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1.1 ALZHEIMER'S DISEASE 

1.1.1 Overview of the pathology 

Alzheimer’s disease (AD) is the most common form of dementia in the 

elderly (> 65 years of age), accounting for up to 75% of all dementia 

cases. It is largely diffuse and its prevalence is estimated at 36 million 

cases worldwide (Wimo et al., 2011; Huang and Mucke, 2012). Due to 

the increase of lifespan, especially in developing countries, prevalence 

of AD is expected to rise reaching 65.7 million cases in 2030 and 115.4 

million patients by 2050.  

AD is a neurodegenerative disease characterized by an irreversible 

deterioration of cognition, behavior and emotion. Although AD shows 

a phenotypical heterogeneity between individuals, there are many 

common symptoms. Short-term memory loss is the major symptom in 

the early stage of the disease (Salmon, 2012). Progressive deterioration 

occurs with the advancement of the pathology and leads to difficulties 

with language, executive functions, perception (agnosia), or execution 

of movements (apraxia) (Weintraub et al., 2012). Apathy can be 

observed at this stage, and remains the most persistent neuropsychiatric 

symptom throughout the course of the disease (Rea et al., 2014). In an 

advanced stage of the pathology, memory problems worsen, and long-

term memory, which was previously intact, becomes impaired, leading 

to the inability of patients to recognize familial place or faces 

(Weintraub et al., 2012). In the final stage of AD, language and other 

cognitive skills fail and complete loss of autonomy occurs (Weintraub 

et al., 2012). Death usually occurs within 10 years from the onset of the 

first signs of the disease and it is typically not due to the disease itself, 

but to external factors, mostly septicemia from pneumonia (Weintraub 
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et al., 2012). 

From the histological point of view, AD is characterized by senile 

plaques and neurofibrillary tangles (NFT) (Figure 1).  

 

 

 

Senile plaques are extracellular deposits consisting of a dense core 

formed by the aggregation of different proteins, including filaments of 

β-amyloid peptide (Aβ), proteoglycans and apolipoprotein E, 

surrounded by dystrophic neuritic processes, microglia and astrocytes 

(Tuppo and Arias, 2005). They are characterized by a β-sheet 

conformation that enable them to bind to some histochemical dyes, such 

as Congo Red and Thioflavin. Senile plaques are not specific for AD. 

In fact, they can be found in small amounts in the hippocampus, 

amygdala and other limbic structures of healthy individuals over 60 

years of age (Xekardaki et al., 2015). However, the discovery of these 

Figure 1. AD histological hallmarks: senile plaques and neurofibrillary tangles 
(from www.ahaf.org). 
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structures in large amount and with a topographic distribution including 

not only the limbic cortex but also the associative ones constitutes the 

only reliable marker for the diagnosis of AD. Aβ protein deposits, in 

addition to be present in the brain parenchyma, are also commonly 

observed (90% of AD cases) in in the media and adventitia of small and 

mid-sized arteries (and, less frequently, veins) of the cerebral cortex and 

the leptomeninges, a feature known as Cerebral Amyloid Angiopathy 

(CAA) (Rensink et al., 2003). 

NFT, the other histological hallmark of AD, are aggregates of tau 

protein in hyperphosphorylated form, which are found in the cytoplasm 

of neurons, especially of the pyramidal neurons of the hippocampus and 

cortex (Serrano-Pozo et al., 2011). Physiologically, the tau protein is 

abundant in neurons, where it binds to microtubules stabilizing their 

structure. The hyperphosphorylation of the protein causes its separation 

from such structures and its aggregation in an insoluble form, with 

consequent destruction of microtubules and impairment of neuronal 

functions. NFT are a less specific marker than senile plaques. They, in 

fact, can be found in the absence of amyloid plaques in a wide range of 

neurological diseases called tauopathies, such as frontotemporal 

dementia and Pick's disease (Delacourte, 1999). Moreover, 10-15% of 

AD cases show a large amount of senile plaques in the absence, or 

almost, of intracellular deposits.  

The analysis of the deposition of senile plaques and NFT shows that 

they first appear in the transentorhinal and entorhinal regions of the 

temporal lobe (Braak and Braak, 1991). The degenerative process then 

spreads into the hippocampus and finally reaches the cortex. This three-
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step progression (transentorhinal, limbic and cortical) correlates with 

the clinical picture (Figure 2) and the macroscopic features of AD. 

 

 

 

In fact, the formation of intracellular aggregates and senile plaques 

leads to neuronal and synaptic degeneration and, consequently, to 

extensive cerebral atrophy, visible as enlargement of the sulci, 

flattening of the gyri and dilatation of lateral ventricles (Figure 3). This 

causes a decrease in brain weight and volume, especially those areas 

that are significantly affected by the presence of histological markers 

(entorhinal cortex, hippocampus and neocortex). 
 

Figure 2. Brain regions affected by AD (from www.alzorg.org). 
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1.1.2 Etiology of AD 

Despite remarkable improvements in understanding the pathogenesis of 

AD have been made over the last several decades, the exact 

mechanisms underlying the neuropathological changes in AD remain 

unclear. AD is a multifactorial disease and contributing to disease onset 

and progression are many factors, including cognitive reserve, medical 

and social support, genetics, environmental and cerebrovascular 

pathologic conditions (Storandt et al., 2012). Age is the strongest risk 

factor, suggesting that aging-related biological processes may be 

implicated in the pathogenesis of the disease. It has also been speculated 

that late-onset AD, which represents about 90% of all AD cases, is the 

result of unknown environmental factors acting on a predisposing 

genetic background (Borenstein et al., 2006). Several indpendent 

Figure 3. Representation of a healthy (left) and AD (right) brain (from 
www.alzorg.org). 
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hypothesis have been proposed, among which the amyloid cascade one 

has been so far the best accepted and most studied (Barage and 

Sonawane, 2015). According to this hypothesis, the alterated Aβ 

peptide metabolism, due to either its increased production or decresead 

clearance, and subsequent aggregation are the primary events driving 

AD pathogenesis. High levels of Aβ consequently lead to a series of 

downstream pathological events, including hyperphosphorylation of 

tau with consequent NFT formation, inflammation, oxidative stress, 

excitotoxicity, loss of synaptic connections and cell death, which cause 

the clinical manifestations of AD (Hardy and Higgins, 1992; Dickson, 

1997; Selkoe, 1999).  

Aβ peptide is a 4 KDa peptide derived from the proteolytic cleavage of 

the amyloid precursor protein (APP) (Selkoe, 2006). It is composed of 

37-43 amino acids, 28 of which are located at the extracellular N-

terminal of APP. The remaining amino acids are located in the trans-

membrane domain of APP (Verdile et al., 2004) and confer to the 

peptide hydrophobic properties that induce its aggregation (Harrington, 

2012). APP is an integral membrane protein expressed in many tissues 

and concentrated in the synapses of neurons. Its primary function is not 

yet known, though it has been implicated as a regulator of synapse 

formation, neural plasticity and iron export. APP can be proteolytically 

processed in two different pathways: the non amyloidogenic and the 

amyloidogenic pathway (Figure 4). In the non amyloidogenic pathway, 

APP is cleaved by the α-secretase and γ-secretase. The α-secretase 

cleavage occurs within the Aβ region between Lys16 and Leu17, 

precluding Aβ peptide formation. The α-secretase cleavage leads to the 

formation of a soluble N-terminal fragment (sAPPα) that is secreted 
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extracellularly and is thought to be involved in neuronal plasticity and 

survival. The resulting C-terminal fragment (α-CTF or C83) remains 

anchored to the membrane and undergoes to a second cleavage by the 

γ-secretase complex. This second cleavage produces the APP 

intracellular domain (AICD) and the non amyloidogenic fragment p3, 

which biological role is not yet clear (Selkoe, 1994). On the contrary, 

in the amyloidogenic pathway, APP is cleaved through β-secretase and 

γ-secretase. The β-secretase cleaves APP, releasing the ectodomain of 

APP as a soluble fragment (sAPPβ). sAPPβ differs from sAPPα by 

lacking the Aβ1-16 region at the carboxyl terminus and for this reason 

it loses the neuroprotective properties associated to sAPPα. The 

resulting C-terminal fragment (βCTF or C99) remains associated to the 

membrane and undergoes to γ-secretase cleavage. This leads to the 

formation of two fragments: the AICD and the Aβ peptide.  

 
 

 

 

 

 

 

 

 

 

 

 

Figure 4. APP processing by secretases. 
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The existence of different γ-secretase cutting sites leads to the 

generation of Aβ peptides of different length, which exhibit distinct 

physical properties and, in particular, show an aggregating behavior 

that changes in accordance to the length (Lu et al., 2009). The two most 

common variants are Aβ40 and Aβ42. Both type of peptides could be 

found in amyloid plaques, but Aβ42, being more hydrophobic, shows a 

higher aggregation propensity than Aβ40 and is considered the primary 

toxic peptide that begin the cascade of amyloid deposition. Several 

genetic and environmental factors have been associated with protein 

misfolding and aggregation, such as mutations, changes in metal ions, 

pathological chaperone proteins, pH or oxidative stress and an increase 

in the concentration of the misfolding protein (Soto, 2003). Many of 

these alterations are associated with aging, consistent with the late onset 

of neurodegenerative diseases (Mrak et al., 1997). Kinetic studies have 

shown that aggregation of Aβ peptides follows a seeding/nucleation 

mechanism (Bartolini et al., 2007). The key event of this mechanism is 

the transition of the protein from an α-helix secondary structure to a β-

sheet one. This conversion triggers the aggregation of Aβ to form 

soluble oligomers that act as nucleation centers for the subsequent 

formation of protofilaments and mature fibrils, which precipitate in the 

brain parenchyma (Figure 5). 

 

 
Figure 5. Representation of the pathway leading to protein misfolding and 
aggregation (Kumar and Walter, 2011). 
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Genetics, histopathology, cell biology and animal models have 

supported the amyloid cascade hypothesis. The identification of Aβ 

peptide as the major constituent of senile plaques (Glenner and Wong, 

1984a; Glenner and Wong, 1984b), the association of AD with Down’s 

syndrome (which results from trisomy 21, on which APP gene locus is 

present), the demonstration of Aβ toxicity on cultured neuronal cells 

and the generation of animal models developing Aβ plaques and 

exhibiting memory deficits, all established the importance of Aβ in AD 

pathogenesis (Glenner and Wong, 1984b; Radde et al., 2008). 

Moreover, many human biomarker studies, have shown that the 

accumulation of Aβ precede other AD-related changes (increased CSF 

tau, brain atrophy, clinical dementia) by decades (Bateman et al., 2012). 

However, genetic studies of the rare cases of familial AD (about 10%) 

have provided the strongest evidence supporting the amyloid 

hypothesis. In fact, mutations in the gene encoding for APP and the 

genes for presenilins 1 and 2 (PSEN1 and PSEN2) account for all the 

cases of familial AD and are all related to Aβ production/aggregation 

(Van Broeck et al., 2007). Mutations in APP are localized at or near the 

cleavage sites that give rise to Aβ, although some mutations are mapped 

in the middle of the Aβ peptide and are thought to increase fibrillization. 

Mutations in PSEN1 and PSEN2, unlike those in APP, are distributed 

throughout the molecule and alter the cleavage site of γ-secretase, of 

which presenilins are part (Migliore and Coppedè, 2009). In addition to 

deterministic mutations, the ε4 allele of APOE gene was found to 

markedly decrease brain clearance of Aβ, increasing the risk of 
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developing sporadic and familial late-onset (over 65 years) AD 

(Castellano et al., 2011). 

Although the amyloid cascade hypothesis is the best described and it 

has been supported by a large volume of data, recently there is growing 

realization that the role of Aβ in AD pathogenesis may be more limited 

than previously thought. The presence of Aβ plaques in normal 

individuals and repeated disappointments with Aβ-centered therapeutic 

clinical trials are more consistent with the view that Aβ is one of the 

factors, and not the only factor, that causes AD. This new concept is 

likely to give a more accurate, albeit complex, picture of AD 

pathogenesis and promote comprehensive and effective therapeutic 

strategies against AD (Sorrentino et al., 2014). 

 

1.1.3 Current diagnosis and treatment 

Currently, a definitive diagnosis of AD becomes possible only after the 

patient's death, when the presence of histological hallmarks can be 

revealed after pathological examination (Jellinger, 1998). Current 

diagnostic practices, using patient history and cognitive testing, such as 

the Mini-Mental State Examination, have limited sensitivity and 

specificity and can be used only to screen patients for "probable" AD. 

By the time signs and symptoms are sufficient for clinical diagnosis, 

brain pathology is often quite advanced, limiting benefits of treatment. 

New techniques have been developed in recent years allowing more 

definitive diagnosis while the patient is still alive (Fraller, 2013). The 

deposition of β-amyloid protein within cortical regions of the brain is a 

pathologic hallmark of AD that is believed to precede clinical 

symptoms by several years (Pike et al., 2007). This feature of the 
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disease makes in vivo imaging of β-amyloid in the brain of particular 

interest for the identification of individuals at risk for AD and in the 

early stages of the pathology (Nordberg, 2007; Forsberg et al., 2008). 

The most used marker for optimal cortical Aβ burden detection is 

Pittsburgh Compound B (PIB), used in conjunction with positron 

emission tomography (PET) (Klunk et al., 2004). PIB binding requires 

an extended Aβ pleated sheet structure found in Aβ fibrils and plaques 

in order to bind with high affinity, so it does not bind to oligomeric 

forms of Aβ nor to nonfibrillar plaques until they reach some critical 

size. A number of high-resolution MRI-based methods for visualizing 

the structure of the whole brain, as well as specific brain regions, have 

been also developed in recent years and adapted for the study of 

Alzheimer disease (Teipel et al., 2008). Atrophy of the hippocampus, 

the most widely accepted marker for earlystage Alzheimer disease, is 

readily detectable by high-resolution MRI. In addition, hippocampal 

volume loss is predictive of conversion to Alzheimer disease, with an 

accuracy rate of approximately 80% (Wang et al., 2006). Measurements 

of various other brain regions and structures have been proposed as 

biomarkers for Alzheimer disease. However, these measurements, 

including volumetric analysis of the entorhinal cortex and calculation 

of cortical thickness, generally have the same drawbacks as 

hippocampal volumetric assessment, that is to be time- and labor-

intensive. Regarding biomarkers in biological fluids, the concentrations 

of several proteins in cerebrospinal fluid (CSF) have been associated 

with increased risk and conversion to AD. Chief among these proteins 

are Aβ42, total tau protein, and phosphorylated tau protein. In the case 

of Aβ42, the correlation between protein concentration and AD is 
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negative, that is, increased risk for disease is associated with a lower 

concentration of Aβ42 in CSF (Fjell et al., 2010). Presumably, the 

sequestration of the protein inside amyloid plaques, located throughout 

the cortex, subsequently decrease the amount of Aβ arriving in the CSF 

after its clearance. The opposite is true for the relationships between 

AD and tau proteins, which are positively correlated with risk (Hampel 

et al., 2010). Although decreased CSF Aβ42 levels are typically 

observed in patients several years before clinical symptoms and 

cognitive decline, increased concentrations of total and phosphorylated 

tau in CSF occur later in the course of disease and are more closely 

aligned with the onset of disease symptoms. Some evidence suggests 

that CSF levels of total and phosphorylated tau protein, as well as ratios 

of Aβ42 to other Aβ isomers and to tau protein, can be used to 

discriminate between Alzheimer disease and other forms of dementia 

(Bibl et al., 2007). However, although advanced neuroimaging 

techniques and assessment of protein concentrations in CSF are 

accurate diagnostic tools, these technologies are not widely available. 

In contrast, the development of a blood-based biomarker or biomarker 

panel test would provide a screening method that could be performed 

in nearly any clinical setting, resulting in increased access to proper care 

for patients with AD. Recent studies using panels of blood biomarkers 

have been promising, but none of these studies has been cross-validated 

in independent samples of subjects yet, leaving the ideal biomarker 

enabling early detection of AD to be still identified.  

Regarding AD treatment, despite the high incidence of AD and all 

scientific efforts, actually no cure exists. All available treatments are 

only symptomatic and aim at modulating disease-associated 
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neurotransmitter alterations. Since a decrease in the levels of 

acetylcholine (ACh) by degeneration of the basal nucleus was shown in 

AD and since ACh appears to play an important role in memory and 

cognition, increasing cholinergic transmission was one of the first 

therapeutic targets. Among different strategies employed, blocking 

ACh elimination from the synaptic space obtained by the inhibition of 

acetylcholinesterase proved to be the most satisfactory in increasing the 

cholinergic tone (Giacobini, 2000). Four acetylcholinesterase inhibitors 

(AChE-I) have been approved by FDA: tacrine, donepezil, galantamine 

and rivastigmine. Tacrine was the first drug of this class to be approved, 

but today its use has been largely replaced by other AChE-Is due to 

their more favorable therapeutic profiles, greater convenience and 

absence of liver toxicity. In addition to cholinergic transmission, the 

excitatory neurotransmitter glutamate plays a role in the 

pathophysiology of AD (Hynd et al., 2004). It is believed that an 

increase in extracellular glutamate induces excessive activation of 

NMDA receptors resulting in the accumulation of intracellular Ca2+, 

which triggers a cascade of events culminating in neuronal death. 

Currently, the only available drug targeting cognitive symptoms via a 

putative glutamatergic mechanism is memantine hydrochloride. 

Memantine is the first drug approved by the FDA for the treatment of 

moderate to severe AD, which confers significant benefit on cognition, 

global outcomes and behavior when administered alone or in 

combination with donezepil (Rogawski and Wenk, 2003). Memantine 

is a low-affinity noncompetitive NMDA (N-methyl-D-aspartate) 

receptor antagonist that blocks pathologic neural toxicity associated 

with prolonged glutamate release without interfering with the normal 
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physiological actions of glutamate required for learning and memory 

functions (Evans et al., 2004). In recent years, new pharmacological 

approaches have been developed in order to target inflammation, 

oxidative stress, Aβ peptide or tau protein (Bonda et al., 2010). Of 

interest are anti-Aβ therapies, which aim to reduce Aβ levels in the brain 

parenchyma with three different strategies: block Aβ aggregation, 

modulate secretase enzymes and increase Aβ clearance. Anti-Aβ 

aggregation agents may be able to interfere with Aβ aggregation at an 

early stage of the pathology, by competing with monomers or oligomers 

or disrupting the β-sheet folding of Aβ. Metal chelators, like 

desferrioxamine, ethylenediaminetetracetic acid and clioquinol 

(Sampson et al., 2008) can disrupt interaction of Aβ with redox metal 

(i.e. iron, copper or zinc) in the brain, thereby preventing aggregation 

(Greenough et al., 2013). However, their use as therapeutic agents is 

hindered by their inability to cross the blood brain barrier (BBB). 

