in gastrointestinal simulated fluids (inset of 

Figure 5), it was observed that the presence of acidic medium accelerated the C27 release 

probably due to a faster degradation of PCL. Comparing the data obtained in both media in 

the first 2 and 7 hours of experiment a 3.0 and 2.5-fold increase of C27 release was 

observed using acidic medium, respectively. This data is in accordance with previously work 

reported by our group for a similar system (Manuscript IV). 

 The data obtained from in vitro drug release studies was fitted to the Korsmeyer–Peppas 

model and the results are presented in Table 1 [9].  

 

Table 1 - Correlation values (R2) and release exponent (n) of kinetic data analysis of C27 release 

from NPs in different medium. 

Medium 

pH 
Korsmeyer-Peppas 

R2 n K (h-1) 

7.4 0.972 0.464 11.2 

1.2-7.4 0.985 0.594 26.9 

 

The regression coefficient (r2) of the plot of log Mt/M∞ vs log t for NPs in PBS (1x) was 

found to be 0.972, with values of release exponent (n) and release constant (K) of 0.464 
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and 11.2, respectively. In the case of the use of a combined acidic and PBS medium (r2 = 

0.985) the release exponent and release constants values were of 0.594 and 26.9, 

respectively. To sum up, the type of medium affected the way and rate of C27 release: a) 

when PBS was used as medium the n value was < 0.5 showing that the release of C27 from 

NPs was by Fickian diffusion [9]; b) when an acidic medium was used the n value was 

higher than 0.5 suggesting a release process controlled by polymer erosion [44]. This 

course was corroborated by the higher release constant (26.9 h-1) in the first 2 hours of 

experiment. 

In conclusion, C27 was successfully released from PCL NPs, with good yields and in a 

sustained way, regardless of its low solubility profile and strong interaction with PCL matrix. 

 

3.6. In vitro cellular studies 

3.6.1. Evaluation of cytotoxicity profiles in SH-SY5Y and Caco-2 cell lines 

Since IMAO-B inhibits the break-down of biogenic amine neurotransmitters, and thus 

increase their concentration in the neuron synaptic cleft and at respective postsynaptic 

receptor sites [45], a human model of neuronal cells was chosen, differentiated 

neuroblastoma SH-SY5Y cell line, to evaluate the cytotoxic profile of free C27 and 

PCL@C27 NPs. This type of cells are widely used in studies requiring neuronal-like cells 

as they express a number of dopaminergic neuronal markers [46, 47]. The cellular viability 

of free C27 and PCL@C27 NPs (CC27 = 5 and 10 µM) was indirectly determined by the 

measurement of cellular metabolic activity using the resazurin reduction method after 24, 

48 and 72 hours of exposure. The data is presented in Figure 6a.  
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Figure 6 - Cytotoxic effects of C27 and PCL@C27 NPs (CC27 = 5 and 10 µM) in SH-SY5Y cells (a) 

after 24, 48 and 72 hours of exposure and in Caco-2 cells (b) after 24 hours of exposure. C6 and 

PCL@C6 NPs (CC6 = 2.5 and 5 µM) were also screened in Caco-2 cells (b) after 24 hours of 

exposure. Results are expressed as mean % metabolic activity ± SEM of three independent 
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experiments. Orange dot line represents the control data set as 100 %. In all cases, p values lower 

than 0.05 were considered significant (*p<0.05, ***p<0.001, ****p<0.0001 vs control cells). 

 

No cytotoxic effects at 5 and 10 µM were observed in SH-SY5Y cells under the experimental 

conditions (Figure 6a). Remarkably, an increase of metabolic activity was observed with 

C27 at 5 µM (110.9 ± 5.6 %, p < 0.05) after 48 hours of treatment.  

Then, the cytotoxic effects of C27 and PCL@C27 NPs (CC27 = 5 and 10 µM), with a 24 

hours pre-treatment, were evaluated in Caco-2 cells, a well characterized intestinal in vitro 

model often used to evaluate the ability of chemicals to cross the intestinal barrier, as well 

as to study their transport mechanisms [48] No cytotoxic effects were noticed with the tested 

concentrations (Figure 6b). 

3.6.2. Transport studies in Caco-2 cell line 

The study of the effect of membrane transporters in drug delivery is described to be of 

utmost importance, as it has been reported that polymeric pharmaceutical excipients can 

inhibit efflux pumps [49, 50]. Excipients containing polyethylene glycol and PEGylated 

surfactants, such T80 or poloxamers, have been described to be inhibitors of efflux pumps, 

namely P-glycoprotein (P-gp) [51-53]. In this regard, the P-gp inhibitory capacity of C27 and 

PCL@C27 NPs was evaluated in Caco-2 cells using Rhodamine 123 (RHO 123), a well-

known P-gp substrate [24]. The Caco-2 cells were exposed to 20 μM RHO 123 for 90 

minutes, in the absence and presence of C27 and PCL@C27 NPs (CC27 = 5 and 10 µM). 

Elacridar (10 μM), a well-known third-generation P-gp inhibitor, was used as a positive 

control [54]. The obtained results are presented in Figure 7.  

Elacridar (10 µM) acted as P-gp inhibitor avoiding the RHO 123 efflux from Caco-2 cells, 

which resulted in a 5-fold increase in intracellular fluorescence, when compared to control 

cells (p<0.0001) (Figure 7). No significant difference in fluorescence was observed with 

C27. An increase of 1.8- and 1.9-fold of RHO 123 levels with PCL@C27 NPs was detected 

for the concentrations at 5 and 10 µM, respectively, showing that NPs coated with Tween 

80 have capacity to inhibit P-gp leading to an enhance of RHO 123 accumulation, when 

compared with control cells. The data is in accordance with the literature [55, 56]. 
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Figure 7 - Accumulation of Rhodamine (RHO) 123 in Caco-2 cells. Data are expressed as % of 

fluorescence dye accumulation in control caco-2 cells exposed only with RHO 123, arbitrarily set as 

100 %, and are the means ± SEM of three independent assays. In all cases, p values lower than 

0.05 were considered significant (****p<0.0001). 

 

3.6.3. Uptake and permeability studies in Caco-2 cells  

Although efforts were done to evaluate the bioavailability parameters of chromone C27 and 

PCL@C27 NPs across Caco-2 cells, the studies were hampered by the chromone spectral 

features and the sensitivity of the analytical method. 

Therefore, a fluorescent probe (coumarin C6) encapsulated on PCL NPs was used to verify 

the uptake and permeability of NPs in Caco-2 cells [57]. The particle size, z-potential and 

morphology of the NPs was evaluated. The data from DLS studies showed that non-

significant differences were observed, in terms of NPs size and surface charge density, from 

PCL@C27 NPs (Figure 3b-c). So, PCL@C6 NPs were used in permeability and cellular 

uptake studies. Then the cytotoxicity profile of C6 and PCL@C6 NPs (CC6 = 2.5 and 5 µM) 

in Caco-2 cells, after 24 hours of exposure, was evaluated. No noteworthy cytotoxic effects 

were noticed (Figure 6b) for the same experimental conditions used for C27 and PCL@C27 

NPs (Figure 6b). Similarly, a significantly increase of metabolic activity was detected NPs 

at both concentrations tested (2.5 and 5 µM). 

To measure the C6 cellular uptake, Caco-2 cells were exposed to free and encapsulated 

coumarin for 24 hours. After that, cells were washed with HBSS (+/+) to remove the excess 

of compounds and the remaining fluorescence was measured by exciting the media with a 

radiation of 485 nm. The measured data was corrected with the fluorescence of the medium 
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and the results were presented as a percentage of the ratio between the amount remaining 

in the Caco-2 cells and the initial exposure concentration (Figure 8a).  
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Figure 8 - Relative uptake efficiency of C6 and PCL@C6 NPs (CC6 = 2.5 and 5 μM) in Caco-2 cell 

lines after 24 hours of exposure (a), cumulative amount of C6 (% ID) that cross the Caco-2 cells 

monolayer, which mimicks the intestinal barrier, when comparing to initial amount used (5 µM) in 

function of time (b) and cumulative amount of C6 (% ID) in apical and basal medium in the end of 

experiment. Results are expressed as mean ± SEM (n = 3).  Statistical comparisons were made 

using Kruskal-Wallis test in study (a) case. In all cases, p values lower than 0.05 were considered 

significant (****p<0.0001 by comparison of both samples at same concentration). 

 

The cellular uptake profiles of C6 and PCL@C6 NPs were significantly different (p<0.0001), 

comparing the same initial doses (ID) (Figure 8a) For both concentrations tested, PCL@C6 

NPs showed a better internalization in Caco-2 cells than free coumarin C6. The exposure 

with PCL@C6 NPs resulted in a 1.9 and 2.85-fold higher Caco-2 cells uptake (p<0.0001) 

for concentrations of 2.5 and 5 µM, when compared to C6. The same tendency has been 
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described by our group for PLGA-based NPs loaded with a coumarin derivative 

(Manuscript IV).  

To predict the absorption of orally administered PCL NPs, a confluent Caco-2 cell 

monolayer cultured on a cell culture insert filter (Transwell) was used as in vitro epithelial 

model of the human small intestine [58]. Previous studies have shown that Caco-2 cells 

express tight junctions and microvilli that allow the transport of compounds with mid to high 

lipophilicity (for example, a logPoct > 0), when cultured under particular conditions [59, 60]. 

The data showed that both C6 and PCL@C6 NPs (5 µM) exhibit similar permeability profiles 

with final ID % of 7.5 ± 1.0 and 8.7 ± 2.1 %, respectively (Figure 8b), though, a slight 

increase in cross capacity was detected for PCL@C6 NPs after 3 hours of experiment. 