Secretase enzyme modulators targeting β- and γ-secretase cleaving 

enzymes have been design to reduce Aβ production. Many γ-secretase 

inhibitors have been designed and tested in clinical trials, but all failed 

due to adverse effects originating from the involvement of the enzyme 

in a lot of cellular pathways (Mikulca et al., 2014). On the contrary, 

inhibition of β-secretase seems to be the most promising strategy, since 

genetic ablation of the BACE1 gene in mice did not induce evident 

problems (Luo et al., 2001). Currently, the only secretase inhibitor in 

clinical trials is Verubecestat, a BACE inhibitor, which successfully 

passed safety profile phase I studies and was shown to reduce in a dose-

dependent manner the level of Aβ in the CSF in over 90% of patients 

(Mikulca et al., 2014). Verubecestat is now being tested in phase III 
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clinical trials in people with prodromal AD (Panza et al., 2016). Since 

active and passive immunotherapy to lower amyloid was first 

conceptualized (Schenk et al., 1999; Bard et al., 2000), antibody trials 

have taken the lead among putative disease-modifying therapeutics for 

AD. Immunotherapies are designed to use the body's immune system to 

eliminate the deposition of existing Aβ senile plaques. Passive 

immunization is currently the most widely developed approach in 

clinical trials. The advantage of this approach is that it involves 

administration of a known amount of a specific antibody and, in the 

case of side effects, rapid clearance of the antibody can be effected. On 

the other hand,the therapy calls for repeated infusions of antibodies over 

time, proper selection of antigen targets, blood-brain barrier penetration 

and development of an immune response to injected antibodies 

(Lannfelt et al., 2014; Panza et al., 2014). Despite the excellent pre-

clinical premises, all clinical trials with anti-Aβ antibodies have failed. 

No trial in AD patients have resulted in unequivocal improvement, with 

the addition of the demonstration of significant adverse effects,  the 

most dangerous of which were vasogenic edema and intracerebral 

microhemorrhages detected by magnetic resonance imaging (MRI) as 

amyloid-related imaging abnormalities (ARIA) (Wisniewski and Goni, 

2014). After the recent failure of Solanezumab, the only anti-Aβ 

antobody still in clinical trial is Aducanumab, a human monoclonal 

antibody. In patients with prodromal or mild AD, one year of monthly 

intravenous infusions of aducanumab reduced brain Aβ in a dose- and 

time-dependent manner, together with a slowing of clinical decline. 

Although some cases of ARIA were reported, Aducanumab is 
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undergoing phase III clinical trial, where its efficacy on AD symptoms 

and its safety will be more deeply evaluated (Sevigny et al., 2016). 

As already mentioned above, the failure of all Aβ-centered therapeutic 

strategies has recently lead to consider a more wide and complex picture 

of AD, in which AD pathogenesis and progression result from the 

interplay between Ab and the other involved factors. This new concept 

is likely to promote the development of more effective therapeutic 

strategies against the pathology. 
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1.2 NANOMEDICINE 

1.2.1 Nanoparticles for biomedical applications 

The term nanotechnology refers to a scientific area involved in the 

manipulation of atoms and molecules leading to the production of 

materials and tunable devices with the size in the order of billionth of 

meters and that show peculiar properties (surface area to volume ratio, 

electrical, chemical, optical properties) (Moghimi et al., 2005; Holmes, 

2013). 

Nanomedicine is the application of nanotechnology to healthcare, 

mainly in the field of diagnosis, drug delivery and tissue regeneration. 

Among different devices, nanoparticles (NPs) technology is gaining 

increasing interest and is emerging as a powerful strategy for the 

treatment of several pathologies. 

NPs are colloidal objects sized between 1 and 100 nm (Youns et al., 

2011) that work as a whole unit in terms of properties. The reason why 

NPs are attractive form medical purposes is mainly linked to the 

possibility to multifunctionalize their surface, attaching one or more 

targeting ligands to accomplish several functions (i.e. biological barrier 

crossing, targeting of specific molecules/pathways). The large surface-

area-to-volume ratio of NPs allows attaching multiple copies of a 

ligand, dramatically increasing their binding affinity via multivalent 

interactions (Montet et al., 2006). Moreover, NPs can be loaded with 

drugs or contrast agents and the encapsulation improves the solubility, 

pharmacokinetics and pharmacodynamic profiles of compounds, 

enhances their stability by reducing their degradation in the systemic 

circulation and increases their concentration at the diseased tissue 

through active targeting, reducing toxic side effects in normal tissues 
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(Biswas and Torchilin, 2014).What makes NPs even more attractive for 

medical applications is the possibility to be administered by a variety 

of routes (including oral, inhalational, and parenteral) (Petkar et al., 

2011) and the possibility of modulating NPs composition in order to 

confer them specific features (Figure 6). 

 

 

 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 
Figure 6. Nanoparticles can be modularly assembled from different materials 
composition with different physical and chemical properties and functionalized with 
a myriad of ligands for biological targeting. Such flexibility in design freedom enables 
researchers to tailor nanoparticle for specific applications as contrast agents, drug 
delivery vehicles and therapeutics (Chou et al., 2011). 
 

Biocompatibility and biodegradability can be reach using natural or 

synthetic polymers or lipids to made NPs. Regarding the ability to 

overcome biological barriers, it depends on parameters such as NP 

shape, size, composition, surface charge and surface functionalization 
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(Blanco et al., 2015). NPs size is critical for avoiding a rapid clearance. 

Renal filtration is responsible for the elimination of NPs with a diameter 

below 5 nm. On the contrary, reticuloendothelial system (RES), liver 

and spleen account for the clearance of particles larger than 200 nm. 

Therefore, 100 nm NPs have a prolonged circulation time. In addition, 

the shape and the surface charge influence NPs fate. It has been 

demonstrated that neutral or negatively charged NPs have longer 

circulation half-lives compared to positively charged NPs because the 

latter have a higher affinity for serum proteins, thus promoting the 

elimination by RES. Instead, NPs shape conditions their margination to 

vessel walls, which is essential for NPs interaction with receptor 

express on the endothelium (Blanco et al., 2015). Blood flow dynamic 

simulations demonstrate that discoidal NPs are more prone to marginate 

to the vascular wall compared to spherical NPs (Gentile et al., 2008; 

Vahidkhah and Bagchi, 2015). Finally, NPs circulation lifetime is 

strongly affected by serum proteins absorption on their surface and by 

the formation of the so-called protein corona. The protein corona 

assembly, and in particular the binding of opsonins (IgG, complement 

components and fibrinogen) to the NPs surface, causes NPs 

sequestration by RES, mainly located in liver and spleen, thus reducing 

their half-lives in the bloodstream. The composition of the protein 

corona depends on the route of administration and is strongly affected 

by the surface properties of NPs (Masserini, 2013; Blanco et al., 2015). 

The most common method to avoid the rapid clearance of NPs is to coat 

their surface with polyethylene glycol (PEG), a hydrophilic surfactant 

that forms a tight association with water molecules, reducing 

opsonization and the consequent NPs elimination. For this reason, 
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PEGyaltion of NPs strongly increases their circulation time (Blanco et 

al., 2015). Alternative strategies to PEG are represented by the coating 

of NPs surface with cellular membranes purified by leukocytes (Parodi 

et al., 2013) or with membranes isolated from red blood cells (Hu et al., 

2011), both resulting in increased NPs retention in the bloodstream 

(Blanco et al., 2015).  

Research on NPs technology has progressed through three generation 

of nanovectors (Figure 7).  

 

 

 

The first generation of nanovectors consists of simple colloidal particles 

loaded with a therapeutic compound. They exploit passive mechanisms 

to deliver the drug to the target site. An example is given by 

doxorubicin-loaded liposomes (FDA-approved and used in clinic for 

cancer therapy), which take advantage of the enhanced permeability 

and retention (EPR) properties of tumors to reach the lesion (Godin et 

al., 2010). The surface modification of first-generation nanovectors 

with PEG avoids immune system recognition and degradation. 

Second-generation nanovectors are engineered with ligands or 

antibodies to allow an active targeting through the binding to specific 

Figure 7. Schematic representation of first-generation (left panel), second-generation 
(middle panel) and third-generation (right panel) nanovectors (Godin et al., 2010). 
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receptors. The payload release can also be modulated by pH- or 

enzyme-sensitive polymers, as well as by external stimuli (for instance 

the application of a magnetic field). Finally, third-generation 

nanoparticles are complex structures aiming to sequential overcoming 

of biological barriers and time-controlled release of multiple payloads 

(Godin 2010). 

 

1.2.2 Liposomes 

Currently several kinds of nanoparticles with different phsyco-chemical 

properties have been tested for biomedical applications (Figure 8). 

Among all different types of NPs, liposomes have been the first ones to 

be investigated (Budai and Szogyi, 2001). They are made up of one or 

more phospholipid bilayers, called lamellae, composed of amphiphilic 

lipids, delimiting an internal aqueous core (Hillaireau and Couvreur, 

2009). According to their size and the number of bilayers, liposomes 

can be classified in multilamellar vesicles (MLV), that can reach a size 

of several �m and made of many concentric lipid bilayers, large 

unilamellar vesicles (LUV) made up of a single lamella and bigger than 

100 nm, and small unilamellar vesicles (SUV) composed of a single 

bilayer and with a size up to 100 nm (Masserini, 2013). 



29 
 

 

 
Figure 8. Different types of nanoparticles (NPs). Graphical representation of the most 
commonly used NPs for biomedical applications. NPs are typically by a size 
measuring not more than 100 nm. The size of quantum dots is usually less than 10 nm 
(Masserini, 2013). 
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There are many different methods for the preparation of liposomes. The 

choice of the appropriate method depends on several factors: 1) the 

physicochemical characteristics of the liposome components and those 

of the drug to be entrapped; 2) the toxicity and the concentration of the 

loaded substance; 3) additional processes involved in 

application/delivery of liposomes; 4) optimum size, polydispersity and 

shelf-life of the liposomes for the intended application and 5) batch-to-

batch reproducibility and possibility of large-scale production and good 

manufacturing practice-relevant issues (Wagner and Vorauer-Uhl 

2011). They can be prepared using handshaking, re-hydration and 

reverse-phase evaporation methods, followed by sonication, 

freeze/thawing cycles or extrusion to downsize the particles produced 

(Wagner and Vorauer-Uhl 2011). 

Liposome research started in the 1960s and has progressed from 

conventional vesicles (“first-generation liposomes”) to “second-

generation liposomes”, in which modulation of lipid composition, size 

and charge of the vesicle and addition of surface coatings and ligands 

has been investigated in order to improve efficacy, reduce RES 

clearance and minimize toxicity (Bozzuto and Molinari, 2015; 

Sercombe et al., 2015). Nowadays, liposomes are extensively used as 

carriers for numerous molecules in cosmetic, food, farming and 

pharmaceutical industries (Akbarzadeh et al., 2013). In particular, 

liposomes are attractive tools in biomedical applications thanks to their 

biocompatibility, non-immunogenicity, non-toxicity, biodegradability 

and high physical stability. In fact, liposomes are usually composed of 

physiological lipids, mainly sphingomyelin, phosphatididylcholine, 

glycerophospholipids and cholesterol, frequently included in liposome 
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formulations in order to decrease bilayer permeability and increase 

liposome stability in vivo (Masserini, 2013). 

Liposomes are used to improve the pharmacokinetics and protect drugs 

from the environment. As for others NPs, encapsulation in liposomes 

protects drugs against degradation and enhances their circulation half-

lives. Moreover, the surface of liposomes can be easily functionalized 

in order to obtain a site specific targeting of the payload, thus reducing 

side effects (Sanvicens and Marco, 2008). Besides the more general 

‘nanocarrier advantages’, liposomes have an additional benefit: thanks 

to their amphiphilic nature, liposomes can be load with both 

hydrophilic, entrapped in the aqueous core, or lipophilic compounds, 

dissolved in the lipid bilayer, without modification of the encapsulated 

molecules. This makes the liposomal approach attractive for the 

delivery of biologicals like peptides, proteins and especially RNA or 

DNA variants (Bozzuto and Molinari, 2015). 

 

1.2.3 Clinically approved NP-based pharmaceuticals 

A summary published in 2013 counted exactly 100 products, described 

as nanopharmaceuticals, that are clinically approved and on the market, 

including medical devices, such as implants or surgical instruments, 

and imaging and diagnostic agents (Etheridge et al., 2013). So far, 43 

products have been approved as nanodrugs, comprising lipid-, polymer- 

and protein-based NPs, reported in Figure 9 (Weissig et al., 2014).  
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Figure 9. FDA-approved agents utilizing NPs. 

 

The largest share of approved nanodrugs is intended for tumour therapy, 

but overall a wide range of applications is covered, including infectious 

diseases, pain treatment, diagnostic use, vaccines, autoimmune diseases 

and immunosuppression required for organ transplants. 

It takes about 10 years for a product to pass from its discovery to its 

approval as a commercial drug. For nanopharmaceuticals this process 

took, and takes, even longer for new exploited principles to be 
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specifically examined.  

Due to their biocompatibility and biodegradability, liposomes, in the 

form of Doxil, were the first drug-delivery system approved for clinical 

purposes by FDA in 1995 (Barenholz, 2012). In the following years, 

additional liposome products were approved for the market, achieving 

familiar status with global health authorities due to the number of 

precedent products to guide regulatory decision-making.  

However, the majority of lipid-based therapeutics and, in general, NPs 

approved is based on first-generation nanovectors. The next phases of 

development in nanomedicine are likely to take advantage of combined 

applications in the form of both multimodal treatments, utilizing 

nanomedicine in combination with current treatments, and theranostic 

platforms, single nanomedicine applications with multiple modes of 

action. Second generation nanovectors are currently at various stages of 

clinical and pre-clinical studies. These NPs functionalized for the active 

targeting struggle to reach the clinic and, subsequently, the market 

mostly due to problems in large scale good manufacturing production, 

costs and product evaluation. Multifunctionalized NPs are, indeed, 

more complex to produce on large scale because they require multiple 

synthesis steps and formulation processes, thus increasing the cost of 

production. They also required more accurate in vitro and in vivo 

preclinical studies, thus lengthening the time necessary for the 

developmental process (Bozzuto and Molinari, 2015; Sercombe et al., 

2015). Moreover, physicochemical modifications in a nanoformulation 

system, such as the use of synthetic coatings and ligands, makes further 

evaluations to understand the interaction of the NPs with biological 

tissues and cells necessary (Sawant and Torchilin, 2012; Narang et al., 
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2013; Tinkle et al., 2014). This may account for the fact that almost all 

the products in development are pursuing a nanoparticle-based 

technology where success has already been established such as lipid-, 

polymer- and protein-based NPs, nanocrystals and micellar systems 

(Weissig and Guzman-Villanueva, 2015).  

Finally, clinical trials of NPs are generally more complex than 

conventional formulations, as a number of control groups are required 

to account for different aspects of the drug delivery system. 

 

1.2.4 Nanotoxicity 

Even if the use of engineered NPs represents one of the main hopes for 

innovative pharmacological strategies, how they behave inside the body 

is still a major question that needs to be resolved (Teli et al., 2010; 

Khanna et al., 2015). The first aspect to be considered is the material by 

which NPs are constituted. Beyond biodegradability that determines 

NPs retention in the body, the greater chemical reactivity of some 

nanomaterials, as in the case NPs made of metals, can result in 

increased production of reactive oxygen species (ROS), including free 

radicals (Nel et al., 2006), resulting in oxidative stress, inflammation 

and consequent damage to proteins and membranes, chromosomal 

fragmentation, DNA strand breakages, point mutations, oxidative DNA 

adducts and alterations in gene expression (Singh et al., 2009). 

The unique properties such as small size, relatively high surface-to-

volume ratio, quantum dot effect and reactivity of NPs are also a cause 

of concern for their possible impact on human health that is not known 

(Petrinca et al., 2009). Particle size and surface area are considered 

important factors that contribute directly and significantly to toxicity of 
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NPs, with smaller sized NPs exhibiting higher toxic effects due to 

increased surface area (Oberdörster et al., 2005). In addition, some NPs 

seem to be able to translocate from their site of deposition to distant 

sites such as the blood and the brain. 

Apart from size, structure and shape of NPs also contribute to 

nanotoxicity (Grabinski et al., 2007). Moreover, when assessing the 

possible neurotoxicity of NPs, also the surface and its functionalization 

needs to be taken into consideration because it dictates the adsorption 

of ions and biomolecules, thus influencing biological processes and 

inducing toxicity of otherwise safe particles (Rivet et al., 2012; Li et al., 

2015).  

It should be pointed out that different types of NPs, showing promising 

features for in vivo applications at the beginning, were successively 

discarded after having demonstrated their toxicity when utilized in vivo. 

This is the case, for instance, of quantum dots and carbon nanotubes 

that proved to be toxic in vivo (Win-Shwe and Fujimaki, 2011), and for 

this reason, their prospective use in medicine will be likely limited to in 

vitro diagnostics.  

A better understanding of the mechanisms involved in nanotoxicity 

may provide clues for circumventing the toxicological effects of NPs 

and may help to improve NPs design in the field of nanomedicine. 
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Abstract 

Alzheimer’s disease affects more than 35 million people worldwide and 

this number is presumed to double by the year 2050. Currently, there is 

no efficient therapy for this disorder but a promising approach is 

represented by nanotechnology, easily multifunctionalizable devices 

with size in the order of billionth of meter. This review provides a 

concise survey on the nano-based strategies for Alzheimer’s disease 

treatment, aiming at carrying drugs across the blood–brain barrier, in 

particular to target the metabolism of β-amyloid peptide, a pivotal 

player in this pathology. 

 

1.3.1 Introduction 

Alzheimer’s disease (AD) is the most common neurodegenerative 

disorder in the elderly. According to a recent report, it currently affects 

about 36 million people worldwide, and that number is expected to rise 

to over 115 million by 2050 (Gaugler et al., 2013). AD is clinically 

characterized by a progressive decline in cognition and histologically 

by the presence in the brain of intracellular neurofibrillary tangles and 

extracellular amyloid plaques (Ittner and Götz, 2011). Neurofibrillary 

tangles are consisting of intraneuronal paired helical filaments of a 

microtubule-associated protein (Tau), hyper-phosphorylated at 

multiple sites. Amyloid plaques are extracellular aggregates whose 
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main component is a peptide called amyloid β (Aβ) (40–42 amino acids 

in length) generated by the sequential cleavage of the amyloid precursor 

protein (APP) by BACE1 (β-secretase) and γ-secretase (Murphy and 

LeVine, 2010). Aβ spontaneously and progressively undergoes 

aggregation, forming oligomers and fibrils and ending with the 

deposition in vivo of senile plaques. Aβ oligomers ranging in size from 

two to 12 subunits are now considered the main responsible for the 

synaptic damage and memory deficit in AD (Haass and Selkoe, 2007). 

During the past two decades, one of the primary goals in medical 

research was to better understand the molecular mechanisms involved 

in AD onset for the development of safe and effective pharmacological 

treatments. However, successful treatment strategies for AD have so far 

been limited. The current available treatments of AD are only 

symptomatic in nature, mainly trying to counterbalance the 

neurotransmitter disturbance associated to the disease (Yiannopoulou 

and Papageorgiou, 2013). However, established treatments provide 

only transitory symptomatic relief, temporarily improving cognitive 

function, but do not slow the long-term progression of the disorder 

(Bullock and Dengiz, 2005). Moreover, the treatment of AD is 

particularly complicated due to the presence of the blood–brain barrier 

(BBB), a physical and biochemical barrier which protects the brain 

from potential hazardous substances in the blood flow and which 

prevents the passage, thus the activity, of 98% of potential 

neuropharmaceuticals (Wolburg et al., 2009). Therefore, there is an 

urgent need to develop strategies to improve the efficacy, the transport 

across the BBB, the bioavailability and simultaneously to limit the 

adverse effects of pharmaceutical compounds for the treatment of AD. 
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Moreover, it would be desirable that the advancement in the elucidation 

of AD aetiology would bring new therapeutic molecules able to block 

definitively the progression of the disorder. 

Nanoparticles (NPs), submicron-sized (3–200-nm) particles, devices or 

systems made using a variety of materials including polymers, lipids, 

viruses and organometallic compounds, represent promising candidates 

in this regard and may provide a possible contribution to the treatment 

of AD, carrying drug molecules by encapsulation or covalently linked 

on their surface. Table 1 shows different NPs proposed for the treatment 

of AD and considered in the present investigation. NP-mediated drug 

delivery offers unique advantages over free drug administration, such 

as: increased drug concentration at the diseased tissue through active 

targeting, reducing toxic side effects in normal tissues; improve the 

solubility, pharmacokinetics and pharmacodynamic profiles of the 

drugs; improve drug stability by reducing its degradation in the 

systemic circulation (Biswas and Torchilin, 2014). 

The current state-of-the-art of nanotechnology-based drugs intended for 

AD diagnosis and therapy has been already discussed elsewhere 

(Brambilla et al., 2011; Sahni et al., 2011). The purpose of this article 

is to focus on NPs devoted to AD therapy and properly functionalized 

to cross the BBB and to target Aβ, as a widely recognized pivotal 

molecule in the etiology of the disease. It should be pointed out that the 

current nanomedicine approaches for AD therapy are still limited to 

preclinical studies. In fact, although several clinical trials investigate 

the suitability of NPs for CNS drug delivery (Service, 2010), none of 

them is concerning AD. 
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1.3.2 The BBB 

The main component of the BBB is specialized brain microvascular 

endothelial cells that regulate the flow of substances into and out of the 

brain. In addition, the BBB is composed by the capillary basement 

Table 1. Nanoparticles proposed for the treatment of Alzheimer’s disease and cited 
in the present review. 
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membrane, astrocyte end-feet and pericytes. It is well known that all the 

components of the BBB are essential for its physiological function and 

stability (Wolburg et al., 2009). The access of molecules to the brain is 

difficult because paracellular diffusion is very limited at the BBB, due 

to the presence of ‘tight junctions’ between the endothelial cells. 

Therefore, molecules in the circulation may gain access to the brain 

only across endothelial cells by three main mechanisms: lipid-mediated 

free diffusion; carrier- or receptor-mediated transport; absorptive-

mediated transport (Begley, 2004). Figure 10 shows a simplified 

scheme of the passage of substances across the BBB. For these reasons, 

transport of drug across the BBB is very limited and precludes the 

treatment of many brain disorders.  

. 

 

 

Strategies proposed to enhance drug delivery to CNS are described in 

Figure 10. Graphical representation of the main routes for molecular traffic across the 
blood–brain barrier.A, Paracellular aqueous passage possible by opening the tight 
junctions (occludin, claudin and JAM);B, transcellular lipophilic pathway; C, carrier-
mediated transport; D, receptor-mediated transcytosis and E, adsorptive-mediated 
transcytosis. 
JAM: Junctional adhesion molecule. 
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Table 2. It is worth noting that various clinical investigations detected 

functional alterations of the BBB in AD, in particular an increase in the 

permeability compared with healthy controls and an alteration in the Aβ 

transport activity. Furthermore, it is reported that Aβ is able to induce 

monocytes infiltration through the BBB (Weiss et al., 2009). Despite 

the increased permeability, crossing the BBB remains a key obstacle in 

the use of pharmaceuticals for the treatment of this pathology 

(Pardridge, 2005). 

 

 

 

 
Table 2. Strategies for drug delivery to the CNS. 
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1.3.3 NPs for AD treatment 

1.3.3.1 BBB crossing 

NPs have been proposed as intriguing tools potentially able to solve the 

unmet problem of enhancing transports of drugs from the blood to 

brain, in particular by the functionalization of their surface with BBB 

targeting agents. Liposomes, solid lipid NPs (SLN), polymeric NPs and 

gold NPs are the most studied NPs for brain drug delivery, due to their 

common features of biocompatibility, stability, biodegradability, 

nontoxicity, limited antigenicity and suitability for surface 

functionalization. Moreover, they can incorporate both hydrophobic 

and hydrophilic drugs and a controlled drug release can be achieved. 

Liposomes are spherical vesicles (20 nm–500 μm of size) in which an 

aqueous inner volume is enclosed by a membrane bilayer usually 

composed of naturally occurring phospholipids and cholesterol 

(Antimisiaris et al., 2007). SLN are nanospheres (50–1000 nm of size) 

composed by lipids that are solid at physiological temperature, 

stabilized by physiologically compatible emulsifiers. SLN are very 

stable NPs that can be produced easily on a large scale (Gastaldi et al., 

2014). Polymeric NPs are nanosized carriers (1–1000 nm), made of 

natural or synthetic polymers (Patel et al., 2012). Gold NPs (1–150 nm 

of size) are the most stable metal NPs with unique optical, electronic 

and magnetic properties exhibited at nanoscale level. Interestingly, gold 

NPs have been shown to reach the brain and accumulate in neurons 

even in the absence of any specific functionalization, with a mechanism 

that is still to be understood (Sousa et al., 2010). 

NPs suitable for BBB crossing should carry specific features. For 

example, they should have long half-life in circulation since, following 
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their entrance in the blood, they are rapidly cleared by the 

reticuloendothelial system and mainly sequestered in liver and spleen. 

A great advance in this area was the finding that surface stabilization of 

NPs with nonionic surfactants or polymeric macromolecules can 

prolong half-life up to 24 h in mice and rats and 45 h in humans 

(Moghimi and Szebeni, 2003). Concerning the size, it is suggested that 

NPs for brain drug delivery should be kept below 200 nm diameter to 

allow their diffusion within the brain, because it is estimated that in 

human brain tissue the extracellular spaces have only some pores larger 

than 200 nm and that more than one-quarter of all pores are ≥100 nm 

(Masserini, 2013). 

The most common approach to enhance the passage of NPs from the 

bloodstream to the brain is to exploit the existing physiological 

mechanisms of transport, for example, receptor-mediated endocytosis 

and adsorptive-mediated endocytosis, even if it is not completely 

understood whether these mechanisms are altered in AD. Moreover, we 

have also to remind that alterations of microvascular permeability and 

disruption of the BBB, reported in the brains of AD subjects (Weiss, 

2009), could lead to an increased permeability of the barrier. 

To enhance the BBB passage of AD drugs-loaded NPs by using 

receptor or adsorptive-mediated endocytosis, NP surface 

multifunctionalization with proper ligands is critical. Different coupling 

reactions have been reported to link to NP peptides or antibodies (Abs) 

able to bind specific receptors on BBB cells surfaces (Figure 11). 

Peptides or Abs could be linked to NPs by a covalent bond between a 

thiol present on the peptide or on Abs (already present or generated by 

thiolation on its primary amines) and a maleimide group present on NP 
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surface (Re et al., 2011a). In particular cases, such as that of gold NPs, 

the thiol group may form a stable S-Au bond with the NP core (Prades 

et al., 2012). Immunoliposomes can be prepared also by activating free 

carboxyl group on the NP surface with ethylcarbodiimide and N-

hydroxysuccinimide and then by covalently conjugating Abs through 

displacement of N-hydroxysuccinimide groups by antibody amines 

(Mathew et al., 2012). However, it is possible to functionalize NPs by 

means of a non-covalent bond, by taking advantage of the high affinity 

between biotin and streptavidin (Figure 11). 

Figure 11. Strategies for the surface decoration of nanoparticles with antibodies or 
peptides. A, Conjugationof thiol-containing peptide to maleimide-functionalized NPs. 
B, Thiolation of antibody using Traut’s reagent and successive conjugation to 
maleimide-functionalized NPs. C, Reaction between thiol-containing peptide and Au 
NPs. D, Conjugation of antibody to COOH-functionalized NPs activated by  
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A widely investigated surface decoration is with ligands triggering 

receptor-mediated endocytosis. In particular, three receptors on the 

BBB have received more attention as targets mediating NP interaction: 

transferrin receptor (TfR), low-density lipoprotein receptor (LDLr) and 

lactoferrin receptor (LacR) (Krol, 2012). The main drawback is that all 

three receptors are not exclusively expressed on the BBB, thus high 

amounts of NPs engineered to target these molecules will arrive 

massively to other organs before reaching the brain. Ligands for TfR 

range from peptides selected from a phage display library (Liu et al., 

2013) to anti-TfR Abs (Salvati et al., 2013; Mourtas et al., 2014). It is 

interesting to note that, concerning anti-TfR Abs, Salvati et al. showed 

the superior efficacy of covalent coupling to liposomes of RI7217, an 

anti-TfR Abs, versus biotin/streptavidin ligation in overcoming a 

human BBB cellular model (Salvati et al., 2013). Ligands for LDLr are 

ApoE (physiological ligand of the receptor) or peptides derived from it. 

Re et al. showed that the functionalization with the monomeric 

fragment 141–150 of human ApoE peptide (mApoE), or its tandem 

dimer, enhances the permeability in vitro across a BBB model and in 

vivo in healthy mice (Re et al., 2011a; Bana et al., 2014). Finally, 

lactoferrin, the endogenous ligand for LacR was used by Yu et al. to 

increase the brain delivery properties of PEG-polylactide-co-glycolide 

(PEG-PLGA) polymersomes in mice (Yu et al., 2012). 

ethylcarbodiimide/N-hydroxysuccinimide treatment. E, Biotin-streptavidin 
conjugation strategy: (i) conjugation of biotinylated-antibody to biotinylated-NPs via 
streptavidin bridge; (ii) conjugation of biotinylated-antibody to streptavidin-
functionalized NPs. 
EDC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; NHS: N-
hydroxysuccinimide; NP: Nanoparticle. 
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Utilizing the strategy of TfR targeting, Liu et al. synthesized 

poly(ethylene glycol)-poly(lactic acid) block copolymer (PEG-PLA) 

NPs functionalized with a peptide (CGHKAKGPRK), called B6, 

selected from phage display and showing high affinity to TfR. 

Functionalization of PEG-PLA NPs with B6 peptide enhances their 

brain accumulation in vivo in BALB/c nude mice compared with NPs 

(Figure 12) (Liu et al., 2013). 

 

 

Injection into the tail vein of AD mouse models of B6-NPs 

encapsulating a neuroprotective agent showed excellent amelioration in 

learning impairment, cholinergic disruption and loss of hippocampal 

Figure 12. Functionalization of PEG-PLA nanoparticles with B6 peptide enhances 
their brain accumulation in vivo compared with nanoparticles. Distribution and 
retention of NPs or B6-NPs in BALB/c nude mice wasassessed by an in vivo 
fluorescence imaging system 0.5 h (A), 1h (B), 2h (C), 4h (D), 12h (E) and 24h (F) 
after tail vein intravenous administration. Near-infrared dyeDiR (1 mg/kg) was used 
as probe. 
NP: Nanoparticle. 
Reproduced with permission from Liu et al., 2013 © AmericanChemical Society 
(2013). 
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neurons even at low drug dose (0.02 μg/day). In contrast, the free agent 

solution at concentrations up to 0.08 μg/day failed to produce any 

significant enhancement (Liu et al., 2013). This could result from a 

slowdown of the agent degradation after encapsulation in NPs, together 

with the ability of NPs to cross the BBB. Recently, Mourtas et al. 

prepared multifunctional liposomes decorated with OX26, an anti-TfR 

Abs and incorporating a curcumin derivative, proposed as AD drug 

candidate, which displayed significantly increased uptake by a BBB 

cellular model made with immortalized human brain capillary 

endothelial cells (hCMEC/D3) (Mourtas et al., 2014). 

The approach involving LDLr ligands has been considered by Re et al., 

showing that the permeability of curcumin across a rat brain endothelial 

cell line monolayer was increased after its entrapment in mApoE-

functionalized liposomes (Re et al., 2011a). Another approach 

indirectly exploiting ApoE, involves the coating of NPs with 

polysorbate 80 (P-80). In fact, according to several reports, after 

injection into the blood stream, apolipoproteins are adsorbed onto the 

surface of P-80-coated NPs (Kreuter et al., 2002). Then, the coated NPs 

mimic natural LDL and interact with their receptor on brain capillary 

endothelial cells, being endocytosed. This approach has been used also 

to increase the concentration of drugs intended for AD therapy in the 

brain. P-80 coated poly(n-butylcyanoacrylate) NPs enhanced the brain 

concentration of embedded rivastigmine about fourfold compared with 

the free drug, both intravenously injected in healthy rats (Figure 13) 

(Wilson et al., 2008).  
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Orally administered P-80 coated PLGA estradiol-loaded NPs resulted 

in significantly higher brain levels of the hormone after 24h (1.969 ± 

0.197 ng/g tissue) as compared with uncoated ones (1.105 ± 0.136 ng/g 

tissue) in a rat AD model (Mittal et al., 2011). One of the few examples 

where SLN have been proposed as drug carriers for AD therapy is 

reported by Yusuf et al., using P-80 coating to impart brain specific 

targeting to SLN containing piperine, the main alkaloid of black pepper, 

which has been shown to possess antioxidant activity 

(Chonpathompikunlert et al., 2010). These NPs showed promising 

Figure 13. Coating of poly(n-butylcyanoacrylate) nanoparticles with polysorbate 80 
enhances the brain accumulation of incorporated rivastigmine compared with free 
rivastigmine and rivastigmine incorporatedin uncoated nanoparticles. Rivastigmine 
concentrations (ng/ml) in different organs after intravenous injection of different 
rivastigmine formulations (1 mg/kg) was determined by HPLC. 
NP: Nanoparticle; Riv: Rivastigmine solution; Riv–Np: Rivastigmine bound to Np; 
Riv–Np-Ps80: Rivastigmine bound to Np coated with 1% polysorbate 80. 
Reproduced with permission fromWilson et al., 2008© Elsevier. 
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therapeutic effects in an experimentally induced AD model suggesting 

their ability to cross BBB (Yusuf et al., 2013). 

Utilizing the strategy of LacR, Yu et al. proposed polymersomes 

composed by PEG-PLGA, conjugated with lactoferrin, and carrying 

S14G-humanin, a neuroprotective peptide. These NPs protected rats 

treated with Aβ from learning and memory impairment in a dose-

dependent response, while S14G-humanin solution did not (Yu et al., 

2014). 

Several research groups supported the approach of promoting BBB 

endocytosis by conjugation of positively charged ligands to NP surface, 

exploiting the so-called adsorptive-mediated endocytosis triggered by 

electrostatic interactions of the ligand with the negatively charged 

endothelial cell surface. Sancini et al. functionalized nanoliposomes 

displaying high affinity for Aβ made of sphingomyelin and cholesterol 

with a modified cell-penetrating TAT-peptide to enhance BBB passage. 

The results showed an increase in the permeability across a BBB model 

made with hCMEC/D3 cells after the functionalization with TAT 

peptide (Sancini et al., 2013). 

Some groups proposed NPs composed by or coated with a 

biocompatible and biodegradable polymer, chitosan, which enhances 

positive charge density on the NP surface at physiological pH. 

Jaruszewski et al. demonstrated that surface-adsorbed chitosan 

promotes the transcytosis of PLGA NPs functionalized with an anti-Aβ 

Abs (IgG4.1) across the BBB in a polarized canine kidney cell 

monolayer (Jaruszewski et al., 2012). Chitosan NPs loaded with tacrine, 

the first cholinesterase inhibitor approved for the treatment of AD, have 

been prepared by the group of Elmizadeh (Elmizadeh et al., 2013) but 
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not further tested. An in vivo demonstration of the suitability of chitosan 

NPs to enhance BBB crossing has been reported by Songjiang et al., 

showing an increased brain uptake of NPs loaded with Aβ fragment 

compared with the free fragment in mice (Songjiang and Lixiang, 

2009). Current studies show that, in general, chitosan is a relatively 

nontoxic, and biocompatible material (Keana and Thanou, 2010), but 

the variety of existing forms, differing in size and degree of 

deacetylation, exponentially increases the number of biocompatibility 

studies needed to ensure a safe use of this material. 

An original delivery system to the brain is based on the use of magnetic 

NPs, which could be focused within the brain region by using an 

externally applied magnet. Wilson et al. used magnetite chitosan 

microparticles, which were intravenously injected in healthy rats, to 

deliver the drug tacrine to the brain, by keeping a magnet at the target 

region. This system increased more than fivefold the concentration of 

tacrine in the brain in comparison with the free drug (Wilson et al., 

2009). 

As already mentioned, in search of alternative routes, the nasal one has 

been taken into account. Several compounds, such as cyclodextrins, 

phosphatidylcholines and fusidic acid derivatives, have been 

investigated as nasal absorption enhancers (Türker et al., 2004). Luppi 

et al. prepared albumin NPs carrying cyclodextrin and tacrine. This 

nanodevice produced lower drug permeation than tacrine itself in ex 

vivo permeation studies across sheep nasal mucosa, but good adhesion 

to nasal mucosa in vitro (Luppi et al., 2011). For the same purpose, 

Zhang et al. prepared PEG-PLGA NPs entrapping fibroblast growth 

factor, intended as drug for AD treatment, and decorated with Solanum 



51 
 

tuberosum lectin, which selectively binds to N-acetylglucosamine on 

the nasal epithelial membrane. The brain content of growth factor 

increased almost twice (1.79-folds) following intranasal administration 

of targeted NPs compared with intravenous administration of the same 

dose of free drug. Moreover, spatial learning and memory of AD rats 

were improved (Zhang et al., 2014). 

 

1.3.3.2 NPs to target Aβ 

For the treatment of brain disorders, the overcoming of the BBB is not 

the only requisite. A successful therapeutic strategy should be 

addressed to specifically involved regions in order to avoid adverse 

effects and to allow higher drug accumulation only where it is needed. 

Moreover, drug diffusion throughout the brain parenchyma reduces the 

therapeutic effect due to the minor amount of substance reaching the 

target. Therefore, the development of strategies specifically directed to 

the pathological sites into the brain parenchyma, in other words, where 

amyloid plaques are forming, is very important. As already mentioned, 

NPs with appropriate surface modifications can be advantageous 

candidates for brain disorders treatment because they can be 

functionalized to head toward specific molecular targets. 

Given the pivotal role played by Aβ in AD, strategies directly or 

indirectly targeting the peptide are actively sought after. These may 

include either modulation of Aβ production, by targeting enzymes 

responsible for APP amyloidogenic cleavage, or peptide binding by 

specific ligands. Moreover, direct interaction with Aβ may interfere 

with its aggregation/disaggregation features (Figure 14). In fact, neo-

formed Aβ monomers undergo spontaneous aggregation to form 
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oligomers and fibrils. Since oligomer formation is thought to be the 

main toxic event in AD, leading to neuronal dysfunction and death, Aβ 

ligands may interfere at an early stage of the pathology, by disrupting 

oligomers or preventing their formation. 