However, no significant difference in both cross profiles was observed as evidenced by the 

apparent permeability coefficient (Papp) values calculated for C6 (8.4 x 10-9 cm/s) and 

PCL@C6 NPs (8.6 x 10-9 cm/s) [61]. Nevertheless, statistical differences (p < 0.0001) were 

found when compared with the amount of C6 (ID %) in apical medium in the end of 

experiment (Figure 8c). The similar permeation profiles of C6 and PCL@C6 NPs can be 

due to the fact that great part of PCL@C6 NPs were internalized in Caco-2 cells, a process 

that can retard their cross through intestinal barrier. Moreover, the increment of 

concentration observed for PCL@C6 NPs (Figure 8). may be related to the existence of 

mixed passive and transport-mediated mechanisms through Caco-2 barrier [59]. Although, 

in terms of the particle size, the transport mechanism stablished for particles up to about 

100–200 nm is the receptor-mediate endocytosis [62]. As C27 presented a value of logP 

value of 3.46 [5], which is lower than C6 (Figure 1) it can have intestinal barrier crossing 

capacity [7] by a transcellular process, which has been reported as common for lipophilic 

NPs [63].  

 

4. Conclusions 

In this work, a potent, selective and reversible IMAO-B was encapsulated in PCL NPs 

coated with T80 to increase its bioavailability properties. Nanoprecipitaion method was 

employed to obtain stable particles with hydrodynamic sizes in the range of 180 and 190 

nm and surface density charge around -6 mV in physiological conditions. The optimization 

process of C27 encapsulation gave rise to nanoparticles with a final C27 concentration of 

519.1 ± 9.4 µM, 823809-fold higher than its IC50 value (670 ± 130 pM). In physiological 

conditions, the nanoformulation released sustainably C27 over 7 days with a final release 

amount of 67.7 ± 4.4 %. Furthermore, no cytotoxic effects of C27 and PCL@C27 NPs were 

observed in SH-SY5Y and Caco-2 cells, which demonstrated the safety of both drug and 
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nanoformulations in human neuronal and intestinal cell lines. PCL@C27 NPs showed also 

the capacity to inhibit P-gp, which is a relevant data for further studies in cells with a higher 

P-gp expression, like endothelial cells, and relevant in terms of therapy. The uptake and 

permeability studies, performed with PCL@C6 NPs, showed that PCL NPs can cross the 

intestinal barrier model, with a final basal accumulation of 8.7 ± 2.1 %. 

Overall, our results provide evidence of the effectiveness of type of nanocarrier to deliver 

bioactive compounds. We anticipate that these nanoparticles might be delivered into the 

brain, as recently demonstrated for the delivery of cells, and be one therapeutic approach 

useful to solve the drug discovery problems in the field of neurodegenerative diseases. 
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Supporting information 

 

Chemistry 

Synthesis of N-(3′,4′-dimethylphenyl)-4-oxo-4H-chromene-3-carboxamide (C27) 

The synthesis of N-(3′,4′-dimethylphenyl)-4-oxo-4H-chromene-3-carboxamide (C27) was 

previously reported by Reis and colleagues (Scheme  1).1 Briefly, to a solution of chromone-

3-carboxylic acid (2.6 mmol) in DMF (4 mL), POCl3 (2.6 mmol) was added. The mixture was 

stirred at room temperature for 30 min for the in situ formation of the acyl chloride. Then, 

3,4-dimethylaniline was added to the reaction. After 1−5 h, the mixture was diluted with 

dichloromethane (20 mL), washed with H2O (2 × 10 mL) and with saturated NaHCO3 

solution (2 × 10 mL). The organic phase was dried, filtered, and concentrated under reduced 

pressure. The crude product was purified by flash chromatography and/or crystallization. 

The structure was confirmed by 1H NMR spectroscopy and mass spectroscopy. 

 

Scheme  1. Reaction between chromone-3-carboxylic acid and 3, 4-dimethylaniline to obtain N-(3′,4′-

dimethylphenyl)-4-oxo-4H-chromene-3-carboxamide (C27) 

 

 

N-(3′,4′-Dimethylphenyl)-4-oxo-4H-chromene-3-carboxamide (C27). The compound was 

obtained in 23% yield and recrystallized from CH2Cl2: mp 233−236 °C. 1H NMR (CDCl3) δ 

= 2.25 (3H, s, CH3), 2.28 (3H, s, CH3), 7.12 (1H, d, J = 8.1 Hz, H5′), 7.48 (1H, dd, J = 8.1, 

2.2 Hz, H6′), 7.56−7.50 (2H, m, H2′, H6), 7.59 (1H, dd, J = 8.5, 0.6 Hz, H8), 7.79 (1H, ddd, 

J = 8.7, 7.1, 1.7 Hz, H7), 8.34 (1H, dd, J = 8.0, 1.7 Hz, H5), 9.07 (1H, s, H2), 11.28 (1H, s, 

NH). 13C NMR (CDCl3): δ = 19.2 (CH3), 19.9 (CH3), 116.2 (C3), 118.0 (C8), 118.5 (C6′), 

121.8 (C2′), 124.1 (C4a), 126.3 (C6), 126.5 (C5), 130.0 (C5′), 132.8 (C4′), 134.8 (C7), 135.7 

(C3′), 137.2 (C1′), 156.2 (C8a), 160.5 (CONH), 162.7 (C2), 177.5 (C4). MS/EI m/z (%): 294 

(M+ + 1, 34), 293 (M+, 88,), 173 (100), 121 (62). 

 

Physicochemical characterization  

Three different nanoformulations were prepared using different amounts of C27 feeding 

(2.5, 5 and 10 % of polymer mass). After ultrafiltration process, which guarantee the 

remotion of C27 non-encapsulated, the nanoformulations were ultracentrifuged and the 
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resulting powder was analyzed for the C27 concentration (CC27) by UV-Vis. The results 

calculated for EE % and DLC % were presented in Table S1. 

 

Table S1. Values of EE% and DL% obtained for different formulations prepared with different 

amounts of feeding C27. 

Nanformulation 
C27/Polymer  

(w/w, %) 
EE% DLC% 

PCL NPs 0 0 0 

PCL@C27 NPs 

2.5 46.1 ± 0.2 1.13 ± 0.001 

5 65.7 ± 1.5 3.13 ± 0.07 

10 12.7 ± 0.2 1.16 ± 0.02 

All measurements were performed in triplicated and the results are presented as mean ± SD. 

 

From all nanoformulations prepared, it was possible verified that highest EE% (65.7 ± 1.5 

%) and DLC% (3.13 ± 0.07 %) was achieved when 5% (w/w, weight of polymer) of C27 was 

used in the preparation of PCL@C27 NPs. 

 

Morphologic characterization 

The DDLS, polydispersity index (PdI) and zeta potential (ZP) of empty PCL NPs, PCL@C27 

NPs and PCL@C6 NPs were assessed in Milli-Q water and PBS (1x). The results are 

presented as mean ± SD in Table S2. 

 
Table S2. Comparison of NPs size and z-potential values in Milli-Q and PBS media.  

Formulation Medium Size (nm)a PdIb Z-average (mV)c 

PCL NPs 
Milli-Q 180.9 ± 1.3 0.07 ± 0.01 -16.9 ± 0.6 

PBS 179.0 ± 0.9 0.10 ± 0.01 -4.7 ± 0.5 

PCL@C27 NPs 
Milli-Q 185.3 ± 1.4 0.11 ± 0.01 -14.8 ± 0.6 

PBS 184.9 ± 1.2 0.12 ± 0.01 -4.9 ± 0.7 

PCL@C6 NPs 
Milli-Q 190.2 ± 9.0 0.04 ± 0.01 -15.0 ± 1.7 

PBS 187.0 ± 9.2 0.08 ± 0.01 -4.5 ±0.6 

a,b,c Values determined by dynamic light scattering (DLS) in PBS. b Polydispersity Index. All measurements were 

performed in triplicated and the results are presented as mean ± SD. 

 

The dynamic light scattering (DLS) analysis allow to realise that all nanoformulations 

present similar low PdI (<0.12) and monodisperse profiles with hydrodynamic sizes 
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between 180 and 190 nm. A non-significant difference was found in both analysis. However, 

ZP values are affected by the medium where NPs are dispersed, since for the ion containing 

medium (PBS), all nanoformulations demonstrated ZP values lower in absolute value when 

compared with data obtained in Milli-Q water. Overall, all nanoformulations showed size 

and stability in physiological conditions suitable for further studies in in vitro and in vivo 

models. 
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Although the need for effective NDs treatments has significantly increased in the past 

years, no drug is yet able to stop or to reverse neurodegenerative progression. Furthermore, 

pharmacokinetics and biological barriers difficult the discovery and development of new 

chemical entities, namely derivatives from natural scaffolds. The work performed under the 

present Thesis envisaged the validation of PEGylation technology to enhance the 

applicability of natural scaffold-based compounds with intrinsic activity in mechanisms 

directly correlated with oxidative stress. Two approaches were followed in current Thesis 

(Figure 21): (Strategy A) conjugation of PEG chains to natural antioxidants based on HCAs 

(namely CAF and FER) and (Strategy B) the encapsulation of iMAO-B based on 

benzopyrone scaffold (coumarin and chromone) in PEGylated polymeric NPs. Despite the 

use of two different systems (PEGylation of small drugs and PEGylated NPs), the work as 

a whole is linked by a common thread, encompassing the evaluation of relevant 

physicochemical properties, BBB permeability, pharmacological and toxicological features. 

Following the Thesis structure, in this chapter an integrated discussion will be performed 

taking into account the type of PEGylated system. Additionally, several results that were not 

included in Chapter II will be presented. Firstly, PEGAntiOxs were prepared by conjugation 

of HCAs with a PEG chain Figure 21. The effect of the type of HCAs, the length of PEG 

chain and the bifunctionalization of PEGylated HCA with a mitochondrial targeting ligand 

will be discussed, focused on their in vitro antioxidant activity in cell-free and cell-based 

systems and in vitro cytotoxic profile in different cell lines, namely human neuroblastoma 

(SH-SY5Y), epithelial colorectal adenocarcinoma (Caco-2), hepatocellular carcinoma 

(HepG2) and cerebral microvascular endothelial (hCMEC/D3) cells. Since PEGAntiOxs 

were developed as potential therapeutic CNS drug candidates, the permeability across the 

BBB and their effects in mitochondrial function in neuronal cells have been also evaluated. 

Secondly, two MAO-B inhibitors (iMAO-Bs) - coumarin C75 and chromone C27 (Figure 

21) - were encapsulated in polymeric NPs by nanoprecipitation method. A previous 

optimization of size, zeta-potential and drug encapsulation efficiency (EE%) of 

nanoformulations was performed varying several reactional parameters, such as the type 

of polymer, surfactant and time of reaction. The selected nanoformulations were 

characterized by different techniques (NMR, DLS, SEM). The drug release was evaluated 

in different physiological media and the interaction of the drug with the polymeric NPs 

backbone was studied by DSC analysis. The nanoformulations’ cytotoxicity profiles were 

evaluated in SH-SY5Y, Caco-2 and hCMEC/D3 cells.  

 The P-gp inhibitory potential and capacity to cross the BBB in hCMEC/D3 cell 

monolayers, a well-known in vitro model of BBB, was also evaluated for all PEGylated 

systems developed within the Thesis. 
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4.1.  Development of PEGylated antioxidants (strategy A) 

4.1.1. Design and synthesis of PEGylated-antioxidant conjugates 

(PEGAntiOxs) 

The PEGAntiOxs conjugates developed along the thesis embedded the privileged HCAs 

motifs and since they are structurally related, some correlations between the biological 

activity, cytotoxic profile and BBB permeability can be established. The main chemical 

modifications are focused in the phenolic substitution pattern (Figure 22 and Manuscript 

II), the length of PEG chain (Figure 22, Manuscript II and PEG5CAF conjugate) and on the 

bifunctionalization of PEG with both caffeic and mitochondria targeting cation-

triphenylphosphonium (TPP+) (Figure 22 and Manuscript III) [237]. For the simplicity of 

this work, conjugates were labelled as PEGxY, were x is designed as 1 or 5 depending on 

the mPEG MW used in the synthesis (MW ~ 750 or 5000 D, respectively) and Y is designed 

as CAF or FER depending on the HCAs used. The conjugate bifunctionalized with both 

CAF and TPP+ will be designed as CPTPP. 

 

Figure 22. PEGAntiOxs conjugates developed under this Thesis.  

 

Firstly, the synthesis of PEG1CAF and PEG1FER conjugates was performed by a classic 

acidic (H2SO4) esterification (Figure 23), using caffeic and ferulic acids as starting materials 

and mPEG as alcohol. However, no formation of the conjugates was observed. Then, 

different acids (HBr and HCl), microwave irradiation, and the combination of both 

approaches were used (Figure 23). The resulting products showed a dark color and the 

PEGylated conjugates were not detected neither by NMR and MALDI-TOF analysis. The 

data obtained shows that the use of harsh conditions have a detrimental effect on mPEG, 
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leading to the formation of decomposition by-products. In fact, it has been reported that 

PEG auto-oxidation can be initiated by heat, light, or transition metals and is propagated by 

oxygen or other oxidizers, leading ultimately to the polymer chain scission [245].  

 

 

Figure 23. Methodologies followed for the synthesis of PEGAntiOxs conjugates: i) DIPEA, POCl3, 

N-Boc-1,6-hexanediamine hydrochloride, r.t., overnight; ii) concentrated HBr, r.t., 24 h; iii) 

triethylamine, ethyl chloroformate, H2N-PEG-COOH (MW ~ 3.5 kDa), r.t., 24 h; iv) compound (1), 

EDC, NHS, r.t., 48 h. 

 

Accordingly, a new approach encompassing a Knoevenagel reaction was used (Figure 

23) [246]. As described in Manuscript II, the PEGylation of HCAs with mPEG (MW ~ 750 

Da) was successfully achieved using Meldrum’s acid (2,2-dimethyl-1,3-dioxane-4,6-dione). 

In the first step, a malonic acid monoester was obtained, which was subsequently treated 

with 3,4-dihydroxybenzaldheyde or 4-hydroxy-3-methoxybenzaldehyde (vanillin) in pyridine 
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and catalytic piperidine, to yield PEG1CAF and PEG1FER, respectively (Figure 23). The 

reaction between mPEG and Meldrum’s acid was maintained under a saturated argon 

atmosphere and the temperature was carefully controlled between 100 and 110 ºC to 

minimize PEG oxidation. Both PEG1CAF and PEG1FER were obtained in high yields (Table 

6). The reaction was also used to synthesize the PEG5CAF, using a mPEG chain with higher 

MW (MW ~ 5000 Da with moderate yield (Table 6).  

 

Table 6. Yields and MALDI-TOF data from PEGs and the PEGAntiOxs conjugates.a 

 
Yield 

(%) 
Mn

b 
χc 

(mass%) 
Mn

d Mn
e 

PEG1CAF 73 % 750 21.5 
1045.6 

(1.01) 
1018.7 

PEG1FER 84 % 750 23.2 
1040.8  

(1.03) 
1032.7 

mPEG1 - 750 -. 
838.5 

(1.01) 
- 

 

PEG5CAF 59 % 5000 3.4 
5426.9 

(1.00) 
5427.9 

mPEG5 - 5000 - 
5247.8 

(1.01) 
- 

 

CPTPP 34 % 3500 18.6 
4223.9 

(1.07) 
4166.5 

H2N-PEG-COOH - 3500 - 
3511.5 

(1.01) 
- 

aValues are presented in daltons (Da). bApproximate molecular weight Mn according to manufacturer. cMass 

fraction of the introduced fragments. dAverage molecular weight and molar mass dispersity (Đ = Mw/Mn) 

calculated from the MALDI TOF. eAverage molecular weight estimated using the average molecular weight of 

precursors PEG obtained by MALDI-TOF analysis and the molecular mass of introduced fragments.  

 

The conjugation of PEG with caffeic and TPP+ moieties was performed by a two-step 

strategy that encompassed two amidation reactions and two different coupling reagents 

(Figure 23 and Manuscript III). The first step comprised the activation of caffeic acid with 

ethyl chloroformate and trimethylamine to activate the –COOH function  for the amidation 

reaction with H2N-PEG-COOH [247]. The second step embraced the activation of the PEG 

carboxyl group with EDC and NHS, and the amidation reaction with (6-((5-aminopentyl)-

amino)-6-oxohexyl)-triphenylphosphonium (compound 1, Figure 23). CPTPP was obtained 

in 34 % yield (Table 6). In all the processes the activation of PEG moieties was performed 

using an excess of the coupling reagents, since complete activation of PEG end groups 

was essential to avoid the presence of non-functionalized PEG or polymer cross-linking 
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[248]. The excess of reagents was removed by dialysis with a pore membrane MWCO 2.5- 

to 10-fold higher than the molecular weight of reagents. 

The structures of PEGAntiOxs were confirmed by both NMR and MALDI-TOF analysis, 

which clearly demonstrated that after conjugation an escalation of Mn values was observed 

(Table 6). 

4.1.2. PEGAntiOxs morphology  

The morphological characterization of PEGAntiOxs in PBS (1x) medium, except for 

CPTPP, to mimic the physiological conditions used in in vitro cell-based models, was 

performed by dynamic light scattering (DLS). The conjugates were dissolved in the medium 

and their hydrodynamic diameter (DDLS) was measured (Figure 24). The CPTPP conjugate 

was not analyzed by DLS since large aggregates even after filtration were detected. 

 

 

Figure 24. The hydrodynamic diameter (DDLS) distribution of PEGAntiOxs (1 mM) in PBS (1x) 

medium performed by DLS. Results are presented as mean ± SD. Statistical comparisons were made 

using One-way ANOVA. In all cases, p values lower than 0.05 were considered significant (****p < 

0.0001 vs. PEG1CAF value). 

 

As observed in Figure 24, PEGAntiOxs did no show aggregates and presented DDLS 

values between 95 and 575 nm. PEG1CAF (95.3 ± 8.6 nm) presented approximately a 2-

fold lower DDLS value when compared with PEG1FER (178.3 ± 13.8 nm, p<0.0001). As both 

conjugates have similar Mn, the different DDLS values can be related with the type of HCA 

present in the conjugate and with the different interactions in the core of the particle. The 
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presence of a methoxy group in PEG1FER can induce repulsion that avoids the molecular 

crowding of macromolecules [249]. Moreover, when compared PEG1CAF with PEG5CAF 

(DDLS = 575.7 ± 93.3 nm, p<0.0001), it seems that lengthy PEG chain lead to an increase of 

DDLS values, which can be justified by a destabilization of particle structure.  

 

4.1.3. PEGAntiOxs cytotoxicity outline 

The cytotoxicity profiles of the PEGAntiOxs conjugates were evaluated in human 

differentiated SH-SY5Y and HepG2 cell lines, to access compounds toxicity in neuronal and 

hepatic in vitro models [250]. To assess the PEGylation effect on cytotoxic profiles of HCAs 

and/or TPP+ moieties, CAF, FER and a cytotoxic TPP+-functionalized antioxidant 

(AntiOxCIN6) were also evaluated as comparative compounds.  

As shown in Figure 25, AntiOxCIN6 showed pronounced cytotoxicity at all concentrations 

tested (10, 25 and 50 µM) in HepG2 cells, decreasing their metabolic activity (a, < 51.9 ± 

3.7 %, p<0.0001), ATP production (b, < 55.2 ± 8.2 %, p<0.0001) and cell mass (c, < 46.0 ± 

4.0 %, p<0.0001). This data is in accordance with previously reported by our group [237]. 