 

 

Aβ-binding molecules have been conjugated to NPs both for diagnostic 

(the development of plaque-staining probes) and therapeutic purposes 

(the transport of drugs to the sites of lesion). Among different NPs, 

liposomes and PEG-PLA NPs have been the most used for their 

reported lack of toxicity, low immunogenicity and full biodegradability 

Figure 14. Strategies employed to reduce amyloid β levels in brain parenchyma 
through nanoparticles. In the amyloidogenic pathway, the amyloid precursor protein 
is cleaved subsequentially by β- and γ-secretases releasing β-amyloid peptide. Then, 
Aβ monomers undergo aggregation processes leading to the formation of oligomers 
and fibrils. Properly functionalized NPs can influence Aβ production or clearance. 
Moreover, properly functionalized NPs may affect Aβ aggregation features, blocking 
its aggregation or disgregating its assemblies. 
Aβ: Amyloid β; APP: Amyloid precursor protein; NP: Nanoparticle. 
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(Antimisiaris et al., 2007; Xiao et al., 2010). Liposomes decorated with 

curcumin derivatives showed a very high affinity (1–5 nM) for Aβ 

fibrils in vitro (Mourtas et al., 2011). The observation that Aβ can 

interact with GM1 ganglioside (Matsuzaki, 2007) led to investigate 

whether other lipids may bind Aβ, and eventually to the synthesis of 

liposomes carrying phospatidic acid (PA) or cardiolipin (CL), binding 

Aβ with great affinity (22–60 nM) (Gobbi et al., 2010). Molecular 

dynamics simulations confirmed that the presence of negatively 

charged PA or CL is pivotal to facilitate the interaction of liposomes 

with positively charged amino acids of Aβ peptide. However, since Aβ 

carries also negatively charged a.a, residues, low proportions (5%) of 

these lipids in the bilayer are advantageous to decrease mutual repulsion 

(Ahyayauch et al., 2012). Another ligand used to functionalize NPs was 

XO4, a Chrysamine G derivative and β-sheet binder. Liposomes 

decorated with XO4 can target parenchyma plaques and amyloid 

associated with cerebral amyloid angiopathy, not only in vitro but even 

when intravenously injected in animal AD models (Tanifum et al., 

2012). Moreover, Zhang et al. recently used a new Aβ-targeting 

peptide, QSH, screened using a mirror-image phage display selection 

and using Aβ1–42 as the target. QSH-conjugated PEG-PLA NPs bound 

Aβ in the sub-micromolar range and stained Aβ1–42 deposits in the 

brains of both AD model mice and humans (Zhang et al., 2014). 

Recently, also a tricyclic benzopyrane-glycofused structure was 

exploited as Aβ peptide ligand and linked to liposomes. NMR 

experiments revealed the ability of the liposomes to efficiently interact 

with Aβ (Airoldi et al., 2014). However, despite the availability of 

many ligands, it should be said that those displaying the greatest affinity 
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for Aβ are anti-Aβ monoclonal Abs. Both liposomes and poly(alkyl 

cyanoacrylate) NP surface decorated with anti-Aβ Abs bind the peptide 

with a KD as low as 0.5 nM and their affinity increases as a function of 

Ab surface density (Canovi et al., 2011; Le Droumaguetet al., 2012). 

An original information has been provided by Brambilla et al., who 

demonstrated that PEGylation of polymeric NPs, besides to prolong 

their half-life in the circulation, favours interaction with the peptide 

both in solution and in serum (Brambilla et al., 2012). 

 

1.3.3.2.1 Targeting Aβ aggregation 

Concerning the possible effect on Aβ aggregation paradigm, curcumin, 

previously used for its antioxidant and anti-inflammatory activity, has 

been widely tested associated to NPs for this purpose. In fact, this 

naturally occurring phytochemical was reported to inhibit amyloid Aβ1–

42 oligomer formation and peptide-induced cell toxicity at micromolar 

concentrations in vitro (Yang et al., 2005). However, because of its low 

water solubility, it has often been included in NPs in order to increase 

its bioavailability. Cheng et al. have recently showed the lack of effect 

of curcumin-loaded PEG-PLA NPs on brain amyloid plaques in an in 

vivo model of AD: after oral administration of NPs to Tg2576 mice, 

plaque density was not affected, although the treatment resulted in 

significant improvements in working and cue memory (Cheng et al., 

2013). 

A strategy used to increase the binding affinity of curcumin for Aβ 

peptide has been its attachment onto the surface of NPs by the 

conjugation with a phospholipid. Lipid-curcumin liposomes actually 

showed a stronger inhibition of Aβ aggregation than curcumin-loaded 
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liposomes in vitro, but in vivo experiments are still lacking (Taylor et 

al., 2011). 

Currently under development are also curcumin analogues with similar 

biological activity to curcumin itself, but with improved 

pharmacokinetics, water solubility and stability. Liposomes, covalently 

conjugated to an alkyne derivative of curcumin by using click-

chemistry reaction, showed good ability to inhibit Aβ aggregation in 

vitro. These liposomes are supposed to be more effective as aggregation 

inhibitors because the curcumin-derivative molecules protrude 

completely from the liposome surface rather than entering the liposome 

bilayer as the lipid-curcumin conjugates and so they are more amenable 

to the interaction with Aβ species (Taylor et al., 2011). 

As for liposomes functionalized with the tricyclic benzopyrane-

glycofused structure, mentioned above, they were found to inhibit the 

formation of Aβ fibrils in vitro, even though their activity against 

aggregation was much lower than that demonstrated by liposomes 

decorated with curcumin (Airoldi et al., 2014). 

Other molecules known to prevent aggregation are metal chelators, 

which are able to disrupt the interaction of Aβ with redox metal (i.e., 

iron, copper or zinc). However, their use as therapeutic agents is 

hindered by their inability to cross the BBB and for this reason they 

have been included in NPs. Nanoliposomes functionalized with zinc 

acetate, histidine residues or EDTA displayed the ability to 

disaggregate and resolubilize CuAβ1–42 and ZnAβ1–42 aggregates in 

vitro and to protect PC12 neuronal cells from toxicity induced by Aβ 

aggregates (Mufamadi et al., 2012). Similarly, nanoparticle-chelator 

conjugates, developed by Liu et al. by reaction between properly 
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functionalized polystyrene NPs and the iron chelator, 2-methyl-N-(2’-

aminoethyl)-3-hydroxyl-4-pyridinone, protected human cortical 

neurons from Aβ-induced toxicity by inhibiting Aβ aggregation (Liu et 

al., 2009). 

Concerning liposomes embedding acidic lipids (PA, CL), although 

binding Aβ with high affinity (Gobbi et al., 2010), they demonstrated 

poor anti-aggregation properties (Taylor et al., 2011). Nevertheless, 

both inhibition of fibrillation and increased disaggregation of Aβ 

assemblies in vitro was found, when liposomes embedding PA were 

further functionalized with mApoE (PA-mApoE) (Bana et al., 2014). 

This suggests the existence of a synergic action of PA and mApoE 

likely arising from their interaction with different amino acids residues 

on Aβ. Molecular dynamics simulation studies suggested that PA 

phosphate group, negatively charged, can interact with positively 

charged residues on Aβ peptide, while mApoE, positively charged, is 

likely to interact with negatively charged ones (Bana et al., 2014). 

Perhaps, other ligands that, taken individually, do not destabilize β-

amyloid aggregates could give rise to a similar mechanism when 

combined. 

Amazing results have been recently obtained in vivo with PA-mApoE 

double functionalized liposomes in two mouse AD models (APP/PS1 

or APP23). In fact, the intraperitoneal injection of PA-mApoE in 

transgenic mice, three-times a week for 3 weeks, resulted in an 

improvement of their impaired memory, together with a significant 

reduction in the number of amyloid plaques, assessed both 

histologically and by PET (Figure 15).  
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Noteworthy, at the end of the treatment also the total amount of brain 

Aβ was considerably decreased, in particular its oligomeric forms, 

considered to be the most toxic Aβ species, responsible for neuronal 

dysfunction and death (Balducci et al., 2014). 

Another drug, whose destabilizing properties on Aβ assemblies have 

recently emerged, is Selegiline, a selective MAO-B inhibitor, known to 

have beneficial effects in brain regions rich in dopamine receptors. 

Baysal et al. investigated inhibitory effects of Selegiline-loaded PLGA-

PEG NPs and found out that these NPs are able to inhibit Aβ 

aggregation in a concentration and incubation time-dependent manner 

(Baysal et al., 2013). 

Figure 15. The treatment with liposomes functionalized with phospatidic acid and 
mApoE significantly reduced plaque load in the brain of APP/PS1 and APP23 Tg 
mice. Immunohistochemistry with anti-Aβ 6E10 monoclonal antibody of 
representative cortical and hippocampal brain sections of APP/PS1 Tg mice treated 
with (A) PBS or (B) mAPOE-PA-Lip at the end of the treatment.(Scale bar = 250 
μm). 
Aβ: Amyloid β; mAPOE-PA-Lip: Liposomes functionalized with phospatidic acid 
and mApoE; PA: Phospatidic acid.  
Reproduced with permission from Balducci et al., 2014 © Society forNeuroscience. 
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Also gold NPs conjugated with an Aβ-binding peptide, coupled with 

the use of weak microwave fields, have been used to locally and 

remotely heat up and dissolve amyloid deposits in vitro (Figure 16) 

(Kogan et al., 2006). The rationale of this approach is based on affecting 

the equilibrium between soluble monomers and aggregates. The energy 

provided by irradiation may reverse this equilibrium and re-dissolve the 

precipitates. Irradiation as a mean of remotely heating biological tissues 

mediated by inorganic NPs has been extensively explored (Alexiou et 

al., 2000) and results of the study (Kogan et al., 2006) suggest it could 

be also be used as a molecular surgery to safely remove toxic and 

clogging aggregates. 

 

 

1.3.3.2.2 Targeting Aβ clearance 

Another approach to reduce the cerebral levels of Aβ, increasing its 

Figure 16. Gold nanoparticles conjugated with anamyloid β-binding peptide and 
coupled with the use of weak microwave fields are able to dissolve amyloid deposits 
in vitro. Electron microscopy of (A) control amyloid β (Aβ)1–42 alone incubated for 48 
h and irradiated for 8 h (bar is 500 nm) and (B) gold nanoparticles conjugated with an 
Aβ-binding peptide + Aβ1–42 grown for 48 h after 10 min of irradiation (bar is 200 
nm). 
Reproduced with permission fromKogan et al., 2006 © American Chemical Society 
(2006). 
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clearance, is immunotherapy. Immunotherapies are designed to use the 

body’s immune system to eliminate the deposition of existing Aβ senile 

plaques. Active immunization requires the introduction of an antigen 

that mimics Aβ, so that Abs targeting the antigen are produced and bind 

Aβ facilitating its clearance from the CNS, while the passive 

immunization method involves the parenteral administration of a 

specific antibody or pooled nonspecific Abs, thus requiring less 

contribution from the patient’s immune response. However, even 

though immunization against Aβ showed promising results in 

preclinical animal models, its translation to humans has faced severe 

adverse effects, such as T-cell mediated meningo-encephalopathy, 

vasogenic oedema or intracerebral microhemorrhages (Delrieu et al., 

2012). 

The use of NPs could have many advantages compared with classical 

immunotherapy. For instance, NPs do not necessarily require additional 

adjuvants and can release the antigen gradually, reducing the number 

of immunizations needed. Finally, NPs can stabilize encapsulated 

vaccine antigens and deliver them to specific targets thanks to surface 

modifications. Regarding AD therapy, currently, NPs have been 

exploited only for active immunization in order to allow BBB 

permeation of fragments of Aβ. For example, chitosan NPs were loaded 

with an Aβ fragment (IF-A) and their immunogenicity was tested in 

mice. The IF-A-NPs elicited favorable titers of antiamyloid Abs in 

plasma and in the brain of treated animals, acting as a nano-vaccine 

(Songjiang and Lixiang, 2009). In another study, the first 15 amino 

acids of the Aβ1–42 peptide (Aβ1–15), were encapsulated in PLGA 

microparticles. After immunization by subcutaneous or intranasal 
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route, Balb/c mice displayed Abs levels elicited against full Aβ, 

comparable to the ones induced by the potent Freund’s complete 

adjuvant, with the advantage of the lack of its toxicity (Figure 17) 

(Puras et al., 2011).  

 

 

These results indicate that immunotherapy with Aβ-loaded NPs could 

be a promising approach for the future development of a safe vaccine 

against AD. 

 

Figure 17. Aβ1–15-loaded polylactide-co-glycolide microparticles elicit antibodies 
levels comparable to the ones induced by Freund’s complete adjuvant. Serum anti-
Aβ1–40 antibody levels were determined by ELISA in immunized mice. Values given 
are mean ± standard deviation for ten mice per group. Differences between Sol and 
the groups immunized with PLGA microparticles loaded with Aβ1–15 (MP in. or MP 
sc.) reached statistical significance at weeks 6 and 7(*p < 0.05). 
Aβ: Amyloid β; in.: Intranasal; MP: Microparticles; sc.: Subcutaneous; Sol: Solution 
group; PLGA: Polylactide-co-glycolide. 
Reproduced with permission fromPuras et al., 2011 © Elsevier (2011). 
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1.3.3.2.3 Targeting Aβ production 

As for modulation of Aβ production, β- and γ-secretase, involved in the 

amyloidogenic processing of APP, are the main pharmacological 

targets. As a first consideration, it should be taken into account that 

targeting secreatases could affect also physiological pathways, as those 

relevant for differentiation and development in which γ-secretase is 

involved (Evinet al., 2006). From this point of view, the inhibition of 

β-secretase seems to be the most promising approach, since deletion of 

this enzyme in mice did not cause noticeable problems (Luo et al., 

2001). siRNA have been widely used to hinder directly or indirectly Aβ 

production, even though they rose problems of specific targeting and 

immunogenicity when used in vivo. To overcome these problems, 

efficient delivery technologies have been sought for and NPs have been 

used for their ability to deliver RNA to specific tissues or cell types, 

while protecting it from degradation. Alvarez-Erviti et al. loaded 

siRNA against BACE1 into exosomes, naturally occurring NPs with a 

diameter of 40–100 nm. Exosomes were prepared from immature 

murine dendritic cells engineered to express a fusion protein between 

the exosomal membrane protein Lamp2b and the neuron-targeting 

peptide RVG (rabies viral glycoprotein). By this strategy RVG was 

protruding from the membrane, mediating specific delivery to neuronal 

cells. These NPs were then administered both in vitro, in Neuro2A cells, 

and in vivo, in normal C57BL/6 mice, and delivery efficiency and 

knockdown extent were evaluated. Results showed a dose-dependent 

knockdown in vitro and a strong decrease of BACE1 mRNA (60%) and 

protein (62%) expression, together with a reduction in the total Aβ1–42 

levels (55%), in vivo (Alvarez-Erviti et al., 2011). Another example of 
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Aβ-production modulation by siRNA has been reported by Liu et al., 

who utilized NPs made of PEG-PEI co-polymer to mediate the delivery 

of ROCK-II-siRNA into C17.2 neural stem cells in vitro. ROCK-II is a 

Rho-associated serine/threonine kinase involved in AD, since its 

knockdown results in a decrease of amyloid-β production (Herskowitz 

et al., 2011). The results indicated that PEG–PEI/ROCK-II-siRNA 

complexes effectively suppressed ROCK-II mRNA expression, making 

it a promising candidate for the treatment of AD (Liu et al., 2013). 

A different strategy to modulate Aβ production is the upregulation of 

α-secretase, the enzyme involved in the non-amyloidogenic processing 

of APP. An attempt to pursue this route came from Smith et al., who 

used lipid-based NPs functionalized with epigallocatechin-3-gallate 

(EGCG) to increase α-secretase activity (Smith et al., 2010). EGCG is 

a green tea polyphenol known for its antioxidant properties and recently 

shown to promote non-amyloidogenic processing of APP by 

upregulating α-secretase, thus preventing brain Aβ plaque formation. 

Specifically, EGCG indirectly (via PI3K/Akt pathway) enhances the 

phosphorylation of the enzyme substrate, APP, favoring substrate-

mediated enzyme activation (Fernandez et al., 2010). However, despite 

these properties, EGCG use in clinic has been problematic, primarily as 

a result of poor bioavailability and inefficient delivery to the CNS, 

attributed to its extensive gastrointestinal degradation, poor membrane 

permeability and transporter-mediated intestinal efflux (Kanwar et al., 

2012). However, EGCG-NPs demonstrated to be able to double the oral 

availability of EGCG in rats but also to promote α-secretase activity in 

a neuronal cell model of AD by up to 91% (Smith et al., 2010). 
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1.3.4 Potential neurotoxicity of NPs 

While there is a growing interest on the application of NPs in 

biomedical field, little is known about their potential hazard for human 

health, in particular their possible toxic effects on CNS. Most of the 

data in the literature demonstrated that size, size distribution, purity, 

shape, crystal structure, composition, surface coating, surface charge 

and surface reactivity result in a different distribution, accumulation 

and transport of NPs to different organs, as well as across the BBB 

(Win-Shwe and Fujimaki, 2011). Thus, it is difficult to find general 

rules about brain toxicity of NPs.  

It has to be noted that most neurotoxicity studies performed so far 

focused on metal and carbon-based NPs. Significant evidences both in 

vitro and in vivo indicate that these systems produce toxicity and may 

be associated with neurodegeneration (Karmakar et al., 2014). Thus, the 

benefits of NPs must be weighed against their potential toxic effects. 

Polymeric NPs have been repeatedly used as biodegradable polymers 

because of their reported safety, good biodegradability and low 

immunogenicity. As for example, Hu et al. showed that PEG-PLA NPs 

did not present toxic effects on immortalized mouse brain endothelial 

cells, confirming the good in vitro safety of this system. However, its 

long-term in vivo brain toxicity and immunogenicity should be further 

investigated (Hu et al., 2009). 

Concerning gold NPs, it is reported that this systems are able to cross 

the BBB and accumulate in the neural tissue with no evidence of 

toxicity in mice at least after short periods (8 days) (Lasagna-Reeves et 

al., 2010). Guerrero et al. showed that intraperitoneal administration in 

Sprague-Dawley rats of gold NPs (1.86 mg of gold/kg) conjugated with 
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an amphipathic peptide, increasing the in vivo penetration of these 

particles to the rat brain, had no effect on BBB integrity (Guerrero et 

al., 2010). Koch et al. demonstrated that gold-NPs exposure (2.84 

μg/ml) for 24 h did not alter viability or induce cytotoxicity in vitro in 

murine microglial cells and human neuroblastoma cells (Koch et al., 

2014). More deeply, Hutter et al. studied the interactions of gold NPs 

of different morphologies (spherical, rod and urchin) and coatings (PEG 

or cetyl trimethylammonium bromide) with microglia and neurons. 