The cytotoxic profile of AntiOxCIN6 (25 and 50 µM) was also observed in SH-SY5Y cells, 

which led to a significantly decrease of metabolic activity, cell mass and ATP levels (Figure 

25 and Manuscript III).  

Moreover, CAF (50 µM) decreased the ATP production (64.1 ± 2.7 %, p<0.0001) of 

HepG2 cells (Figure 25b) and led to a decrease of the metabolic activity (69.6 ± 8.0 %, 

p<0.0001), cell mass (53.8 ± 6.1 %, p<0.0001) and ATP production (65.3 ± 9.9 %, 

p<0.0001) when tested at 100 µM in SH-SY5Y cells (Manuscript II). 

Though based on natural structures, phenolic antioxidants can exert cytotoxic in a cell-

based model. It is well-know that catecholic group can be oxidized to its quinone form [251], 

and at physiological conditions quickly react with cellular nucleophiles (GSH, protein 

sulfhydryls) and/or induce redox cycling and increasing ROS levels in intracellular 

environment [252]. Furthermore, TPP+ cation seems to exert cytotoxic effects on 

mitochondria by non-specific mitochondrial disruption and/or by opening of mitochondrial 

pores [253, 254]. 

Remarkably, all PEGAntiOxs as well as FER did not show significant cytotoxicity at the 

concentrations tested (Figure 25 and Manuscript II-III). Since PEG1CAF, PEG5CAF and 

CPTPP were functionalized with cytotoxic moieties (CAF and TPP+), the data obtained 

seems to suggest that PEGylation improves the safety of PEGAntiOxs conjugates in cell-

based models. 
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Figure 25. Cytotoxicity profile of compounds PEGAntiOxs measured by changes in (a) cellular 

metabolic activity, (b) cell mass and (c) intracellular ATP levels of HepG2 and SH-SY5Y cells after a 

24 hours treatment with different concentrations (10, 25 and 50 μM, from left to the right). Untreated 

cells were used as control (CTRL = 100%). The data are expressed as the means of four independent 

experiments together with the standard error mean (Mean ± SEM). Statistical calculations were 

performed by ANOVA. In all cases, p values lower than 0.05 were considered significant ****p<0.0001 

compared with non-treated cells). 

 

Interestingly, PEG1CAF led to slight increase of mitochondrial activity and cell mass in 

both cell lines (Figure 25). This increment of mitochondrial activity or cell mass can be 

associated with a cellular proliferation process stimulated by the presence of PEG and/or 
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the phenolic system [255, 256]. By comparison data from both PEG1CAF and PEG5CAF, 

we can conclude that increase of PEG chain did not exert any effect on cells.  

 

4.1.4. PEGAntiOxs mitochondrial toxicity  

The effects of a 24 h exposure to catecholic PEGAntiOxs (25 and 50 μM) on the oxygen 

consumption rate (OCR) of SH-SY5Y cells was performed using the “mitostress test” 

(Figure 26 and Manuscript III). Since AntiOxCIN6 (25 and 50 μM) showed cytotoxic effects 

in both SH-SY5Y and HepG2 cells, the mitochondrial function of AntiOxCIN6-treated cells 

was evaluated only at 10 μM. 

The data obtained showed that both CAF and PEG5CAF did not affect mitochondrial 

function of differentiated SH-SY5Y cells at the tested concentrations (Figure 26). Contrarily, 

PEG1CAF led to significantly increase of proton leak OCR (25 μM) and ATP-linked OCR 

(25 and 50 μM). In addition, maximal respiration was also positively affected, when SH-

SY5Y cells were treated with PEG1CAF at 25 μM. 

Although no significantly effects were observed in all parameters tested, the alkyl TPP+ 

chain was associated with cellular bioenergetic responses, which are consistent with 

inhibition of oxidative phosphorylation [257]. Comparing the data from AntiOxCIN6 and 

CPTPP, it was observed that similar results were obtained. In fact, the evidence that 

mitochondrial function was not affected by treating cells with CPTPP even at 50 μM, points 

out the importance of PEGylation process to overcome the 

pharmacokinetics/pharmakodynamics constrains of drug candidates.  
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Figure 26. Mitochondrial parameters analyzed by Seahorse XF96 Extracellular Flux Analyzer 

obtained in SH-SY5Y cells treated for 24 hours with 25 µM of the test compounds PEGAntiOxs and 

CAF. AntiOxCIN6 was tested at the highest safety concentration (10 µM). Data are means ± SEM of 

four independent experiments and the results are expressed as percentage of control (control = 100 

%). The statistical comparisons were performed by using one-way ANOVA (*p<0.05, **p<0.01 

***p<0.001 vs the control data). 

 

4.1.5. PEGAntiOxs antioxidant properties 

The shift in balance between oxidant/antioxidant in favor of oxidants species is termed 

“oxidative stress”, which plays an important role on the trigger and progression of NDs [172]. 

The administration of exogenous antioxidants able to reach the oxidative stress-damaged 

sites can be a valid strategy to treat reactive species-mediated toxicity. Accordingly, the 

antioxidant outline of the PEGAntiOxs was evaluated in cell-free and in cell-based systems. 

CAF, FER and AntiOxCIN6 were also screened in order to evaluate the effect of PEGylation 

in antioxidant activity. 

 

4.1.5.1. Antioxidant outline in cell-free models 

Total antioxidant capacity was studied by measuring the ability of the PEGAntiOxs to 

scavenge DPPH• and ABTS•+ radicals and to chelate iron (II). Generally, all PEGAntiOxs 
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conjugates showed good antioxidant scavenging properties (Table 7), with IC50 values in 

the same range of those presented by parent compounds (CAF, FER and AntiOxCIN6).  

 

Table 7. Antioxidant properties of PEGAntiOxs, precursors and AntiOxCIN6. 

 IC50 (µM) ± SD Iron chelation 

(% ± SD)  ABTS∙+ DPPH∙ 

PEG1CAF 21.0 ± 2.1*** 33.9 ± 5.1**** 98.8 ± 1.2 

PEG5CAF 34.0 ± 2.5**** 34.0 ± 2.5**** 91.5 ± 5.3 

CAF 14.5 ± 0.3 24.3 ± 1.7 94.4 ± 2.6 

 

PEG1FER 20.6 ± 1.1# 57.4 ± 4.6 77.9 ± 5.8#### 

FER 16.5 ± 0.2 54.6 ± 0.6 8.9 ± 2.5 

 

CPTPP 24.9 ± 5.9 26.2 ± 1.3 91.4 ± 2.7 

AntiOxCIN6 30.2 ± 0.7 31.1 ± 5.6 82.5 ± 6.0 

In all cases, p values lower than 0.05 were considered significant (***p<0.001, ****p<0.0001 vs. CAF 

data; #p<0.5, ####p<0.0001 vs FER data). 

 

The PEGylation of HCAs led to a slight decrease in antioxidant capacity of PEGAntiOxs 

when compared with the precursors (CAF or FER) (Table 7 and Manuscripts II-III). This 

fact can be attributed to the increased bulky character of the antioxidant and/or radical agent 

[258], which causes steric hindrance and prevents effective interaction between antioxidant 

and radical. This evidence was also observed by comparing data from PEG1CAF and 

PEG5CAF, where an increase of PEG length chain led to a slight decrease of antioxidant 

activity. Remarkably, CPTPP conjugate presented a higher antioxidant activity than 

AntiOxCIN6 (Table 7). 

The antioxidant mechanism of the compounds under study is proposed to occur by 

radical-scavenging activity.  

The number of hydroxyl groups in aromatic ring demonstrated an enhancement of 

antioxidant activity, mainly in DPPH• scavenging and iron chelating capacity (Manuscript 

II). In fact, the results obtained showed that the catecholic compounds (PEG1CAF, 

PEG5CAF and CPTPP, iron chelation > 91.4 %) had a superior chelating activity than 

PEG1FER (77.9 ± 5.8 %), which flags the essential role of a second ortho phenolic group 

for effective iron chelation (Manuscripts II-III). Even so, a remarkably increase in iron 

chelating activity was obtained in PEG1FER when compared with FER (8.9 %, Manuscript 



Chapter IV | 201 

Integrated Discussion, Conclusions and Future Perspectives 

 

 
 

II). The 9-fold enhancement of iron chelating capacity can be due to PEGylation since 

mPEG also showed chelating activity (22.8 ± 1.6 %, Manuscript II). 

Overall, in spite of the chemical modifications performed, PEGAntiOxs maintained the 

antioxidant properties of their HCA precursors.  

 

4.1.5.2. Antioxidant outline in cell-based models 

The screening of PEGAntiOxs and HCAs as neuroprotective agents against oxidative 

stress damage induced by different stressors was performed at non-cytotoxic 

concentrations in SH-SY5Y cells. Different oxidative stress inducers were used, namely 

hydrogen peroxide (H2O2), tert-butyl hydroperoxide (t-BHP) and iron (III) (FeNTA reagent),  

Generally, all PEGAntiOxs were able to revert and/or prevent the induce damage caused 

by the different oxidative stressors tested, which resulted in an increase in cell viability 

between 10 and 50 % (Figure 27a, Manuscripts II-III). Moreover, it was found that a full 

recovery of H2O2-induced damage was obtained when SH-SY5Y cells were pre-treated with 

PEG1CAF conjugate (Figure 27a, Manuscript II), since non-significant differences in 

metabolic activity of both control and pretreated cells were observed. Furthermore, all 

PEGAntiOxs prevent t-BHP-associated cytotoxicity at least at one of the tested 

concentrations (Figure 27a, Manuscripts II-III), which was not mimicked by any of the CAF 

concentrations tested. Meanwhile, the pre-treatment with PEG1CAF showed better results 

than those obtained by PEG1FER when performing the FENTA assay (Manuscript II), 

which is in accordance with the results from iron (II) chelating assays. 
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Figure 27. Neuroprotective capacity of PEG1CAF (red data) PEG5CAF (blue data) at 25 and 50 µM 

against the H2O2, t-BHP and FeNTA insults in SH-SY5Y cells (a). Relative improvement (%) of cell 

viability when antioxidants (50 µM) were pre-incubated with cells that were later treated with a 

stressor, vs. cells treated with the stressor alone (b). Data are means ± SEM of four independent 
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experiments. Statistical comparisons were made using two-way ANOVA. (####p<0.0001 vs. the 

control data; *p<0.05, **p<0.01, ****p<0.0001 vs oxidative inducer values). Orange dot line 

represents the control cells data, set as 100 %. 