Activation of microglia can affect brain functionality. Thus, studying 

the response of microglia to NPs is of considerable importance in the 

development of nanotherapeutics. In vitro experiments showed that 

microglia cells internalized all gold NPs (<109 NPs/ml) without 

cytotoxicity. In vivo, after intranasal administration in transgenic mice, 

rod and urchin NPs caused transient microglial activation (Hutter et al., 

2010). 

An important issue to be investigated is the activation of complement 

system (CS) triggered by NPs. Neurons and glial cells in the brain are 

capable of producing the full range of complement components, not 

only as a response to injury or infection, but also at a constant level in 

order to maintain normal brain functioning (Lettiero et al., 2012). 

Concerning AD brain, some works showed that CS is strongly activated 

in senile plaques (Itagaki et al., 1994), and that the classical pathway 

components are upregulated in the cortex (Yasojima et al., 1999). 

Therefore, it is critical that NPs delivered to the brain do not induce 

additional complement activation. 

Donev et al. indicated that poly(acrylic acid)-polystyrene NPs and 

PEG-b-poly(propylene oxide)-b-PEG NPs did not compromise 
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neurogenesis and neurodevelopment in cultured human neural 

progenitor cells, and did not activate CS (Donev et al., 2011). 

Concerning liposomes, several studies provide evidences that 

liposomes could activate CS through two routes: naturally occurring 

Abs with high affinity for phospholipid headgroups or cholesterol 

binding to these vesicles (Alving, 1984) or the positively charged 

molecule C1q interacts directly with anionic phospholipids, such as CL, 

phosphatidic acid, phosphatidylserine and phosphatidylinositol, in the 

absence of specific Abs (Bradley et al., 1999). In addition, in vitro 

studies in rat serum have further demonstrated a key role for vesicle 

size in complement activation. Indeed, larger liposomes (200 nm or 

above) appeared to be stronger complement activators than their 

smaller counterpart of identical lipid composition and equivalent total 

surface area (Devine et al., 1994). Hypersensitivity reactions caused by 

liposomal and micellar drugs have also been reported from time to time 

and reviewed elsewhere (Szebeni et al., 2011). Since all these data 

concern the CS activation in blood, further studies on liposomal 

biocompatibility should be conducted in CNS to provide further 

insights on the risks associated with these promising targeting systems. 

 

1.3.5 Conclusion & future perspective 

Over the last decade, the potential use of NPs for AD therapy has been 

widely explored and relevant strategies have emerged to cross the BBB 

and manipulate the production, aggregation and clearance of Aβ, a 

putative main player in AD. However, many issues remain to be 

considered before nanotechnologies can be counted among AD 

remedies. For instance, the brain delivery of drugs obtained with drug-
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loaded NPs is currently quantitatively limited in comparison with the 

free drug, thus future emphasis should be addressed to the development 

of systems transporting pharmacologically relevant amounts of AD 

drugs into the brain. Another issue to be considered is the safety of 

developed nano-devices. As already mentioned, in fact, toxicity of NPs 

has not yet been fully understood, hence studies on this subject are 

mandatory. In the meanwhile, a complete understanding of the 

molecular and pathogenic events of AD could suggest new strategies 

for specific targeting of diseased brain areas, limiting adverse effects to 

bystanding healthy cells. 

It is desirable that these improvements could be reached working on 

already existing nano-devices rather than developing new ones. This 

would shorten the path to an effective therapy for AD. 
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1.4 IN VITRO AND IN VIVO MODELS FOR DRUG DESIGN 

AND TESTING 

1.4.1 In vitro models of the BBB 

A significant number of potential drugs for the treatment of CNS 

disorders fail because of their inability to penetrate through the BBB. 

Therefore, in order to evaluate the BBB permeability properties of drug 

targeting the CNS in vitro models of the BBB have been developed 

(Wilhelm et al., 2014). Although in vivo experiments represent the most 

accurate way to measure the ability of a drug to reach the brain, these 

experiments pose ethical and cost problems that make them poorly 

suitable for medium or high throughput screening. Conversely, reduced 

costs and greater reproducibility together with simplicity and versatility 

of working conditions make in vitro models useful tools that fulfil the 

most important criteria required in early stage of drug discovery 

(Reichel, 2006). 

The most widely used in vitro models are based on the culture of rodent 

or other non-human mammalian cells. However, interspecies 

differences of tight junction proteins, transporters, enzymes and 

specific receptors on endothelial cells must be considered because they 

might influence BBB permeability. For this reason, considerable effort 

has been made to establish human cerebral endothelial cell lines. One 

of the best characterized and most widely used human cerebral 

endothelial cell lines is the hCMEC/D3 that phenocopies the normal 

human BBB, in terms of polarized secretion and transport, architectural 

organization and protein expression (Weksler et al., 2005). Since its 

development, about 150 studies on different aspects of cerebral 

endothelial biology and pharmacology have been published (Weksler 
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et al., 2013). Therefore, this cell line represents a widely validated 

model of the human BBB that can be easily grown and is suitable for 

drug screening. 

In testing potential drugs for CNS disease, it is also important to 

consider that available BBB models mimic only healthy conditions 

without taking into account the BBB alterations associated with 

neurodegenerative diseases. In AD for example, several findings 

suggest the existence of alterations at the BBB level, which may affect 

drug performance in vivo: overexpression of RAGE (receptor for 

advanced glycation end-products), that transports Aβ, into the brain 

from the blood (Bell, 2012); downregulation of LRP1 (low-density 

lipoprotein-related protein-1) and P-glycoprotein (Pgp), that transport 

Aβ from the brain to the blood (Bell, 2012; van Assema et al., 2012); 

overexpression of claudin-5, a TJ protein sealing brain endothelium at 

cell-cell junctions, suggesting reduced paracellular BBB permeability 

in AD patients (Romanitan et al., 2010). 

Therefore, no truthful model for drug screening exists. However, a 

careful choice of the in vitro model, depending on the scope of the 

experiments, can make different BBB models very useful tools in drug 

delivery studies. 

The simplest models are based on a vertical distribution system, called 

tranwell system, in which cerebral endothelial cells are seeded on the 

porous filter of an insert in order to separate two different 

compartments: an upper one representing the blood (blood side) and a 

lower one representing the brain (brain side) (Figure 18). The pores of 

the membrane allow exchange of solutes between the apical and 

basolateral compartments and, depending on the pore size, even cellular 
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trafficking can be investigated. 

 

 

 

The major advantage of this monoculture models is their simplicity, 

which allows for relative high throughput screenings at moderate costs 

(Berezowski et al., 2004). The major disadvantage of the model is that 

the effects of other cellular components of the neurovascular unit 

(astrocytes, pericytes and neurons) is neglected. Nevertheless, this may 

be sufficient for many applications investigating the BBB permeability 

of potential drug candidates. 

However, as cell culture techniques have advanced in the last decade, 

more-sophisticated models that better reflect in vivo anatomy of the 

neurovascular unit have begun to emerge. These models are based on 

cerebral endothelial cells cultured in the presence of pericytes, 

astrocytes, and/or neurons in different arrangements. The major 

disadvantages of these type of models are to be relatively expensive and 

time-consuming. 

Since shear stress induced by blood flow has been demonstrated to 

significantly influence endothelial properties including barrier 

Figure 18. Graphical rapresentation of a transwell system. 
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properties as well (Cucullo et al., 2011; Naik and Cucullo, 2012), 

dynamic BBB models have been developed. These models try to mimic 

the in vivo blood flow by culturing endothelial cells in hollow fibers and 

circulating culture media creating a tunable shear stress. Despite the 

numerous advantages of this system, it is not suitable for rapid, high 

throughput studies and the establishment of the model requires specific 

technical skills. Furthermore, initially a large number of cells are 

needed to load the capillaries and the optically monitoring of cell 

morphology is not possible. 

Last generation of BBB in vitro models are represented by microfluidic 

models (van der Helm et al., 2016), which allow considerable 

downsizing of BBB models with the advantage of lower required cell 

number. In these models, cells of the neurovascular unit are also 

cultured on porous membranes but the membrane is placed at the 

interface of two microchannels, which allows flow of the culture 

medium. Again high costs and the lack of standardization are the main 

disadvantages of this method. 

 
1.4.2 Animal models of AD 

Despite their low cost and simplicity, in vitro models cannot resemble 

the complicated physiological environment of a whole organism. 

Although cell-based assays can provide some information, cultured 

cells do not mimic physiological conditions and complex interactions 

among different cell types and tissues, which are crucial in the evolution 

of the most of disorders. For this reason, animal studies remain 

dominant in the current paradigm for drug development, though time-

consuming, costly and ethically problematic. 
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Animal models aiming at studying human diseases emerged in the 

1800s and experienced a major boost during the last decades. In general, 

animal models of human disease can be classified into spontaneous 

models, presumed to develop their condition without experimental 

manipulation, pharmacological models, in which anatomical structures 

or essential pathways involved in the pathology are altered in order to 

lead to the condition, and transgenic models, based on one or several 

inserted human genes relevant to the disease.  

All types of animal models aim at replicating the symptoms and the 

lesions of AD have been produced in order to better understand the 

mechanisms leading to AD pathogenesis and progression and to test 

compounds for its treatment. However at the moment no animal model 

recapitulates all aspects of human AD, reflecting the limitations of 

using a non-human in vivo system to model a human condition that 

takes decades to develop and mainly involves higher cognitive 

functions (Van Dam and De Deyn, 2011).  

Early-stage animal testing for AD research is typically performed in 

rodents, followed by drug safety testing and certain efficacy evaluations 

in larger mammals, such as rabbits and dogs. Recently, alternative 

small-animal models are emerging, enabling a more cost-effective and 

rapid screening of compounds. These new models are characterized by 

small size, high fecundity and simpler experimental tractability and use 

both vertebrates (zebrafish, Danio rerio) and invertebrates (fruit fly, 

Drosophila melanogaster, and nematode, Caenorhabditis elegans) 

(Langley, 2014). However, by far the dominant animal models for AD 

research have been transgenic (Tg) mice, mostly based on amyloid 

hypothesis of AD causation (Elder et al., 2010; Howlett, 2011).  
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Modelling of AD in transgenic mouse models became reality in the 

mid-1990s with the development of the PDAPP model (Games et al., 

1995), followed in subsequent years by the Tg2576 (Hsiao et al., 1996) 

and APP23 (Sturchler-Pierrat et al., 1997) mouse models, currently the 

most widely used amyloidosis models in AD-related research. These 

first transgenic models overexpress the gene encoding for the human 

APP carrying mutations that increased the production of Aβ peptide. In 

particular, both the Tg2576 and APP23 model express human APP with 

the Swedish mutation driven by the hamster PrP and murine Thy-1 

promoter, respectively. These mice show striking histological 

similarities to features of AD at 12-15 months, with deposition of 

amyloid plaques in the cortex and hippocampus. Cognitive deficits are 

also observed, before plaques deposition in the brain parenchyma, at 

around 6-11 months, depending from the model (Dodart et al., 1999; 

Van Dam et al., 2003; Van Dam et al., 2005) and persist at later stages 

of the pathology.  

The discovery of familial AD mutations in the presenilin genes, which 

influence APP processing, opened the path for PS1 and PS2 transgenic 

mouse models and double-cross APP/PS models (McGowan et al., 

2006). In particular, double-cross APP/PS mice show an early onset if 

compared to Tg2576 and APP23 and a more severe pathology, thereby 

supporting the modifying role of PSEN. Among them, APP/PS1,  

overexpressing the Swedish mutation of APP together with PS1 deleted 

in exon 9 (Jankowsky et al., 2004), are characterized by early amyloid 

deposition, detectable at 5 months of age, followed by cognitive 

deficits, that appear at 9 months of age. Astrocytosis develops in 

parallel with plaque deposition, with severe gliosis starting around six 
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months, especially in the proximity of plaques. In addition, deficits in 

synaptic plasticity have been observed. The major limitations of the 

above-mentioned models are the lack of Neurofibrillary Tangles (NFT) 

formation and the absence of extensive neuronal death, characteristics 

that are both found in the human pathology. The lack of NFT was 

partially counterbalanced with the development of several (mutated) tau 

models and the crossing of tau and amyloidosis models. This triple 

mice, produced by the group of La Ferla (Oddo et al., 2003a; Oddo et 

al., 2003b) featured enhanced amyloid deposition prior to NFT 

pathology with a temporal and spatial profile equivalent to AD 

(McGowan et al., 2006) accompanied by tau phosphorylation, NFT-like 

formation and overt neuronal loss (Götz et al., 2004; Pérez et al., 2005). 

In addition, they show early-stage synaptic dysfunction and induction 

of inflammatory processes (Oddo et al., 2003a; Oddo et al., 2003b; 

Janelsins et al., 2005).  

The generation of transgenic rodent research models that develop some 

of the pathological hallmarks of AD has given a sizable boost to drug 

discovery efforts and has also raised many intriguing questions about 

the underlying disease process. However, one should never neglect the 

potential dangers of uncritical extrapolating from mouse to humans. 
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1.5 PREMISES FOR THE PRESENT WORK 

1.5.1 mApoE-PA-LIP 

In the context of AD, liposomes composed of sphingomyelin (Sm) and 

cholesterol (Chol) and functionalized with phosphatidic acid (PA) and 

with a modified peptide derived from the receptor-binding domain of 

Apolipoprotein E (mApoE) were designed (mApoE-PA-LIP) in order 

to cross the BBB and target Aβ. 

Liposomes composed of a matrix of Sm and Chol in equimolar ratio 

have been repeatedly utilized in vivo for therapeutic purposes, 

displaying good circulation times in blood, biocompatibility, resistance 

to hydrolysis, low ion permeability (Webb et al., 1995; Thomas et al., 

2006). Moreover, Sm/Chol bilayers are known to form raft-like or 

liquid-ordered domains that are representative of a native cellular 

membrane where Aβ accumulates (Choucair et al., 2007) and the 

presence of cholesterol was shown to strengthen the Aβ-membrane 

interaction (Qiu et al., 2009). In fact, the involvement of membrane 

lipids in AD had been extensively studied and a number of 

investigations reported their ability to interact with the peptide 

(Matsuzaki, 2007; Taylor and Hooper, 2007). Within this frame, 

preliminary immunostaining studies identified anionic phospholipids, 

such as PA, as suitable Aβ ligands. Molecular dynamics simulations 

confirmed that the presence of negatively charged phospholipids is 

pivotal to facilitate the interaction of liposomes with positively charged 

amino acids of Aβ peptide. However, since Aβ carries also negatively 

charged amino acids, residues, low proportions (5%) of these lipids in 

the bilayer are advantageous to decrease mutual repulsion (Ahyayauch 

et al., 2012). For this reason, and to avoid complement activation, PA 
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was integrated in the liposome bilayer at the concentration of 5 mol%. 

PA conferred liposomes a very high affinity for Aβ in all its aggregation 

forms, mostly oligomers and fibrils, as indicated by ultracentrifugation 

and Surface Plasmon Resonance (SPR) experiments. This high binding 

affinity was likely due to the occurrence of multivalent interactions, 

which also made the binding between liposomes and Aβ pseudo-

irreversible, with a very low dissociation rate constant (Gobbi et al., 

2010).  

Subsequently, in the searching for a strategy to cross the BBB, the 

attention was focused on the low-density lipoprotein receptor (LDLr)-

mediated pathway (Cerletti et al., 2000; Markoutsa et al., 2011). LDLr 

is present on capillary endothelial cells of several species and its 

expression is upregulated in the BBB with respect to other endothelia 

(Dehouck et al., 1994). Moreover, nanoparticles interacting with the 

LDLr via a specific apolipoprotein E (ApoE) amino acid sequence 

(corresponding to the binding domain of the ApoE, aa. 141-150) were 

shown to be transported across the BBB by transcytosis, bypassing the 

lysosomal degradation (Dehouck et al., 1997). To exploit the LDL-r 

pathway, the sequence corresponding to residues 141-150 of human 

ApoE peptide, modified with the attachment of the CWG sequence, 

CWG-LRKLRKRLLR, was attached at high density (1.25 mol%) as a 

monomer to Sm/Chol liposomes. As chemical linkage between the 

peptide and the NPs, the thiol-maleimide covalent coupling was chosen 

because of its ability to confer NPs the best performance in terms of 

permeability across an in vitro model of the BBB (Salvati et al., 2013). 

To allow the functionalization 2.5 mol% of 1,2-stearoyl-sn-glycero-3-

phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000)], 
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mal-PEG-PE, was added to the liposome composition. 

Functionalization with mApoE peptide increased the uptake of plain 

NPs by endothelial cells and enhanced the transport of a drug payload 

through the BBB in vitro (Re et al., 2011a).  

Joining the Aβ binding ability of PA with the ability of mApoE to cross 

the BBB, mApoE-PA-LIP were developed. Experiments with dually 

radiolabelled liposomes showed that bifunctionalization enhanced the 

passage of radioactivity across the BBB in vitro of 5-fold higher with 

respect to PA-LIP (Bana et al., 2014). Moreover, liposomes containing 

PA and decorated with the mApoE displayed the most efficient 

targeting of hCMEC/D3 cells. The competition experiments, showing 

a decreased mApoE-PA-LIP uptake in presence of free mApoE peptide, 

suggest the involvement of saturable system in their cellular 

internalization, most likely a receptor-mediated pathway (Pinzón-Daza 

et al., 2012), as already reported for other synthetic peptides mimetic of 

human ApoE (Datta et al., 2010). This speculation is supported by the 

experiments devoted to assess the intracellular distribution of mApoE-

PA-LIP, which showed that the uptake of these liposomes is 

presumably mediated by endocytosis (Garcia-Garcia et al., 2005; Re et 

al., 2011b). Regarding the Aβ binding ability, SPR showed that 

bifunctionalized liposomes mantained the ability to strongly bind Aβ 

(Kd = 0.6 μM) (Bana et al., 2014). Since Aβ aggregation process is 

central in AD pathogenesis and progression, the ability of mApoE-PA-

LIP to affect Aβ aggregation/disaggregation features was also evaluated 

in vitro through Thioflavin-T and SDS-PAGE/WB assays. mApoE-PA-

LIP inhibited peptide aggregation (70% inhibition after 72 h) and 

triggered the disaggregation of preformed Aβ aggregates (60% decrease 
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after 120 h incubation) (Bana et al., 2014). The fact that mono-

functionalized liposomes (PA-LIP or mApoE-LIP) were not able to do 

the same suggest the existence of a synergic action of PA and mApoE. 