 

To have a global picture of the protective effect of all antioxidants studied in this work 

against the different stressors, the relative improvement of mitochondrial activities with (VAA) 

and without (V0) antioxidant pre-treatment at 50 µM was calculated using the following 

equation: ((VAA-V0)/V0) x 100. Figure 27b displays the relative improvement of cell viability 

(% vs stressor data) caused by the pre-treatment with antioxidants (50 µM) tested. 

Data from Figure 27b, shows that the most effective PEGAntiOxs against oxidative 

stress insult was the PEG1CAF (mean of relative improvement ~ 38.6 ± 8.0 % at 50 µM). 

The values of relative improvement obtained for catecholic PEGAntiOxs show that longer 

PEG chain led to a slight decrease in neuroprotective capacity, as observed in PEG5CAF 

(21.1 ± 9.5 %) when compared with PEG1CAF. Furthermore, CPTPP (24.0 ± 3.8 %) 

presented higher antioxidant activity than AntiOxCIN6 (19.1 ± 2.0 %) (Figure 27b).  

 In addition, by comparing the values of mean relative improvement obtained at 50 and 

100 µM, we concluded that the potency of protection against ROS is dependent on the 

antioxidant concentration (Manuscript II). Interestingly, PEG1CAF (49.1 ± 3.2 %, 100 µM) 

presented higher improvement of cell viability after exposure to the different stressors when 

compared with PEG1FER conjugate (26.2 ± 0.7 %) at 100 µM, achieving a 2-fold 

enhancement of cell viability (Manuscript II). This data reinforces that the number of 

hydroxyl groups in aromatic ring seems to enhance antioxidant activity (Figure 27b), 

corroborating the information obtained from DPPH• assays (Table 7). 

Altogether, the data obtained so far pointed out the outstanding neuroprotective 

properties of the shorter PEG chain conjugates - PEG1CAF and PEG1FER. 

 

4.1.6. PEGAntiOxs blood-brain barrier permeability  

The brain is the organ most prone to oxidative stress due to the combination of low pool 

of endogenous antioxidant, high levels of oxidizable unsaturated fatty acids and pro-

oxidants metals and a large oxygen consumption rate [259]. 

With this in mind, PEGAntiOxs, HCAs and AntiOxCIN6 were tested on an in vitro BBB 

model, using hCMEC/D3 cell monolayers [260]. Firstly, the cytotoxicity profile was assessed 

by measuring metabolic activity (MTT reduction assay) (Figure 28) after 4 hours of 

exposure with PEGAntiOxs (100 µM), HCAs and AntiOxCIN6 (50 µM). 
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Figure 28. Cytotoxic effects of PEGAntiOxs (100 µM), HCAs (50 µM) and AntiOxCIN6 (50 µM) in 

hCMEC/D3 cells after 4 hours of exposure, by measuring the metabolic activity using MTT method. 

The data are expressed as the means of four independent experiments together with the standard 

error mean (Mean ± SEM). Statistical calculations were performed by Kruskal-Wallis comparison. In 

all cases, p values lower than 0.05 were considered significant (**p<0.01, ***p<0.001 and ****p<0.0001 

against the non-treated hCMEC/D3 cells). 

 

As shown in Figure 28, pre-treatment with HCAs (< 69.1 ± 3.4 %) and AntiOxCIN6 (36.6 

± 4.0 %), at 50 µM, led to a decrease of metabolic activity in hCMEC/D3 cells after 4 hours 

of exposure. Contrarily, no cytotoxic effects were observed when hCMEC/D3 cells were 

treated with PEGAntiOxs at 50 µM (data not shown). This result suggested that PEGylation 

improves the safety of both CAF and TPP+ in hCMEC/D3 cells (Manuscript II). In fact, the 

pre-treatment with PEGAntiOxs at 100 µM, did not show any signs of metabolic activity 

decrease in hCMEC/D3 cells (Figure 28), which enhances the ability of PEGAntiOxs to 

reach the brain at higher concentrations (100 µM) without any impairment in endothelial 

brain cells. 

The capacity of PEGAntiOxs conjugates to cross hCMEC/D3 cell monolayers was tested 

for 3 hours in a Transwell system with an initial dose (ID) of 100 µM (Figure 29). 
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Figure 29. Transport efficiency (% ID) of PEGAntiOxs across BBB. Results are presented as mean 

± SEM from 3 independent experiments. Statistical comparisons were made using two-way ANOVA. 

In all cases, p values lower than 0.05 were considered significant (**p<0.01, and ***p<0.0001 by 

comparison with PEG1CAF with the rest of PEGAntiOxs tested). 

 

The data obtained showed that PEGAntiOxs presented different BBB uptake profiles. At 

100 µM, PEG1CAF showed a superior BBB permeability over the other PEGAntiOxs 

conjugates (Figure 29), mainly after 30 minutes of experiment. In the end of experiment, 

PEG1CAF at 100 µM presented an accumulation in the basal medium around 27.3 ± 0.4 

µM, which corresponded to an increase of 184 % relatively to the basal concentration found 

(9.6 ± 0.3 µM) when tested at 50 µM (Manuscript II). The percentage of ID that crosses the 

BBB seems to be proportional with the ID tested, which  a suggests that transport occurs 

by a concentration gradient-driven effect [261].  

Meanwhile, after 3 hours of experiment, the percentage of PEG1FER that crosses the 

BBB was 5.7 ± 0.3 and 3.9 ± 0.1 % ID at 50 and 100 µM, respectively, which corresponds 

to a final accumulation in the basal medium of 2.9 and 3.9 µM. In addition, PEG1CAF 

showed a 3.4- and 7-fold increase of BBB permeability efficiency when compared to 

PEG1FER, when ID was 50 and 100 µM, respectively (Manuscript II).  

Moreover, comparing the final basal concentrations of PEG1CAF with PEG5CAF (4.5 ± 

1.6 µM) and CPTPP (2.8 ± 1.2 µM), it was possible to observe that the increase of PEG 

length and the insertion of a cationic moiety in PEG led to a notorious decrease in BBB 

crossing efficiency (Figure 29). The PEG5CAF and CPTPP conjugates showed ID% 6.0- 

and 9.7-fold lower than data obtained for PEG1CAF conjugate at 100 µM, respectively. The 
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following tendency of BBB permeability was established: PEG1CAF (27.3 ± 0.4 µM) > 

PEG5CAF (4.5 ± 1.6 µM) > PEG1FER (3.9 ± 0.2 µM) > CPTPP (2.8 ± 1.2 µM). Overall, it is 

hypothesized that the DDLS values of PEGAntiOxs are somehow correlated with their 

capacity to cross the BBB, since PEG1CAF showed the smallest particle size. In fact, the 

data reported by other groups confirmed that smaller size NPs (<100 nm) showed higher 

capacity to cross the BBB than NPs with large size (>100 nm) in in vitro and in vivo models 

[262-264].  

 

4.1.7. PEGAntiOxs P-glycoprotein inhibitory properties 

The P-gp inhibitory capacity of PEGAntiOxs and HCAs was then evaluated to infer its 

potential role on the BBB permeability of the test compounds. For this purpose, a well-

known P-gp substrate was used – Rhodamine 123 (RHO 123) in Caco-2 cell line [265]. 

Elacridar (10 μM), a well-known third-generation P-gp inhibitor, was used as positive 

control.  

Firstly, no cytotoxic effects were observed when Caco-2 cells were exposed to 

PEGAntiOxs (100 µM) for 24 hours. As shown in Figure 30, when PEGAntiOxs were co-

incubated with RHO 123 a significant increase in RHO intracellular accumulation by Caco-

2 cells was found, with the exception for CPTPP that did not show capacity to inhibit P-gp. 

The capacity of interact with P-gp was mainly due to the insertion of PEG chain the in 

phenolic aromatic ring since no inhibitory capacity was observed when HCAs were tested 

in same concentrations (Manuscript II). In addition, PEG5CAF (232.1 ± 6.0 %) presented 

higher values of RHO 123 accumulation than PEG1CAF (149.5 ± 4.5 %), suggesting that 

longer PEG chains led to increased P-gp inhibition [266]. 
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Figure 30. Accumulation of RHO 123 in Caco-2 cells for 90 minutes at 37 ºC in the absence or 

presence of 10 µM elacridar and PEGAntiOxs (100 µM). The data are expressed as the means of 

three independent experiments together with the standard error mean (Mean ± SEM). Statistical 

calculations were performed by One-Way ANOVA. In all cases, p values lower than 0.05 were 

considered significant (*p<0.05, **p<0.01, ****p<0.0001 when compared with control cells). 

 

Comparing the results of BBB permeability and RHO 123 accumulation, it was shown 

that PEG1CAF, PEG5CAF and PEG1FER were capable to cross the BBB and inhibit P-gp, 

suggesting a possible correlation between these two properties. However, since PEG1CAF 

had the better BBB crossing capacity, but the lower RHO 123 when compared with 

PEG5CAF and PEG1FER, we suggest that the P-gp inhibition by PEGAntiOxs benefits the 

accumulation in basal medium, but it was not a decisive parameter for the permeability 

values obtained.  

 

4.2. Development of iMAO-B loaded-PEGylated nanoparticles 

(strategy B) 

4.2.1. Nanoformulation design and development  

Loaded and unloaded nanoparticles (NPs) were prepared by the nanoprecipitation 

method [267]. Briefly, polymer and iMAO-Bs were dissolved in acetone (20 mL) and the 

resulting mixture was then added dropwise into 40 mL of water containing 0.25 % of 

amphiphilic surfactant (Tween 80 – T80 or Poloxamer 188 – P188). The colloidal 

suspension was maintained under magnetic stirring for 4 hours at room temperature and 

after that, acetone was fully eliminated by evaporation under reduced pressure at room 

temperature. NPs were purified by ultrafiltration (10 min, 3000 × g, Amicon Ultra 100 kDa 
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MWCO, Millipore) and stored at 4 ºC until further use. The unloaded NPs were similarly 

prepared as described above, omitting the iMAO-Bs. The samples of loaded and unloaded 

NPs were labelled as P@C NPs or P NPs, respectively, where P is the name of polymer 

(PLGA or PCL) and C the code of iMAO-Bs (C75 or C27). 

The encapsulation of iMAO-Bs was tuned by an optimization process where certain 

parameters, such as DDLS, zeta potential (ZP) and EE%, were considered. This step is 

essential to obtain nanoformulations with suitable morphologic features, physiological 

stability and high drug content. 

The goal of optimization process was to obtain NPs smaller than 200 nm, preferentially 

in the range of 50-100 nm and ZP values between −1 to −15 mV [210, 215], since bigger 

NPs (>200 nm) are recognized by RES and easily accumulate in the liver and spleen  [211] 

and the majority of studies for drug brain delivery reported the use of NPs with moderate 

negative ZP values [212]. 

Although several reactional conditions were tested, including velocity of addition of 

organic phase to aqueous phase, the ratio of organic/aqueous (v/v) phases, the time of 

reaction or the ratio of polymer to organic phase (w/w %) (data not shown), the three 

parameters that stood out were the type of polymer (PCL and PLGA), the surfactant (T80 

and P188) and the type of the drug feed.  

In the case of coumarin C75, it was found that both PCL and PLGA polymer were suitable 

for encapsulation, resulting in NPs with high stability and sizes within the desired range 

(Figure 31). However, the encapsulation of C75 in PLGA NPs coated with P188 presented 

10-fold higher EE% value than nanoformulation prepared with PCL. Moreover, it was 

observed that the use of more than 8 % of C75 (% of polymer weight) led to destabilization 

and NPs aggregation after the synthesis (data not shown).  

On the other hand, the encapsulation of chromone C27 in PLGA NPs gave rise to 

unstable nanoformulations that formed aggregates in the end of the reaction (Figure 31) 

using both T80 and P188 as surfactants. When PCL was used, the encapsulation of C27 

was successfully performed using T80 and P188, obtaining two colloidal solutions with NPs 

size in the range of 183.7 - 207.2 nm and EE% values between 40.8 and 65.7 %. However, 

in the case of PCL NPs prepared with P188, colloidal unstable appearance of NPs was 

observed, with formation of aggregates after few days, which culminated in precipitation of 

both NPs and C27. In the case of PCL NPs coated with T80, chosen as the best formulation 

to encapsulate C27, it was observed that an initial C27 feed of 5 % was required to obtain 

the higher EE% (65.7 ± 1.5 %) value (Manuscript V). 

Taking into account the IC50 MAO-B inhibitory values (iMAO-B IC50 (C75) = 28.89 ± 1.18 

nM and iMAO-B IC50 (C27) = 670 ± 130 pM, Manuscripts IV-V), the final concentrations of 
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C75 (CC75 = 807 ± 30 µM) and C27 (CC27 = 519.1 ± 9.4 µM), in respective nanoformulations, 

were 27828- and 823809-fold higher than the concentration required to produce therapeutic 

effect. The high concentrations achieved in both nanoformulations allowed the 

administration of reasonable volumes of nanoformulations in the cellular assays.   

 

 

Figure 31. Conditions tested in optimization of iMAO-Bs encapsulation in PEGylated NPs. The 

results presented were obtained by three independent NPs synthesis. 

 

4.2.2. PEGylated NPs morphology 

The morphology and shape of nanoformulations were assessed using SEM and DLS 

analysis (Figure 32). In SEM imaging, both nanoformulations presented spherical shaped 

NPs with a uniform distribution. Comparing micrographs with same magnification, 

PLGA@C75 NPs showed smaller size than PCL@C27 NPs (15000 x, Figure 32a). 

Meanwhile, DDLS values of 100.7 ± 5.7 nm and 184.3 ± 1.9 nm were obtained for 

PLGA@C75 and PCL@C27 nanoformulations (Figure 32b and Manuscript IV-V), 

respectively, which was in accordance with the data from SEM analysis. Furthermore, 

comparing both unloaded and loaded NPs, a slight increase in DDLS value when C27 was 

encapsulated in the PCL NPs was observed (Manuscript V). Contrarily, a decrease of 30 

nm in DDLS value was observed in the case of PLGA@C75 NPs (Manuscript IV). Possible 

interactions between polymer and drug, the type of polymer and the surfactant used can 

justified these different behaviors.  
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Figure 32. Morphological characterization of PLGA@C75 and PCL@C27 NPs by SEM (a), 

hydrodynamic average sizes (b, DDLS) and zeta potential (c) values. The measurements performed 

by DLS were carried out in Milli-Q water (black data) and PBS (1x) (red data) and performed in 

triplicated and the results are presented as mean ± SD. Statistical comparisons were made using 

two-way ANOVA. In all cases, p values lower than 0.05 were considered significant (****p<0.0001, 

PLGA vs. PCL NPs in same conditions; ####p<0.0001, Milli-Q data vs PBS (1x) data). Orange line 

represents the size limit of 200 nm. 

 

An important feature for maintenance the colloidal behavior of nanoformulations is the 

density charge present in NPs surface that avoids their aggregation. The surface charge 

was determined by ZP measurement in both Milli-Q and PBS (1x) medium (Figure 32c). 

When Milli-Q water was used as a dispersion medium, the nanoformulations showed high 

negative ZP values (ZP values > -15 mV) probably due to the presence of PLGA and PCL 



210 | Chapter IV 

Integrated Discussion, Conclusions and Future Perspectives 

 

 
 

carboxylic acid moieties that are ionized in Milli-Q water, leading to a negatively charged 

NPs surface [268]. However, when PBS medium was used, the ZP values of all 

nanoformulations were lower (ZP values < -15 mV) than those obtained in Milli-Q water 

(p<0.0001). The decrease observed in ZP absolute values can be related by the presence 

of ions in the medium. In the surface of NPs there was a local accumulation of positively 

charged analytes, such as Na+ or Ca2+, which can counterbalance the negative charge 

related with the polymer’s carboxylate groups [269]. It has been reported that long chains 

of PEG can chelate positive ions such as sodium, leading to changes of the NPs surface 

charge [270].  

Overall, both nanoformulations presented morphologic features in the desired range of 

size DDLS (<200 nm) and surface charge density (-1 and -15 mV). Moreover, all 

nanoformulations showed a high stability maintaining their size and physicochemical 

properties along almost 6 months when stored at 4 ºC (data not shown). The long-term 

stability in aqueous solution of so small NPs was mainly due to the combination of their 

surface charge and the presence of PEGylated surfactant in NPs surface proved by NMR 

analysis (Manuscripts IV-V).  

 

4.2.3. iMAO-Bs controlled release in physiological conditions 

Evaluation of a sustainable release of iMAO-Bs in physiological medium was performed 

in PBS (pH 7.4) at 37 C for 7 days with constant shaking. Furthermore, the in vitro C75 

release test was performed at pH 1.2 for 2 hours followed by pH 7.4 for 5 hours, to reproduce 

the upper and lower gastrointestinal tract (Manuscript IV-V) [271].  

The in vitro release profiles were obtained by graphing the cumulative percentage of the 

iMAO-Bs released with respect to the amount of iMAO-Bs encapsulated as a function of the 

time (Figure 33).  

The in vitro release of iMAO-Bs showed a biphasic pattern (Figure 33a), based on an 

initial burst release until the first 9 and 24 hours for PCL@C27 NPs and PLGA@C75 NPs, 

respectively, followed by a sustained release which extends up to 7 days, which is typical 

of this type of polymeric NPs [272].  

The initial burst estimated for PLGA@C75 and PCL@C27 NPs was around 30 and 50 

%, respectively, and can be related to the entrapped drug near or in the NPs surface and 

that are dissolved in contact with the release medium [273]. The initial release rate can be 

affected by the size of NPs or by the intensity of interactions between the drug and polymeric 

matrix. Since strong interactions between iMAO-Bs and polymeric matrix were found in both 
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nanoformulations by DSC analysis (Manuscripts IV-V), the higher iMAO-Bs content 

released could be attributed to smaller size of NPs [274].  
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Figure 33. In vitro release profiles of iMAO-Bs from nanoformulations: (a) in PBS (pH 7.4) conducted 

for 7 days (solid circles); (b) in 0.1 N HCl, pH 1.2 for 2 hours followed by PBS, pH 7.4, for 5 hours 

(empty circles). Data are means ± SD, n=3. 

 

After the initial release, a slow diffusion of the drugs was found over a period of 7 days, 

with a total of C75 and C27 amount release of 45.8 ± 1.9 % and 67.7 ± 3.7 %, respectively 

(Figure 33a). Interestingly, the amount of drug released corresponds to a final C75 

concentration of 371.2 ± 13.7 µM (approximately 12793-fold higher than the MAO-B IC50 

value) and C27 concentration of 174.1 ± 14.1 µM (approximately 276349-fold higher than 

the MAO-B IC50 value). The second release step is attributed to the slow drug diffusion 

through polymeric matrix and its rate is affected by the erosion that polymeric chains 

suffered in physiological medium [275, 276]. This erosion is a constraint when NPs 

administration is performed orally. In fact, as observed in Figure 33b, under gastrointestinal 

simulated fluids, nanoformulations showed higher iMAO-Bs release rate, when compared 

to data acquired at pH 7.4. In fact, in acidic medium and after 2 hours, nanoformulations 

release 3- and 2.5-fold more C27 and C75, respectively, when compared with PBS data, a 

process that can be related with the accelerated biodegradation of polymeric backbone of 

NPs.  