The synergic action could arise from their interaction with different 

amino acids residues on Aβ aggregates. In fact, Molecular Dynamics 

Simulation studies (Ahyayauch et al., 2012) suggest that PA phosphate 

group, negatively charged, can interact with positively charged residues 

on Aβ peptide, while mApoE, positively charged (Datta et al., 2000), is 

likely to interact with negatively charged residues, present on Aβ 

peptide at physiological pH (Martineau et al., 2010). As for toxicity, 

biocompatibility studies were carried out in vitro on different cells types 

(endothelial and differentiated neuroblastoma cells) and showed that 

mApoE-PA-LIP did not affect the cell viability, BBB monolayer 

integrity, nitric oxide production and did not induce endoplasmic 

reticulum stress (Bana et al., 2014). Finally, before the in vivo proof of 

concept, a preliminary biodistribution study was carried out in Balb/c 

mice. Results showed a higher brain accumulation of radioactivity after 

peripheral administration of dually-radiolabeled mApoE-PA-LIP, with 

respect to PA-LIP, suggesting that bifunctionalization is crucial to 

enhance BBB crossing also in vivo. The ratio between the two 

radiotracers, comparable in the blood and in the brain, suggested that 

mApoE-PA-LIP could reach the brain in an intact form (Bana et al., 

2014).  

Taken all together, these results suggest that mApoE-PA-LIP are 

valuable nanodevices with a potential applicability in vivo for the 

treatment of AD. 
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1.5.2 PINPs 

In parallel with the development of mApoE-PA-LIP, liposomes 

functionalized with a fusion peptide (RI-OR2-TAT), made by a retro-

inverted peptide (RI-OR2) attached to the HIV cell-penetrating 

sequence (TAT), were also designed for AD therapy. 

OR2 peptide (RGKLVFFGR-NH2) was designed as a potential Aβ 

aggregation inhibitor using Aβ hydrophobic residues 16-20 (KLVFF), 

part of the binding region responsible for Aβ self-association and 

consequent aggregation (Tjernberg et al., 1996). It was already 

demonstrated that modified synthetic peptides based on the sequence of 

Aβ central region were able to prevent its conversion to β-sheet-rich 

aggregated structures (Ghanta et al., 1996; Soto et al., 1998; Findeis et 

al., 1999; Gordon et al., 2001; Kokkoni et al., 2006). However, these 

reported inhibitors were designed to block the formation of the late 

aggregates rather than the most toxic early aggregates of Aβ and 

therefore, they were only able to partially reverse the toxicity of Aβ 

aggregates. To aid solubility and, at the same time, to prevent it from 

self-aggregating and so acting as a “seed” to promote Aβ aggregation, 

an additional cationic Arg was added at its N- and C-termini using a 

Gly as a spacer. An amide group was also added at the C-terminus to 

render the peptide less charged. 

As assessed by Th-T assay and electron microscopy, OR2 was able to 

completely prevent Aβ fibril formation and was also shown to be a 

potent inhibitor of Aβ oligomerization, as shown by size exclusion 

chromatography and oligomer specific ELISA (Austen et al., 2008). 

This latter effect was probably due to the binding of the monomeric Aβ 

molecule and correlated with the ability of the peptide to protect human 
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neuroblastoma SHSY5Y cells from Aβ-induced toxicity (Austen et al., 

2008). However, peptides are short-lived molecules in vivo and to 

convert them into useful drugs it is usually necessary to transform them 

into peptidomimetics. Many previous studies, with a variety of different 

peptide ligands, showed that retro-inverso peptides can maintain a 

topology, a potency, and a selectivity similar to those of their native 

“parent” molecules, but displaying a much improved bioavailability 

profile, following oral or intravenous administration, because of their 

greatly enhanced stability to proteolysis (Chorev and Goodman, 1993; 

Chorev and Goodman, 1995). In fact, in a retro-inverso peptide, all of 

the natural L-amino acids are replaced with the D-enantiomer and the 

peptide bonds are also reversed, conferring proteolysis resistance. For 

these reasons, a “retro-inverso” version of OR2 was designed (RI-

OR2). Unlike OR2, RI-OR2 was highly stable to proteolysis and 

completely resisted breakdown in human plasma and brain extracts. In 

SPR experiments, RI-OR2 was shown to bind to both Aβ monomers 

and fibrils and maintained the OR2 ability to inhibit Aβ oligomer and 

fibril formation as well as to reverse Aβ toxicity toward SH-SY5Y 

neuroblastoma cells (Taylor et al., 2010). 

As a final step in the design of the fusion peptide to be linked on the 

surface of PINPs liposomes, a retro-inverted version of the HIV protein 

transduction domain ‘TAT’ (Green and Loewenstein, 1988) was 

attached to RI-OR2 in order to target the peptide, called RI-OR2-TAT, 

to the brain and make it a suitable drug candidate for AD. RI-OR2-TAT 

displayed similar properties to RI-OR2 as an inhibitor of Aβ 

aggregation and Aβ-induced toxicity in vitro and showed an increased 

binding affinity to Aβ, probably due to the presence of several 
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positively charged amino-acid residues on the TAT portion 

(Parthsarathy et al., 2013). The retro-inverted TAT sequence was 

effective as a transit peptide, as demonstrated by the rapid entry of the 

fluorescent peptide into cultured SHSY-5Y cells. Following its 

peripheral injection, a fluorescein-labelled version of RI-OR2-TAT was 

also found to cross the blood brain barrier and bind to the amyloid 

plaques and activated microglial cells present in the cerebral cortex of 

17-months-old APP/PS1 transgenic mice (Parthsarathy et al., 2013). 

The interaction with amyloid plaques was in accordance with the 

relatively high binding affinity between RI-OR2-TAT and Aβ fibrils, 

as assessed by SPR. The finding that RI-OR2-TAT accumulates inside 

activated microglial cells was also expected, because they actively take 

up amyloid by phagocytosis and are involved in the clearance of Aβ 

(Paresce et al., 1997). In order to determine effects on brain pathology, 

RI-OR2-TAT was injected peripherally into APP/PS1 mice every day 

for 21 days, at 100 nmol/kg. This dose was chosen because it is similar 

to that used in a previous study with another peptide drug (McClean et 

al., 2011). The treatment resulted in a marked and highly significant 

reduction in amyloid plaque load, in the numbers of activated microglial 

cells and in the amount of oxidative damage. RI-OR2-TAT also reduced 

the level of Aβ oligomers in the cerebral cortex of the APP/PS1 mice. 

The inhibition of amyloid plaque load as well as the reduction of 

oxidative stress were speculated to be a consequence of RI-OR2-TAT 

ability to reduce microglial cell number, resulting in fewer activated 

microglial cells congregating around the amyloid cores of senile 

plaques and releasing less free radicals and cytokines involved in 

chronic inflammation and oxidation reactions (Holscher, 1998). 
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However, the inhibition of oxidative damage could also be linked 

directly with the effects of RI-OR2-TAT on Aβ aggregation. Reactive 

oxygen species (ROS) have been shown to be generated during the early 

stages of Aβ aggregation, via an interaction between Aβ and redox-

active metal ions, and an early-stage aggregation inhibitor would be 

expected to block this source of ROS formation (Tabner et al., 2005). 

Aβ oligomers have also been reported to induce calcium ion influx into 

cells and, subsequently, oxidative damage, through their ability to form 

ion-permeable ‘pores’ in cell membranes (Kagan and Thundimadathil, 

2010). The reduction of microglial cell load and oxidative stress seen 

following treatment with RI-OR2-TAT could, therefore, be a 

‘downstream’ consequence of the ability of this inhibitor to reduce Aβ 

oligomer and/or amyloid fibril formation. The peripheral administration 

of RI-OR2-TAT had also a marked effect on stimulation of 

neurogenesis. Inhibition of nerve stem cell proliferation could be a 

downstream consequence of Aβ aggregation (Monje et al., 2003; 

Cunningham and Skelly, 2011). Thus, RI-OR2-TAT could rescue brain 

stem cells from the damaging pro-inflammatory effects of Aβ.  

Together, the obtained results identify RI-OR2-TAT as a potential 

disease-modifying treatment for AD. 
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1.6 SCOPE OF THE THESIS 

A consistent body of evidence establishes a central role of Aβ in the 

pathogenesis of AD. This peptide, released from cells, progressively 

aggregates and accumulates, depositing as extracellular plaques 

detectable post mortem in AD brains and causing a downstream series 

of pathological events that finally lead to neuronal degeneration, 

cognitive dysfunction and memory loss, main clinical features of the 

disease. Focusing on brain Aβ as the target, the aim of the present work 

was the design and testing of nanoliposomes functionalized to cross the 

BBB and to interact with Aβ. Two different liposome preparations were 

object of the present work: i) mApoE-PA-LIP, liposomes 

bifunctionalized with mApoE, a peptide derived from the 

apolipoprotein-E receptor-binding domain for BBB targeting, and with 

PA, phosphatidic acid, for Aβ binding; ii) PINPs, liposomes 

functionalized with RI-OR2-TAT, a retro-inverted fusion peptide made 

by a combination of the Aβ aggregation inhibitor, RI-OR2, and the HIV 

‘TAT’ cell penetrating peptide. 

 

Based on previous observations obtained in vitro, in Chapter 2 the 

therapeutic efficacy of mApoE-PA-LIP was investigated in Tg AD 

mouse models, considering the effects of the treatment on memory 

impairment and amyloid pathology. 

 

In Chapter 3 the mechanism of action of mApoE-PA-LIP was explored 

and their ability to draw out Aβ from the brain (sink effect), previously 

postulated, was evaluated using a transwell cellular model of the BBB. 
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The possibility to prevent or delay AD progression by a long-term 

treatment with mApoE-PA-LIP was analyzed in Chapter 4. Besides the 

effects on memory impairment and amyloid pathology, the influence on 

the onset of anatomical abnormalities linked to AD, the modification of 

molecular pathways involved in Aβ production and clearance and the 

toxicity of the treatment were considered.  

 

Regarding PINPs, in Chapter 5 their effects on Aβ aggregation and 

toxicity as well as their ability to cross the BBB were assessed in vitro. 

Moreover, their efficiency in entering the brain of healthy mice and in 

affecting cognitive deficit in AD Tg mice was investigated.  
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Abstract 

Alzheimer’s disease is characterized by the accumulation and 

deposition of plaques of β-amyloid (Aβ) peptide in the brain. Given its 

pivotal role, new therapies targeting Aβ are in demand. We rationally 

designed liposomes targeting the brain and promoting the 

disaggregation of Aβ assemblies and evaluated their efficiency in 

reducing the Aβ burden in Alzheimer’s disease mouse models. 

Liposomes were bifunctionalized with a peptide derived from the 

apolipoprotein-E receptor-binding domain for blood-brain barrier 

targeting and with phosphatidic acid for Aβ binding. Bifunctionalized 

liposomes display the unique ability to hinder the formation of, and 

disaggregate, Aβ assemblies in vitro (EM experiments). Administration 

of bifunctionalized liposomes to APP/presenilin 1 transgenic mice 

(aged 10 months) for 3 weeks (three injections per week) decreased 

total brain-insoluble Aβ1– 42 (-33%), assessed by ELISA, and the 

number and total area of plaques (-34%) detected histologically. Also, 

brain Aβ oligomers were reduced (-70.5%), as assessed by SDS-PAGE. 

Plaque reduction was confirmed in APP23 transgenic mice (aged 15 

months) either histologically or by PET imaging with [11C]Pittsburgh 

compound B (PIB). The reduction of brain Aβ was associated with its 

increase in liver (+18%) and spleen (+20%). Notably, the novel-object 

recognition test showed that the treatment ameliorated mouse impaired 

memory. Finally, liposomes reached the brain in an intact form, as 

determined by confocal microscopy experiments with fluorescently 

labeled liposomes.  

These data suggest that bifunctionalized liposomes destabilize brain Aβ 

aggregates and promote peptide removal across the blood– brain barrier 



121 
 

and its peripheral clearance. This all-in-one multitask therapeutic 

device can be considered as a candidate for the treatment of 

Alzheimer’s disease. 
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2.1 INTRODUCTION 

Alzheimer’s disease (AD), the most common form of dementia 

afflicting ∼36 million people worldwide, is a neurodegenerative disease 

characterized by synaptic dysfunction, memory loss, and neuronal cell 

death (Selkoe et al., 2012). It is mainly diffused in its sporadic form, 

although in a minor population, it is of the familial type, which is caused 

by mutations in the amyloid precursor protein (APP) or presenilin 1 

(PS1) or 2 (PS2) genes (Bertram and Tanzi, 2012). AD brains are 

characterized by extracellular plaques, mainly composed of β-amyloid 

(Aβ), a 40–42 aa (Aβ1–40; Aβ1–42) proteolytic fragment of the 

membrane-associated APP (Verbeek et al., 1997). Aβ undergoes an 

aggregation process leading to the formation of small, soluble 

oligomeric species and large, insoluble fibrillar species (Bruggink et al., 

2012) and ending with the deposition of plaques. Elevated levels of Aβ 

and its neurotoxic aggregates, oligomers in particular, in the brain are 

believed to be associated with perturbations of synaptic function and 

neural network activity, leading to cognitive deficits and 

neurodegeneration (Palop and Mucke, 2010). 

Based on this knowledge, different Aβ-directed therapeutic strategies 

attempting to reduce brain Aβ burden are currently under investigation, 

including possibly drawing the Aβ excess out of the brain by peripheral 

administration of Aβ-binding agents: the so-called “sink effect” 

(Matsuoka et al., 2003; Biscaro et al., 2009; Sutcliffe et al., 2011). 

Nanotechnological devices, and in particular nanoparticles, have been 

suggested as potential tools for the therapy of CNS diseases (Re et al., 

2012). Liposomes (LIPs), the best-known nanoparticles (Chang and 

Yeh, 2012), are currently used in the clinic as drug vehicles. However, 
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the possibility of multifunctionalization may confer on them the ability 

to perform multiple tasks at the same time. Following this view, within 

the present investigation, we have designed multifunctional LIPs for 

AD therapy. 

The objectives for their construction were to confer on them the abilities 

to (1) cross the blood-brain barrier (BBB), (2) hinder the formation of 

and enhance the disruption of brain Aβ aggregates into smaller soluble 

assemblies, and (3) enhance their clearance from the brain. To reach 

this goal, relying on previous observations obtained in vitro, we have 

bifunctionalized LIPs composed of sphingomyelin (Sm) and 

cholesterol (Chol) with phosphatidic acid (PA) with the task of binding 

Aβ (Gobbi et al., 2010) and with a peptide (mApoE) derived from the 

receptor-binding domain of apolipoprotein E, with the task of targeting 

and crossing the BBB (Re et al., 2010, 2011; Bana et al., 2013). The 

present study reports the therapeutic effectiveness of bifunctionalized 

LIPs (mApoE-PA-LIP) in transgenic (Tg) AD mouse models, 

demonstrating their effects on both the reduction of amyloid burden and 

memory improvement. 
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2.2 MATERIALS AND METHODS 

Preparation and characterization of LIPs 

Bifunctionalized LIPs (mApoE-PA-LIP) were prepared as described 

previously (Re et al., 2010; Bana et al., 2013) by an extrusion procedure 

using polycarbonate filters (100 nm pore size diameter) and were 

composed of a matrix of bovine brain Sm and Chol at 1:1 molar ratio, 

mixed with 5% molar of dimyristoyl-PA and further surface 

functionalized with 1.25% molar of mApoE peptide. mApoE peptide, 

carrying the amino acid sequence CWG-LRKLRKRLLR 

corresponding to residues 141–150 of human ApoE, modified with the 

addition of a tryptophan, glycine, and cysteine residue at the C-terminal, 

was synthesized and purified as described previously (Re et al., 2010, 

2011). As controls, monofunctionalized LIPs with PA (PA–LIP) or 

mApoE (mApoE–LIP) were also prepared as described previously 

(Gobbi et al., 2010; Re et al., 2011). 

For pharmacokinetic and biodistribution experiments, LIPs contained 

6X105 dpm of either [14C]PA or [3H]Sm (∼0.001-0.002 molar 

percentage of total lipids) added as tracers to follow lipid distribution 

by radioactivity counting. 

For confocal microscopy experiments, fluorescent LIPs were used 

carrying BODIPY-FL C12-sphingomyelin in the lipid bilayer and 

Rhodamine B encapsulated in the aqueous core. BODIPY-FL C12-

sphingomyelin (Invitrogen) was added to the lipid mixture during the 

preparation of LIPs, and the lipid film was rehydrated with a solution 

of 20 mM Rhodamine B (Sigma-Aldrich) and submitted to six cycles 

of freezing and thawing before being extruded. To remove any 

unencapsulated material, LIPs were subjected to three cycles of 
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diafiltration through 30,000 molecular weight (MW) cutoff 

membranes. 

LIP size and ζ-potential were characterized as described previously (Re 

et al., 2010; Bana et al., 2013) and were stable for at least 5 d, as 

reported (Bana et al., 2013). However, LIPs for animal treatment were 

freshly prepared on the same day of each injection. 

Electron microscopy 

Electron microscopy (EM) was used to characterize bifunctionalized 

LIPs and to investigate their ability to either hinder the formation of 

fibrils or disrupt preformed Aβ1–42 aggregates. To verify the shape and 

size, 400 µM mApoE-PA-LIP in PBS were dropped onto nickel 

Formvar–carbon-coated 300 mesh EM grids (Electron Microscopy 

Science) for 3 min, successively stained for 5 min with a saturated 

solution of uranyl acetate, washed to eliminate excess uranyl acetate, 

and allowed to air dry. To study the ability of LIPs to hinder the 

formation of or to disaggregate preformed fibrils of Aβ1–42, the 

following procedure was used: in the former case, a solution of 25 µM 

Aβ1–42 was incubated alone or in the presence of a 1 mM solution of 

LIPs for 5 d at 37°C in PBS, and, in the latter case, after peptide 

aggregation, fibril suspension was incubated for 5 d with 1 mM LIP 

solution. At the end of the incubation in either case, all samples were 

diluted to a final concentration of 5 µM Aβ1–42 and dropped onto nickel 

Formvar-carbon grids. EM analyses was done with a Libra 120 

transmission electron microscope operating at 120 kV equipped with a 

Proscan Slow Scan CCD camera (Carl Zeiss SMT). 
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Pharmacokinetic and biodistribution experiments 

Six- to 8-week-old BALB/c mice weighting 22-25 g were used for these 

studies. One hundred microliters of 40 mM (total lipid concentration) 

PA-LIP or mApoE-PA-LIP, containing 130µg of PA and 6X105 dpm 

of [14C]PA and [3H]Sm (in 1:1 ratio), were administered by three 

intraperitoneal injections (48 h apart). Mice were killed 24 h after the 

last injection (three mice per experimental group). Blood, liver, spleen, 

kidneys, lungs, and brain were collected and solubilized by digestion as 

described previously (Wan et al., 2007). Radioactivity was measured 

by a Packard Tricarb 2200CA liquid scintillation counter (PerkinElmer 

Life and Analytical Sciences). 