 

4.2.4. PEGylated NPs cytotoxicity  

The cytotoxic effects of iMAO-Bs and both nanoformulations in SH-SY5Y and Caco-2 

cell lines were determined, using resazurin reduction method in the case of C27 studies, 
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and MTT reduction and NR uptake in the case of C75 studies. Both cell lines were exposed 

to samples for predeterminate periods of time (24, 48 and 72 hours) and the 

nanoformulations were tested considering the iMAO-Bs concentration inside the NPs. The 

highest concentration tested for C27 was 10 µM, due to its poor solubility. 

The results showed that both chromone C27 and PCL@C27 NPs did not exhibit cytotoxic 

effects in both cell lines (Manuscript V) for the concentrations tested (5 and 10 µM). 

Meanwhile, PLGA@C75 NPs and free C75 did not exhibit significant cytotoxic effects 

(94 % minimum of cell viability) in both cell lines for the lowest concentration tested (10 μM) 

(Figure 34). The same result was found for PLGA@C75 NPs when tested at 50 µM for 24, 

48 or 72 hours (Figure 34), which pointed out a large safety window. However, as shown 

in Figure 34a-b, C75 (50 µM) treatment led to a significant decrease in SH-SY5Y cell 

metabolic activity and NR uptake, after 48 and 72 hours of exposure.  
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Figure 34. Cytotoxic profile of C75 and PLGA@C75 NPs (10 and 50 μM) in neuronal and intestinal 

cell lines after 24, 48 and 72 hours of exposure determined by MTT reduction (a, c) and the NR 

uptake (b, d) assays. Results are expressed as mean % cell viability ± SEM (n = 3) (*p<0.05, 

**p<0.01, ****p<0.0001 vs control data). Control data was set as 100 % and represented by a grey 

dotted line. 
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When Caco-2 cells were treated with C75 at 50 µM, no decrease of metabolic activity 

(Figure 34c) was observed, while the lysosomal function (Figure 34d) was clearly affected 

(62 % of NR uptake vs control).  

Overall, encapsulation of C75 in PLGA NPs improved its safety, an effect that can related 

with a controlled C75 release, since after 72 hours, only half of C75 loaded in NPs was 

released to the medium (Figure 33a). 

 

4.2.5. PEGylated NPs P-glycoprotein inhibitory properties 

The P-gp inhibitory capacity of both iMAO-Bs and their nanoformulations was evaluated 

in Caco-2 cells using the same method described in section 4.1.7 at concentration of 10 

and 50 µM, respectively. The obtained results are presented in Figure 35. 

The results obtained for RHO 123 accumulation showed that neither C75 (50 µM) or C27 

(10 µM) were able to inhibit P-gp. However, a clear increase on RHO 123 levels was 

observed when Caco-2 cells were treated with both PLGA@C75 and PCL@C27 NPs, which 

resulted in a 2.41- and 1.91-fold increase in RHO intracellular accumulation, respectively 

(Figure 35). The data showed that both PLGA@C75 and PCL@C27 NPs act as P-gp 

inhibitors, an effect probably related to the presence of PEGylated surfactants (T80 and 

P188) in the nanoformulations [277]. 
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Figure 35. Accumulation of RHO 123 in Caco-2 cells for 90 minutes at 37 ºC in the absence or 

presence of 10 µM elacridar, C75 (50 µM), C27 (10 µM) and respective nanoformulations. Data are 

expressed as % of fluorescence dye accumulation in control caco-2 cells exposed only with RHO 

123, arbitrarily set as 100 %, and are the means ± SEM of three independent assays. Statistical 

comparisons were made using One-way ANOVA. In all cases, p values lower than 0.05 were 

considered significant (####p<0.0001 data between PLGA@C75 and PCL@C27 NPs; ****p<0.0001 

vs control data). 
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4.2.6. PEGylated NPs cellular uptake  

Coumarin C75 and PLGA@C75 NPs present remarkable fluorescent properties that 

allowed the determination of their internalization in both SH-SY5Y and Caco-2 cells 

(Manuscript IV). It was found that in SH-SY5Y cells, C75 showed a better internalization 

when compared to the PLGA@C75 NPs at the same concentration and time (p<0.0001), 

which did not occur when Caco-2 cells were used (Manuscript IV). As observed in Figure 

36, the exposure to the PLGA@C75 resulted in a 4.0 and 5.3-fold higher uptake in Caco-2 

cells (p<0.0001) for concentrations of 10 and 50 µM, when compared to C75. This data 

suggested that C75 suffered active efflux by P-gp in Caco-2 cells. 

In fact, when C75 (10 and 50 µM) were co-incubated with elacridar (P-gp inhibitor) in 

Caco-2 cells both cytotoxicity and C75 uptake was enhanced, which clearly showed that 

C75 is a P-gp substrate (Manuscript IV). 
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Figure 36. Relative uptake efficiency of C27 and PLGA@C27 NPs (CC27 = 10 and 50 μM), and 

PCL@C6 NPs (CC6 = 2.5 and 5 μM) in Caco-2 cell lines after 24 hours of exposure. Results are 

expressed as mean % cell viability ± SEM (n = 3).  Statistical comparisons were made using one-

way ANOVA. In all cases, p values lower than 0.05 were considered significant (****p<0.0001 by 

comparison of both C27 and PLGA@C75 NPs at same concentration). 

 

Although efforts were done to evaluate the bioavailability parameters of chromone C27 

and PCL@C27 NPs across Caco-2 cells, the studies were hampered by the chromone 

spectral features and the sensitivity of the analytical method (Manuscript V). 

Therefore, a fluorescent probe (coumarin C6) encapsulated on PCL NPs was used to 

verify the uptake and permeability of NPs in Caco-2 cells [278]. The morphology and 
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cytotoxic evaluation of the PCL@C6 NPs was performed and the data showed no significant 

difference with the data obtained for PCL@C27 NPs (Manuscript V). So, PCL@C6 NPs 

were used in permeability and cellular uptake studies. 

In Figure 36, it was observed that the efficiency uptake was 10.0 ± 0.5 and 12.0 ± 0.5 % 

for PCL@C6 NPs in Caco-2 cells when tested at 2.5 and 5 µM, respectively. Further, it was 

verified that with the increase of ID used in the uptake assay, an increase of cellular uptake 

was obtained, which suggested that the nanoformulations are taken up by an endocytic 

process, and their uptake is concentration-dependent [279, 280]. 

 

4.2.7. PEGylated NPs permeability assays 

To predict the capacity of C75, PLGA@C75 and PCL@C6 NPs to cross biological 

barriers, two in vitro models of human small intestine and BBB were used in a cell culture 

insert filter (Transwell). For that, C75 (50 µM), PLGA@C75 NPs (50 µM) and PCL@C6 NPs 

(5 µM) were tested in Caco-2 cell monolayer for 8 hours and in hCMEC/D3 cell monolayers 

for 3 hours (Figure 37). 
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Figure 37. Cumulative cross efficacy (% ID) of C75, PLGA@C75 and PCL@C6 NPs in Caco-2 (a) 

and of C75 and PLGA@C75 NPs in hCMEC/D3 (b) cell monolayers after 8 and 3 hours of 

experiment, respectively. Data values represent mean ± SEM (n=3). Statistical comparisons were 

made using two-way ANOVA. In all cases, p values lower than 0.05 were considered significant 

(**p<0.01, ***p<0.001 and ****p<0.0001 by comparison with free C75; ## p<0.01, and ####p<0.0001 by 

comparison with PCL@C6 NPs; ¥p<0.05, ¥¥¥p<0.001 and ¥¥¥¥p<0.0001 by comparison with both 

concentrations of PLGA@C75 NPs). 
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Despite, previous data showed that C75 is a P-gp substrate (Manuscript IV), it was 

found that coumarin crossed Caco-2 monolayer to the basal medium, showing a final basal 

accumulation of 8.5 % of ID after 8 hours of experiment (Figure 37a). Comparing with C75 

data, PLGA@C75 NPs showed a significant increase of crossing Caco-2 capacity after 3 

hours experiment (p<0.01), presenting the highest basal accumulation (28.8 ± 3.1 % of ID), 

which corresponded to a final C75 concentration of around 14.4 µM (Figure 37a). The 

uptake difference between C75 and PLGA@C75 NPs can be due to a mixture of both 

passive and transport-mediated mechanism presented by PLGA@C75 NPs and their 

capacity to inhibit P-gp [281]. 

Meanwhile, PCL@C6 NPs also showed capacity to cross Caco-2 monolayer with a final 

basal accumulation of 8.7 ± 2.1 % of ID (Figure 37a). Despite, both nanoformulations did 

not have the same composition, the higher capacity of PLGA@C75 NPs to cross Caco-2 

monolayer can be justified by their lower DDLS value when compared with PCL@C6 NPs 

(DDLS = 187.0 ± 9.2 nm) (Figure 37a). 

In a recent report, the results pointed out that the transport through Caco-2 monolayer 

of smaller NPs (58 nm) presented higher efficacy than larger particles (165 nm) [282]. In 

addition, it was concluded that the permeability in Caco-2 cells was PLGA NPs size-

depending and that the optimum size for epithelial cross was around 100 nm [283], the 

same DDLS value obtained by our group in Manuscript IV.  

It seems that, as observed with PLGA@C75 NPs, combined active and passive 

mechanisms ruled the passage of PCL@C6 NPs through Caco-2 monolayer. Generally, it 

is assumed that particles up to about 100–200 nm can be internalized by receptor-mediate 

endocytosis [284]. However, we suggest that PCL NPs also crossed the Caco-2 epithelial 

monolayer by transcellular route, which has been reported as common for lipophilic NPs 

(Manuscript V) [285].  

Due to time restrictions, only the C75 and PLGA@C75 NPs BBB crossing capacity was 

evaluated in in vitro BBB model (Figure 37b). No C75 was detected by HPLC in the basal 

medium after 3 hours of experiment. The different cross capacity of C75 in Caco-2 and 

hCMEC/D3 cells could be due to the presence of not only P-gp, but also different efflux 

transporters, such as breast cancer resistance protein (BCRP or ABCG2), and multidrug 

resistance-associated proteins (MRP) -4 and -5 (or ABCC4 and 5) [286]. Moreover, it was 

reported that the expression level and activity of P-gp increases in hCMEC/D3 cells due to 

the presence of P-gp substrates [287].  

Regarding PLGA@C75 NPs, a final accumulation was around 25.6 % of ID, which 

corresponded to a final C75 concentration of 12 µM (414-fold MAO-B IC50 value) was 

detected. The increase of PLGA@C75 NPs ID used (100 µM), displayed a significant 
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decrease in the BBB cross efficacy after 1 hour (p<0.5) and a final accumulation efficiency 

of 16.4 % (p<0.0001 vs PLGA@C75 NPs at 50 µM). However, when compared the 

concentration accumulated in basal medium after 3 hours of permeability assay no 

significant difference was observed (Manuscript IV), which demonstrated that both ID of 

PLGA@C75 NPs are suitable for the administration. 

 

4.3.  Final remarks and future prospects 

PEGylation technology, as a functional, innovative and trendy field, has been of growing 

importance for the pharmaceutical and biomedical research. Indeed, PEGylated platforms 

engineered to specifically target desired cells or tissues, are diamonds ready to be polished, 

which can become meaningful for the increasing incidence of NDs. 

 

Overall The experimental results obtained within the scope of this Thesis led the 

following conclusions: 

 

❖ PEGAntiOxs conjugates were successfully synthetized using simple, safe and 

straightforward strategies. PEGAntiOxs structure was elucidated and confirmed by 

NMR and MALDI-TOF analyses; 

❖ With the exception of CPTPP, in physiological medium PEGAntiOxs showed 

tendency to form nanoparticulated systems with DDLS between 95 and 575 nm. 

Morphologic analysis of PEGAntiOxs showed that both PEG MW and the type of 

phenolic ring affected the size of NPs obtained, with PEG1CAF presenting the lower 

DDLS value 95.3 ± 8.6 nm. 

❖ Cytotoxic effects on cellular metabolic activity, cell mass or ATP production were 

observed when differentiated SH-SY5Y, HepG2 and hCMEC/D3 cells were treated 

with HCAs (50 and 100 µM) and AntiOxCIN6 (25 and 50 µM). For the same 

experimental conditions and cell systems no cytotoxic events were detected for 

PEGAntiOxs. The data disclose the significance of PEGylation process on the 

lowering the cytotoxicity of bioactive compounds. 

❖ Catecholic compounds (CAF, AntiOxCIN6, PEG5CAF and CPTPP) did not exert any 

toxic effect in mitochondrial function of differentiated SH-SY5Y cells.  
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❖ At non-cytotoxic concentrations, PEG1CAF increased the proton leak, ATP and 

maximal respiration OCR in differentiated SH-SY5Y cells. 

❖ The data from cell-free in vitro total antioxidant capacity assays showed that, 

although PEGylation slightly decreased antioxidant activity, PEGAntiOxs 

demonstrated IC50 values in the same order of magnitude when compared to their 

HCA precursors.  

❖ The increase of PEG chain length did not show any relevant effect on antioxidant 

capacity in cell-free assays, while the number of hydroxyl groups in aromatic ring 

was relevant for the antioxidant activity. Catecholic PEGAntiOxs (PEG1CAF, 

PEG5CAF and CPTPP) were superior antioxidants than PEG1FER. PEGAntiOxs 

with a catecholic moiety were also the best iron chelators. 

❖ In cell-based models, PEG1CAF presented remarkable protective effects against the 

oxidative damage caused by H2O2, t-BHP and FeNTA. The data was in accordance 

with that obtained in cell-free systems. In general, the increase of PEG chain led to 

a general slight decrease in neuroprotective capacity as observed in PEG5CAF and 

CPTPP data when compared with PEG1CAF. 

❖ In the in vitro BBB permeability assay, PEG1CAF (100 µM) showed the highest 

permeability, with a final basal concentration of 27.3 ± 0.4 µM. A final tendency to 

cross the BBB was established when PEGAntiOxs were tested at 100 µM: 

PEG1CAF (27.3 ± 0.4 µM) > PEG5CAF (4.5 ± 1.6 µM) > PEG1FER (3.9 ± 0.2 µM) > 

CPTPP (2.8 ± 1.2 µM). Since, PEG1CAF showed the smallest particle size when 

compared with the rest of conjugates, it is hypothesized that DDLS is crucial to the 

BBB crossing capacity.  

❖ With the exception of CPTPP, all PEGAntiOxs were able to inhibit the P-gp, 

increasing the amount of RHO 123 internalized in Caco-2 cells. 

❖ Polymeric nanoformulations loaded with iMAO-Bs were successfully obtained by 

nanoprecipitation method. The final C75 (CC75 = 807 ± 30 µM) and C27 (CC27 = 519.1 

± 9.4 µM) concentrations in the corresponding nanoformulations were 27828- and 

823809-fold higher, respectively, than the concentration required to produce 

therapeutic effect.  

❖ Micrographs showed that both nanoformulations have particles with an uniform and 

spherical shape. In physiological media, PLGA@C75 (104.6 ± 1.0 nm) and 
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PCL@C27 NPs (190.6 ± 4.5 nm) presented particles with sizes lower than 200 nm 

and zeta potential value between -5 and -10 mV.  

❖ Both nanoformulations showed an iMAO-B controlled released in physiological 

medium, with final C75 and C27 amount release of 45.8 ± 1.9 % and 67.7 ± 3.7 %, 

respectively, after 7 days of experiment. The sustainable release of both iMAO-Bs 

was probably due to a slow diffusion through polymeric matrix, which suggests an 

interaction between iMAO-Bs and NPs matrix. 

❖ After 2 hours in gastrointestinal mimic fluid, it was found that nanoformulations 

release 3- and 2.5-fold high amount of C27 and C75, respectively, when compared 

with physiological conditions. 

❖ Chromone C27 (5 and 10 μM), PCL@C27 NPs (5 and 10 μM), PLGA@C75 NPs 

(10 and 50 µM) and free C75 (10 μM) did not exhibit any trace of cytotoxicity in both 

SH-SY5Y and Caco-2 cell lines. However, C75 at 50 µM led to a decrease in cell 

metabolic activity and NR uptake in SH-SY5Y cells and to a decrease of NR uptake 

in Caco-2 cells. Additional experiments revealed that C75 is a P-gp substrate. 

❖ Coumarin C75 showed a better internalization when compared to the 

nanoformulation at the same concentration in SH-SY5Y cells after 24 hours. 

Contrarily, the exposure to the PLGA@C75 NPs resulted in a 4.0 and 5.3-fold higher 

caco-2 cells uptake (p<0.0001) for concentrations of 10 and 50 µM, when compared 

to C75. 

❖ The use of fluorescent probe (C6) inside PCL NPs showed that this type of polymeric 

NPs has an uptake efficiency of 10.0 ± 0.5 and 12.0 ± 0.5 % in Caco-2 cells, when 

tested at 2.5 and 5 µM after 24 hours of exposure. 

❖ Permeability assays performed along 8 hours showed that around 8.5 % of C75 ID 

crossed the Caco-2 cells monolayers to the basal medium. Remarkably, the 

accumulation of C75 in the basal medium was 3.4-fold higher (28.8 %) when 

PLGA@C75 NPs were used. PCL@C6 NPs were also able to cross Caco-2 cell 

monolayer, for the same experimental conditions, with a final accumulation of 8.7 

%. 

❖ Permeability BBB assays have shown that C75 (50 µM) cannot cross the BBB 

membrane. However, for PLGA@C75 NPs (50 µM), after 3 hours of experiment, a 

basal accumulation of 25.6 % of ID was attained. The increase of PLGA@C75 NPs 
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ID (100 µM) led to a significant decrease in the BBB cross efficacy after 1 hour and 

a final accumulation efficiency of 16.4 %. 

❖ Both iMAO-Bs loaded NPs were able to inhibit the P-gp, increasing the amount of 

RHO 123 internalized in Caco-2 cells. 

 

Generally, the results obtained under the current Thesis endorse the importance of 

PEGylation technology as drug carrier, as a tool to decrease the inherent cytotoxicity of 

bioactive compounds or as a capping agent to stabilize and enhance the BBB permeability 

of loaded NPs.  

More importantly, these findings open a wide range of potential follow-up 

transdisciplinary projects, mainly regarding with the test of PEGAntiOxs in the co-cultered 

BBB models in order to evaluate their neuroprotection in SH-SY5Y cells or astrocytes. 

Further studies are required to evaluate the capacity of PCL NPs coated with T80 to cross 

the BBB. Moreover, the functionalization of NPs or PEGylated conjugates with signaling 

vectors, such as choline or hyaluronic acids, must be tested to improve the BBB crossing 

efficiency of PEGylated platforms. 

The most promising PEGylated platforms should be tested in models of human nasal 

epithelial cells, such as SV40 cells to study a new administration method and/or in vivo 

models, namely in vivo in 6-OHDA PD models. 
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