 

Animals 

Forty APPswe/PS1Δe9 (APP/PS1) 10-month-old Tg male mice [B6C3-

Tg(APPswe,PSEN1dE9)85Dbo/Mmjax mice; The Jackson 

Laboratory], mean weight of 33–34 g, and 20 non-Tg (WT) age-

matched littermates were used. For some confirmatory positron 

emission tomography (PET) experiments, three APPswe single Tg 

(APP23) mice, 15 months old (Novartis Pharma), and three non-Tg 

(WT) C57/6N mice, 18 months old, were used. All animals were 

specific pathogen free (SPF) and were housed in an SPF facility in 

groups of four in standard mouse cages containing sawdust with food 

(2018S Harlan diet) and water ad libitum, under conventional 

laboratory conditions (room temperature, 20 ± 2°C; humidity, 60%) and 

a 12 h light/dark cycle (7:00 A.M. to 7:00 P.M.). No environmental 

enrichment was used because it notably improves AD pathology in 

mouse models of AD (Lazarov et al., 2005; Valero et al., 2011). Mice 
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were all drug and behavioral test naive, and the experiments were all 

conducted during the light cycle. All procedures involving animals and 

their care were conducted according to European Union (EEC Council 

Directive 86/609, OJ L 358,1; December 12, 1987) and Italian (Decreto 

legislativo 116, Gazzetta Ufficiale s40, February 18, 1992) laws and 

policies and in accordance with the United States Department of 

Agriculture Animal Welfare Act and the National Institutes of Health 

policy on Human Care and Use of Laboratory Animals. They were 

reviewed and approved by the Mario Negri Institute Animal Care and 

Use Committee, which includes ad hoc members for ethical issues 

(1/04-D). 

 

Animal treatment 

All animals (Tg or WT) were intraperitoneally injected with mApoE–

PA–LIP (100 µl, 73.5 mg of total lipids/kg) or with PBS as a vehicle 

(100 µl) once every other day for 3 weeks. The weight of the animals 

was recorded before each treatment. Two experimental groups were 

treated with mApoE–PA–LIP (APP/PS1 and WT mice, n=10 for each), 

two control groups were treated with PBS (APP/PS1 and WT, n=19 for 

each), and two more Tg groups received monofunctionalized PA-LIP 

or mApoE-LIP (n=10 for each). To minimize the effect of subjective 

bias, animals were allocated to treatment by an operator not involved in 

the study, and animal groups were named with numbers. Drug 

treatments were performed in a blind manner by naming them with 

alphabetic letters. Mice were treated always at the same time of the day 

(9:00–10:00 A.M.) in a specific room inside the animal facility, 
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following a randomized order. Each single mouse was our experimental 

unit. 

 

Blood and tissue collection 

Animals were deeply anesthetized with an overdose of 

ketamine/medetomidine (1.5 and 1.0 mg/kg, respectively), and the 

blood was collected from the heart for plasma separation. Afterward, 

liver, spleen, and brain were dissected and weighed. One brain 

hemisphere was fixed and processed for immunohistochemistry; the 

other hemisphere, liver, spleen, and plasma were snap frozen in dry ice 

and stored at -80°C (Cramer et al., 2012) until Aβ dosage by ELISA. 

 

Brain immunohistochemistry 

APP/PS1 plaque deposition was examined using the 6E10 monoclonal 

anti-Aβ antibody (Covance), microglia with anti-ionized calcium 

binding adaptor molecule 1 (Iba1; DBA), and astrocytes with anti-glial 

fibrillary acidic protein (GFAP; Millipore) antibodies. Brain coronal 

cryostat sections (30 µm; three slices per mouse) were incubated for 1 

h at room temperature with blocking solutions [6E10: 10% normal goat 

serum (NGS); Iba1: 0.3% Triton X-100 plus 10% NGS; GFAP: 0.4% 

Triton X-100 plus3%NGS] and then overnight at 4°C with the primary 

antibodies (6E10, 1:500; Iba1, 1:1000; GFAP, 1:3500). After 

incubation with the anti-mouse biotinylated secondary antibody (1:200; 

1 h at room temperature; Vector Laboratories) immunostaining was 

developed using the avidin– biotin kit (Vector Laboratories) and 

diaminobenzidine (Sigma). Tissue analysis and image acquisition were 

done using an Olympus image analyzer and the Cell-R software. 
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Plaques were quantified by an operator blind to genotype and treatment 

using Fiji software, through the application of a homemade macro. 

Plaque deposition was also examined on APP23 mice using either the 

6E10 monoclonal anti-Aβ antibody as described above or Thioflavin-S 

as described previously (Snellman et al., 2013). 

 

Aβ plaque imaging by PET in APP23 mice 

APP23 mice were used for PET experiments because it has been shown 

that the probe does not sufficiently bind to the plaques in the APP/PS1 

mouse brain (Snellman et al., 2013). [11C]Pittsburgh compound B (PIB) 

was synthesized as published previously (Snellman et al., 2013). Mean 

specific radioactivity of the batches was 536 ± 112 GBq/µmol at the 

end of synthesis. [11C]PIB (injected dose, 10.4 ± 0.7 MBq) was 

administered via the tail vain. PET/computed tomography (CT) scans 

were performed with Inveon Multimodality PET/CT device (Siemens), 

and dynamic 60 min scans (timeframes, 30X10, 15X60, 4X300, and 

2X600 s) in 3-D list mode were initiated simultaneously with the 

injection. Images were reconstructed with a 2-D filtered backprojection 

algorithm. Animals were first imaged during the week before treatment 

(scan 1 at 15 and 18 months of age), then during the week after the 

treatment (scan 2 at 16 and 19 months of age), and finally 3 months 

after the treatment (scan 3 at 19 and 22 months of age). From the 

dynamic PET images, time-radioactivity curves for brain, frontal 

cortex, and cerebellum were obtained from regions of interest manually 

drawn to the CT image and projected to the PET image. Bound-to-free 

ratios (B/F40–60) for the frontal cortex were determined from the late 
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phase (40–60 min) of the time-radioactivity curves as described 

recently using cerebellum as a reference region (Snellman et al., 2013). 

 

Novel-object recognition test 

The novel-object recognition (NOR) test is a memory test that relies on 

spontaneous animal behavior without the need of stressful elements, 

such as food or water deprivation or electric footshock (Antunes and 

Biala, 2012). In the NOR test, mice are introduced into an arena 

containing two identical objects that they can explore freely. Twenty-

four hours later, mice are reintroduced into the arena containing two 

different objects, one of which was presented previously (familiar) and 

a new completely different one (novel). At the end of treatment, mice 

were tested in an open-square gray arena (40 X 40 cm), 30 cm high, 

with the floor divided into 25 squares by black lines, placed in a specific 

room dedicated to behavioral analysis and separated from the operator’s 

room. The following objects were used: a black plastic cylinder (4 X 5 

cm), a glass vial with a white cup (3 X 6 cm), and a metal cube (3X5 

cm). The task started with a habituation trial during which the animals 

were placed in the empty arena for 5 min, and their movements were 

recorded as the number of line crossings, which provide an indication 

of both WT and Tg mice motor activity. Mice were tested following a 

predefined scheme (five mice for each treatment group and the 

remaining mice by following the same scheme) so to precisely maintain 

the 24 h of retest for each mouse. The next day, mice were again placed 

in the same arena containing two identical objects (familiarization 

phase). Exploration was recorded in a 10 min trial by an investigator 

blinded to the genotype and treatment. Sniffing, touching, and 
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stretching the head toward the object at a distance of no more than 2 cm 

were scored as object investigation. Twenty-four hours later (test 

phase), mice were again placed in the arena containing two objects, one 

of the objects presented during the familiarization phase (familiar 

object) and a new different one (novel object), and the time spent 

exploring the two objects was recorded for 10 min. Results were 

expressed as percentage time of investigation on objects per 10 min or 

as discrimination index (DI), i.e., (seconds spent on novel – seconds 

spent on familiar)/(total time spent on objects). Animals with no 

memory impairment spent a longer time investigating the novel object, 

giving a higher DI. 

 

Aβ quantification in animal organs 

Mouse brains were treated as described previously (Steinerman et al., 

2008) with some modifications. Mouse brain hemispheres were 

homogenized in a Tris buffer containing 50 mM Tris-HCl, pH 7.4, 150 

mM NaCl, 50 mM EDTA, 1% Triton X-100, and 2% protease inhibitor. 

After centrifugation (15,000 rpm, 21,000 X g, 4°C for 25 min), the 

supernatant was retained as the Triton-soluble fraction (soluble Aβ). 

The pellet was homogenized a second time in the presence of 70% 

formic acid (FA) (10% v/w) and ultracentrifuged (55,000 rpm, 100,000 

X g, 4°C, 1 h), and the resulting FA-extracted supernatant was 

neutralized with 1 M Tris buffer, pH 11, representing the FA-extracted 

insoluble fraction. Levels of Aβ1–40 and Aβ1–42 in each fraction were 

quantified by sandwich ELISA (ELISA kit; IBL). 

Liver and spleen were homogenized, and their Aβ levels were 

quantified as for the brain. Levels of plasma Aβ1–40 and Aβ1–42 were 
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quantified by ELISA (Wako Chemicals). Each sample was assayed in 

triplicate. 

 

Brain Aβ oligomer analysis 

Aliquots of the Triton-soluble fractions (soluble Aβ), containing 45µg 

of total protein, were run on a precast NuPAGE 4–12% bis-Tris gel 

(Invitrogen), transferred to a nitrocellulose membrane, probed with the 

6E10 anti-Aβ antibody (1:1000 dilution), and visualized with enhanced 

chemiluminescence (ECL) by ImageQuant LAS4000. The protein load 

was controlled either by Ponceau S staining or β-actin immunoblotting 

using rabbit anti-β-actin antibody (1:1500 dilution; Invitrogen). The 

content of soluble Aβ assemblies was quantified by the intensity of the 

chemiluminescent bands using NIH ImageJ Software and normalized 

with respect to the β-actin content of the same sample. 

 

Confocal microscopy 

To investigate whether mApoE-PA-LIP entered the brain in an intact 

form, APP/PS1 mice (100 µl, 73.5 mg of total lipids/kg) were 

intraperitoneally injected with fluorescently labeled mApoE-PA-LIP or 

with PBS as vehicle (100 µl), once a day for 3 consecutive days. Three 

hours after the last injection, animals were killed, and the brains were 

fixed in 4% paraformaldehyde for 24 h, transferred to 30% sucrose until 

the tissue sank, and frozen at -80°C. Brain coronal cryostat sections (30 

µm) were washed three times in PBS, and the nuclei were stained with 

DAPI (1:500 in PBS) for 10 min and then washed again four times in 

PBS. The sections were finally mounted with Fluorsave (Calbiochem) 

and viewed under a laser-scan confocal microscope (Zeiss LSM 710) 
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using a 20X objective in fluorescence and bright-field combined 

acquisition mode. 

Images were acquired focusing on the hippocampus using a 63X oil-

immersion objective, generating a 3-D reconstruction using an 

appropriate optical sectioning (Z-stack). The images shown have been 

obtained as the sum of several focal planes with a thickness of 0.63 µm 

each, giving information related to the entire volume of the analyzed 

sections. This procedure ensures a “full-volume” data collection. 

Acquisition parameters were set to select the specific wavelength of the 

fluorescent LIPs injected, reducing any possible interference from auto-

fluorescence, and were maintained constant for all the experiments. In 

detail, DAPI signals were recorded in the 406-475 nm emission range 

using a 405 nm laser wavelength, and mApoE-PA-LIP signals were 

detected in the 493-542 nm emission range using a 488 nm laser 

wavelength for BODIPY-FL and in the 562-626 nm emission range 

using a 561 nm laser wavelength for Rhodamine B. 

 

Statistical analysis 

Data were expressed as mean ± SEM. For ELISA assay, Western blot 

and plaque quantification data were analysed by Student’s t test. For the 

NOR test, data were analyzed by a two-way ANOVA. In the presence 

of a significant interaction between the factors Tg X treatment, the 

Tukey’s post hoc test was applied. p < 0.05 was considered significant. 
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2.3 RESULTS 

The physicochemical features of mApoE-PA-LIP are reported in Table 

1.  

 

 

Table 1. Size, polydispersity index (PDI), and ζ-potential of LIPs were measured by 
the dynamic light scattering technique and interferometric Doppler velocimetry. 

 

An EM image of the LIP preparation is shown in Figure 1A. EM 

experiments confirmed their ability to inhibit, in vitro, the formation of 

amyloid aggregates and to disrupt preformed fibrils, as reported 

previously using other techniques (Bana et al., 2013). In fact, as shown 

in Figure 1B-D, the meshwork of the amyloid fibrils formed by Aβ1–42 

was significantly reduced when the peptide aggregation was performed 

in the presence, or after incubation, of mApoE-PA-LIP with preformed 

fibrils. 
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Pharmacokinetic experiments, reported in Figure 2, were performed by 

intraperitoneal administration of dually radiolabeled ([14C]PA and 

[3H]Sm) PA-LIP or mApoE-PA-LIP in BALB/c mice to assess the 

radioactivity distribution in blood, liver, spleen, kidneys, lungs, and 

brain. The results show that the amount of radioactivity reaching the 

brain in vivo is higher for mApoE-PA-LIP than for monofunctionalized 

PA-LIP. Furthermore, the data show that the ratio between 14C and 3H 

detected in the brain is comparable with the ratio between the two 

isotopes (∼1:1) of the mApoE-PA-LIP injected. 

Figure 1. EM characterization of mApoE-PA-LIP and their ability to hinder the 
formation and disaggregate Aβ assemblies in vitro. A, Electron micrograph of 
mApoE-PA-LIP used in the present investigation. B, Fibrillary assemblies of 25µM
Aβ1– 42 formed after 5 d incubation at 37°C. C, Fibrillary assemblies of 25µM Aβ1– 42

formed after 5 d incubation with 1 mM mApoE-PA-LIP at 37°C. D, Fibrillary 
assemblies of Aβ1– 42 obtained as in B and then incubated with 1 mM mApoE-PA-LIP.
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Figure 2. The additional functionalization with mApoE of radiolabeled PA-LIP 
administered to healthy mice increases the amount of brain-associated radioactivity. 
Dually radiolabeled ([3H]Sm and [14C]PA) mApoE-PA-LIP or PA-LIP (100µl, 73.5  
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APP/PS1 Tg mice were treated with either bifunctionalized mApoE-

PA-LIP or monofunctionalized LIP (PA-LIP or mApoE-LIP) or with 

PBS, as vehicle, for 3 weeks and submitted to an NOR test. Figure 3 

shows that, although PBS-treated APP/PS1 mice were unable to 

discriminate between the familiar and the novel object (percentage time 

of investigation per 10 min: familiar, 47.2 ± 2.2; novel, 52.8 ± 2.2; DI, 

0.02 ± 0.04; n = 19), after treatment, only mice receiving mApoE–PA–

LIP significantly recovered their long-term recognition memory 

(percentage time of investigation per 10 min: familiar, 36.2 ± 5.1; novel, 

63.8 ± 5.1; DI, 0.28 ± 0.1; n = 10), close to the values of PBS-treated 

WT mice (percentage time of investigation per 10 min: familiar, 37.0 ± 

2.4; novel, 63.0 ± 2.4; DI, 0.28 ± 0.04; n = 19). One-way ANOVA for 

the DI found a significant effect of treatment (F(5,72) = 3.5, p = 0.006). 

Interestingly, in contrast to bifunctionalized LIPs, only a slight, albeit 

nonstatistically, significant memory improvement was observed after 

treatment with monofunctionalized LIP (percentage time of 

investigation per 10 min: PA–LIP, familiar, 41.3 ± 4.2; novel, 59.0 ± 

4.2; DI, 0.18 ± 0.08; n = 10; mApoE-LIP, familiar, 43.7 ± 2.8; novel, 

56.3 ± 2.8; DI, 0.13 ± 0.06; n = 10). 

  

mg of total lipids/kg) were administered intraperitoneally to BALB/c mice (n = 3; 6-
8 weeks old), three injections (1 injection every 48 h). Mice were killed 3 h after the 
injections, blood, liver, spleen, kidneys, lungs, and brain were collected, and 
radioactivity was measured. A, Amount of [14C]PA (expressed as percentage of 
injected dose) in mouse brain after one, two, or three injections of PA-LIP or mApoE-
PA-LIP. B, Amount of [3H]Sm (expressed as percentage of injected dose) in mouse 
brain after one, two, or three injections of PA-LIP or mApoE-PA-LIP. C, [14C]PA 
biodistribution (expressed as radioactivity percentage of injected dose) in blood, liver, 
spleen, kidney, lung, and brain. Student’s t test , *p < 0.05. 
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In addition, we demonstrated that mApoE–PA–LIP treatment had no 

negative effect on the memory of WT mice (percentage time of 

investigation per 10 min: familiar, 37.3 ± 3.4; novel, 62.7 ± 3.4; DI, 

0.25 ± 0.07; n = 10) and did not affect mouse weight and motor activity 

(data not shown). 

At the end of behavioral investigation by the NOR test, APP/PS1 mice 

were killed, and half of the brain was postfixed and subsequently 

immunostained for plaque quantification. As expected at the age 

investigated (Balducci and Forloni, 2011), APP/PS1 mice treated with 

PBS displayed important deposits of plaques that were significantly 

reduced in APP/PS1 mice treated with mApoE–PA–LIP. As shown in 

Figure 3. Treatment with bifunctionalized mApoE-PA-LIP significantly restores
long-term recognition memory in APP/PS1 Tg mice. APP/PS1 Tg or WT mice were
treated with mApoE-PA-LIP, PA-LIP, mApoE- LIP, or vehicle, and, at the end of
treatment, their memory was tested with the NOR test. Histograms are mean ± SEM 
of the corresponding DI. One-way ANOVA found a significant effect of treatment
(F(5,72) = 3.5, p = 0.006). Tukey’s post hoc test, *p < 0.05,**p < 0.01. 
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Figure 4, we found that mApoE–PA–LIP reduced the number and total 

area of brain Aβ plaques by ∼ 34% in both the cortex and the 

hippocampus. Student's t test for the two treatment groups, mApoE–

PA–LIP (n = 10) versus PBS (n = 10), found a significant reduction in 

the number of plaques (t(17) = −3.0, p = 0.008) and in the total plaque 

area (t(17) = −2.5, p = 0.02). The treatment of APP/PS1 Tg mice with 

PA–LIP or mApoE–LIP, which did not significantly recover from 

memory impairment, did not reduce brain plaques either (data not 

shown). 

  

Figure 4. mApoE-PA-LIP treatment significantly reduced Aβ plaque load in the brain 
of APP/PS1 Tg mice. APP/PS1 Tg mice were treated with mApoE-PA-LIP or vehicle, 
and, at the end of treatment, the brain Aβ burden was analyzed by 
immunohistochemistry. A, Representative cortical and hippocampal brain sections of 
mice treated with PBS. B, Representative cortical and hippocampal brain sections of
mice treated with mApoE-PA-LIP. Brain sections were stained with the anti-Aβ6E10
monoclonal antibody. C, Histograms report the percentage reduction (mean ± SEM) 
of the total number of plaques in mApoE-PA-LIP-treated mice. D, Histograms report 
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The plaque reduction induced by mApoE–PA–LIP treatment on 

APP/PS1 mice was also confirmed on APP23 mice by either 

Thioflavin-S or 6E10 anti-Aβ staining on brain sections (Figure 5). The 

effect of decreasing the plaque load was also followed on APP23 mice 

by PET using [11C]PIB (Snellman et al., 2013) as the plaque-detecting 

probe (Figure 5). Interestingly, PET imaging, performed 3 months after 

the completion of the treatment, suggested a scarce tendency to plaque 

reconstitution, because APP23 mice showed low B/F40–60 ratios (0.10; 

0.13; -0.04) similar to WT mice (-0.09; -0.01). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. mApoE-PA-LIP treatment reduced Aβ plaque load, detected by [11C]PIB 
PET, in the brain of APP23 Tg mice. APP23 Tg or WT mice were treated with 
mApoE-PA-LIP, and, at the end of treatment, animals were imaged repeatedly with
60 min dynamic [11C]PIB PET scans. Three months after completion of the treatment, 
animals were imaged and subsequently killed. Brain Aβ deposition was evaluated on 
cortical cryosections. The figure displays summed (40–60 min after injection) PET  

the percentage reduction (mean ± SEM) of the total plaque area in mApoE-PA-LIP-
treated mice. Student’s t test, *p < 0.05, **p < 0.01. Scale bar, 250 µm. 
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The effect of mApoE–PA–LIP-mediated plaque reduction in APP/PS1 

mice was paralleled by a decrease in the total amount of brain Aβ levels, 

assayed by ELISA (Figure 6). After treatment, the amount of insoluble 

and soluble brain Aβ1–40 (1249.7 ± 259.8 and 50.2 ± 12.1 pmol/g brain) 

was 33 and 32%, respectively, which is lower than in the brain of PBS-

treated mice (p = 0.0000053, p = 0.00022 by Student’s t test). The 

amount of insoluble and soluble brain Aβ1–42 (1001.7 ± 221.0 and 60.2 

± 10.7 pmol/g) was 26 and 11% lower (p = 0.007, p = 0.024 by 

Student’s t test), respectively. 

images (PET) or cortical sections stained with Thioflavin-S (ThS) or 6E10 anti-Aβ
antibody (6E10) of Tg and WT mice 3 months after the completion of the treatment 
with mApoE–PA–LIP (n = 3 for each group). Additional images of untreated Tg 
mouse present the expected Aβ deposition in this model at 18 months of age. Scale 
bar, 200µm. 
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To assess whether the decrease of brain Aβ burden was also involving 

oligomers, recognized as the best correlate of synaptic dysfunction and 

disease severity (Lue et al., 1999; McLean et al., 1999), their content 

was analyzed on brain homogenates of treated mice. It is noteworthy 

that the treatment strongly reduced (-70.5%, p < 0.001) the levels of 

soluble Aβ species with MW up to 90 kDa (Figure 7). This also holds 

true for the band with an MW of ∼100 kDa, likely corresponding to full-

length APP (-33. 9%, p = 0.055). 

 

 

 

 

 

 

Figure 6. Aβ levels were significantly reduced in the brain of mApoE-PA-LIP-treated 
APP/PS1 Tg mice. APP/PS1 Tg or WT mice were treated with mApoE–PA–LIP or 
vehicle, and, at the end of treatment, brains were homogenized and soluble or 
insoluble Aβ1– 40 and Aβ1– 42 amounts were measured by ELISA. A, Percentage change 
of insoluble brain Aβ1– 40 and Aβ1– 42. B, Percentage change of soluble brain Aβ1– 40

and Aβ1– 42 levels. Data are expressed as mean ± SEM. Student’s t test, *p < 0.05, **p
< 0.01. 

Figure 7. mApoE-PA-LIP significantly reduced Aβ oligomers in the brain of 
APP/PS1 Tg mice. APP/PS1 Tg or WT mice were treated with mApoE-PA-LIP or 
vehicle, and, at the end of treatment, brains were homogenized and soluble Aβ was 
submitted to SDS-PAGE or Western blot. Representative Western blot of brain-
soluble Aβ probed with anti-Aβ 6E10 and visualized by ECL is shown. 
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Because of all this compelling evidence, highlighting the ability of the 

mApoE-PA-LIP to induce a significant brain Aβ decrease, we 

wondered what happened to the disappeared peptide. In an attempt to 

answer this question, we measured Aβ levels in organs and tissues of 

APP/PS1 mice treated with mApoE-PA-LIP. We found that the levels 

of Aβ in both the liver (Figure 8A) and the spleen (Figure 8B) had 

increased (liver, +18%, p = 0.038; spleen, +20%, p = 0.0057 by 

Student’s t test), whereas Aβ levels in plasma, at the end of the 

treatment, did not significantly change with respect to PBS-treated mice 

(1.47 ± 0.69 versus 1.27 ± 0.79 pmol/ml Aβ). 

 

Figure 8. Aβ levels in the liver and spleen of APP/PS1 Tg mice are increased after 
treatment with mApoE-PA-LIP. APP/PS1 Tg or WT mice were treated with mApoE-
PA-LIP or vehicle, and, at the end of treatment, liver and spleen were dissected and  
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The involvement of microglia and astrocytes in Aβ clearance 

(Agostinho et al., 2010) was ruled out through immunostaining 

experiments on APP/PS1 brains, which showed no increased activation 

in either the cortex or the hippocampus after mApoE-PA-LIP treatment 

(data not shown). 

Finally, experiments with dually fluorescently labelled mApoE-PA-LIP 

were performed to assess their ability to cross the BBB in an intact 

form. After injection in APP/PS1 Tg mice, brain sections were imaged 

by confocal microscopy. Thanks to the incorporation of two different 

fluorophores into mApoE-PA-LIP, specific punctuated red and green 

signals with high level of co-localization were observed in the 

hippocampus (Figure 9). 

homogenized and total Aβ was extracted. Aβ1– 40 and Aβ1– 42 amounts were measured 
by ELISA. Data are expressed as a fold change of Aβ levels. A, Histogram of liver 
Aβ1– 40 and Aβ1– 42 levels. B, Histogram of spleen Aβ1– 40 and Aβ1– 42 levels. Data are 
expressed as mean ± SEM. Student’s t test, *p < 0.05. 
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Figure 9. Dually fluorescently labeled mApoE-PA-LIP administered to APP/PS1 
mice are detected intact in the hippocampal regions. A, Bright-field and DAPI 
fluorescence of brain sections from APP/PS1 mice treated with PBS or LIPs, acquired 
to focus the additional analysis on the hippocampal area. B, Representative images of 
brain hippocampal regions of mice treated with PBS or dually fluorescently labeled 
mApoE-PA-LIP. The images shown have been obtained as the sum of several focal 
planes with a thickness of 0.63µm each, giving information related to the entire 
volume of the analyzed sections. C, Magnification of the framed areas of B. 
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2.4 DISCUSSION 

Considering the demographic increase and the global trend in 

population aging, the influence of AD will be even more pronounced in 

the future: it is estimated that the number of AD-afflicted individuals 

will triple by the year 2050. Unfortunately, there are currently no 

effective means to prevent or cure this disease. Biotechnological 

devices, such as nanoparticles, represent a possible tool to reach this 

goal, relying on the possibility of conferring on them multitask features. 

Despite the fact that several nanoparticles have been synthesized and 

proposed for therapy and diagnosis of AD, evidence of their efficacy in 

vivo has not yet been reached (Brambilla et al., 2011). Therefore, in the 

present investigation, we designed multitask LIPs and tested their 

therapeutic efficacy in vivo in AD mouse models. Based on our 

previous in vitro studies (Gobbi et al., 2010; Re et al., 2010, 2011; Bana 

et al., 2013), these tasks were assigned to LIPs bifunctionalized with 

PA, which binds Aβ in different aggregation forms, and with mApoE, 

obtained by modification of a decapeptide from ApoE, targets the BBB 

and facilitates its crossing. This peptide sequence contains only the 

receptor-binding domain of ApoE and not the Aβ-binding sequence. 

The combination of the two ligands on the LIP surface confers to them 

the unforeseen feature of disaggregating Aβ assemblies, in vitro, as we 

have reported recently (Bana et al., 2013) and herein confirmed. This 

ability, not displayed by monofunctionalized LIPs (with either PA or 

mApoE), could arise from the synergic interaction of both the 

negatively charged PA phosphate group and the positively charged 

mApoE amino acids with oppositely charged residues present on Aβ 
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peptide at physiological pH (Datta et al., 2000; Ahyayauch et al., 2012; 

Bana et al., 2013).  

For the in vivo proof-of-principle, we used APP/PS1 as the AD mouse 

model. The APP/PS1 carry the human Swedish mutation and a deletion 

of the exon 9 on PS1 and show Aβ plaque deposition starting from 8–9 

months of age (Lee et al., 1997; Jankowsky et al., 2001). Therefore, it 

represents a useful “early-onset” AD mouse model. We observed that 

the treatment with mApoE-PA-LIP induced an important reduction in 

the number of brain plaques. mApoE-PA-LIP-induced plaque reduction 

was also confirmed in some experiments on APP23 mice; APP23 mice 

were used also for PET imaging of plaques with [11C]PIB, because it 

has been shown that this probe does not sufficiently bind to the plaques 

in the APP/PS1 mouse brain (Snellman et al., 2013). Noticeably, PET 

experiments showed that the plaque reduction was still present 3 

months after treatment. The comparison with monofunctionalized LIPs 

indicates that bifunctionalization is crucial to either affect the Aβ plaque 

load or enhance the amount of radioactivity crossing the BBB after 

injection of radiolabeled LIPs. Finally, an approach based on the use of 

dually fluorescent LIPs coupled to confocal microscopy imaging 

(Tanifum et al., 2012) showed co-localization of the two fluorescent 

probes in the hippocampus of treated mice, suggesting that mApoE-PA-

LIP reached the brain in an intact form. Considering the results 

obtained, it is reasonable to speculate that mApoE-PA-LIP exert their 

activity by crossing the BBB interacting with, and destabilizing, brain 

Aβ aggregates. Successively, the generated lower MW Aβ species may 

be facilitated to move from brain to blood and are peripherally cleared 

in the liver and spleen through the so-called sink effect (Matsuoka et 
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al., 2003; Biscaro et al., 2009; Sutcliffe et al., 2011), likely mediated by 

circulating mApoE-PA-LIP. To this regard, the peripheral increment of 

Aβ in the liver and spleen, detected at the end of the treatment, supports 

this hypothesis. 

However, the increased Aβ recovery in peripheral organs is not 

sufficient to explain the total reduction of brain Aβ levels. Because we 

did not observe activation of microglia and astrocytes after treatment, 

we suggest that proteolytic degradation of brain Aβ might be integrated 

by the sink effect. The relevant role of proteolytic degradation in Aβ 

clearance, with respect to its elimination across the BBB, has been 

suggested recently (Ito et al., 2013). 

In association with plaque reduction, the treatment with mApoE-PA-

LIP also induced a significant recovery of Tg mouse impaired memory, 

at variance with monofunctionalized LIPs, which exerted a weaker 

effect that did not reach statistical significance. 

However, these findings suggest that monofunctionalized LIPs might 

exert, when administered together, an effect comparable with that of 

bifunctionalized LIPs. A deeper investigation with a larger number of 

data will clarify this issue. 

This observation, together with the fact that the mApoE-PA-LIP also 

induced a significant reduction of Aβ oligomers, makes the treatment 

even more compelling. Aβ oligomers are indeed recognized as the main 

species responsible of the neuropathological process underlying the 

onset and progression of AD and the best correlates of synaptic 

dysfunction and disease severity (Lue et al., 1999; McLean et al., 1999; 

Wilcox et al., 2011; Scopes et al., 2012). In experimental models, 

oligomers have been shown to specifically inhibit long-term 
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potentiation and mediate memory impairment, whereas Aβ monomer 

and fibrils were inactive (Walsh et al., 2002; Cleary et al., 2005; 

Balducci et al., 2010). Because it is more likely that different Aβ 

species, rather than a unique molecular assembly, affect neuronal 

functions at multiple levels, another relevant observation is that the Aβ 

oligomer reduction, mediated by the treatment, helps to reduce different 

MW species. It is also worth noting that full-length APP is seemingly 

reduced after treatment. This observation opens the possibility that 

additional mechanisms are underlying the effect of LIP. Of course, 

more focused studies are necessary to clarify these complex issues. 

Together, our findings promote mApoE-PA-LIP as a well-tolerated 

valuable new nanotechnological means for AD therapy. It is important 

to point out that the treatment with mApoE-PA-LIP does not eliminate 

the cause of Aβ overproduction but could slow down the 

neurodegeneration process. Therefore, it is conceivable that possible 

therapeutic protocols could require chronic treatments to minimize the 

progression of the disease. 
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Abstract 

We previously showed the ability of liposomes bifunctionalized with 

phosphatidic acid and an ApoE-derived peptide (mApoE-PA-LIP) to 

reduce brain Aβ in transgenic Alzheimer mice. Herein we investigated 

the efficacy of mApoE-PA-LIP to withdraw Aβ peptide in different 

aggregation forms from the brain, using a transwell cellular model of 

the blood–brain barrier and APP/PS1 mice. The spontaneous efflux of 

Aβ oligomers (Aβo), but not of Aβ fibrils, from the ‘brain’ side of the 

transwell was strongly enhanced (5-fold) in presence of mApoE-PA-

LIP in the ‘blood’ compartment. This effect is due to a withdrawal of 

Aβo exerted by peripheral mApoE-PA-LIP by sink effect, because, 

when present in the brain side, they did not act as Aβo carrier and limit 

the oligomer efflux. In vivo peripheral administration of mApoE-PA-

LIP significantly increased the plasma Aβ level, suggesting that Aβ-

binding particles exploiting the sink effect can be used as a therapeutic 

strategy for Alzheimer disease. 

  



159 
 

3.1 INTRODUCTION 

Alzheimer disease (AD) is the most common form of dementia in the 

elderly, with no current therapy or definite diagnosis. Brain 

accumulation of amyloid-β (Aβ) peptides, eventually deposited as 

plaques, is one of the pathological hallmarks of AD (Hardy and Selkoe, 

2002). Aβ accumulation has been hypothesized to result from an 

imbalance between Aβ production and clearance; indeed, Aβ clearance 

seems to be impaired in both early and late forms of AD and may 

contribute to the onset and progression of the disease (Bell and 

Zlokovic, 2009). Moreover, additional evidence suggests that about 80-

90% of AD patients show cerebral amyloid angiopathy (CAA), 

characterized by Aβ accumulation in brain blood vessel walls (Rensink 

et al., 2003), altering the functionality of the BBB (Attems and 

Jellinger, 2014). Among the different aggregation forms of Aβ, a body 

of evidence indicates that soluble Aβ oligomers (Aβo), rather than 

insoluble deposits, such as Aβ fibrils (Aβf) and plaques, are primarily 

responsible for both neurodegeneration and synaptic impairment in AD. 

Therefore, in the last years, many efforts have focused at preventing 

Aβo formation or disassembling existing aggregates (Re et al., 2010a; 

Herrmann et al., 2011; Bana et al., 2014). Recently, a therapeutic 

strategy based on lowering the levels of soluble Aβ assemblies in the 

brain and in the cerebral blood vessel exploiting the peripheral-sink 

effect has been proposed (Matsuoka et al., 2003). To this purpose, it has 

been postulated that brain and plasma Aβ pools are in equilibrium 

through the BBB, and that the peripheral sequestration of Aβ may shift 

this equilibrium toward the peripheral blood circulation, eventually 
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drawing out the excess from the brain and/or from the brain vessels 

(Matsuoka et al., 2003). 

DeMattos et al. reported that peripheral administration of a monoclonal 

anti-Aβ antibody to transgenic AD mice models resulted in an increase 

of Aβ in the plasma, despite minimal entry of the antibody into the 

brain, suggesting the equilibrium of Aβ between the brain and plasma 

(DeMattos et al., 2001, 2002). Because there are several problems 

associated with immunotherapy of AD (Boche et al., 2010), the use of 

molecules that are unrelated to antibodies, such as gelsolin, GM1 

ganglioside (Matsuoka et al., 2003) or an extract from the root of 

Withania somnifera, has been proposed (Sehgal et al., 2012). The 

peripheral administration of these compounds in AD animal models 

was suggested to reduce the level of Aβ in the brain because of the sink 

effect. Therefore, it is conceivable that the design of compounds that 

bind Aβ with high affinity could reduce or prevent brain Aβ deposition 

in AD patients. In this context, nanoparticles are considered a promising 

tool due to the possibility of multifunctionalization of their surface with 

several copies of Aβ-specific ligands, increasing the affinity for Aβ by 

multivalent interactions (Gobbi et al., 2010). This feature makes them 

good candidates as sink effect promoters. 

We have previously described liposomes (LIP) embedding acidic 

phospholipids (in particular phosphatidic acid, PA) and surface-

decorated with a modified human ApoE-derived peptide (mApoE), i.e. 

mApoE-PA-LIP, which have very high binding affinity to Aβ (Bana et 

al., 2014). In the present study, we investigated the efficacy of mApoE-

PA-LIP to withdraw Aβ peptide in different aggregation forms from the 
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brain, using a transwell cellular model of the blood-brain barrier and 

APP/PS1 mice. 
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3.2 MATERIALS AND METHODS 

Materials 

All chemical reagents were from Sigma–Aldrich, Milano, Italy. Bovine 

brain sphingomyelin (Sm), cholesterol (Chol) and 1,2-stearoyl-sn-

glycero-3-phosphoethanolamine-N-[maleimide(-poly(ethylene 

glycol)-2000)] (mal-PEG-PE) were purchased from Avanti Polar 

Lipids (USA). Dimyristoyl phosphatidic acid (PA), Aβ1-42 peptide and 

1,1,3,3,3-hexafluoro-2-propanol (HFIP) were purchased from Sigma–

Aldrich, Milano, Italy. [3H]-propranolol and [3H]-Sm were purchased 

from PerkinElmer. FITC-dextran and bovine serum albumin (BSA) 

were from Sigma Aldrich, Milano, Italy. Polycarbonate filters for 

extrusion procedure were purchased from Millipore Corp., Bedford, 

MA. Extruder was from Lipex Biomembranes, Vancouver, Canada. All 

the media and supplements for cell cultures were supplied by Invitrogen 

Srl, Milano, Italy. The hCMEC/D3 cell line was obtained under license 

from Institut National de la Sante et de la Recherche Medicale 

(INSERM, Paris, France). Rat type I collagen, 1/100 chemically 

defined lipid concentrated, and all the media and supplements for cell 

cultures were from Invitrogen Srl (Milano). For determination of Aβ1-

42, human β amyloid (1-42) ELISA kits (IBL) were used. Low-range 

rainbow molecular weight marker, horseradish peroxidase (HRP)-

conjugated goat IgG anti-mouse antibody and ECL reagents were 

purchased from Amersham Biosciences (Castle Hill, NSW, Australia). 

Mouse monoclonal Aβ1-42 antibody mAβ 6E10 was from Signet 

(Dedham, MA). 
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Preparation and characterization of liposomes 

mApoE-PA-LIP composed of a Sm/Chol matrix (1:1, M:M) and 

bifunctionalized with PA (5 mol%) and with the peptide NH2-CWG-

LRKLRKRLLR-CONH2 (MW 1698.18 g/mol, mApoE, 1.25 mol%) 

derived from the receptor-binding domain (a.a. residues 141-150) of 

human ApoE, modified by adding the tri-peptide CWG at the N-term, 

were prepared as previously described (Bana et al., 2014) by extrusion 

procedure using 100 nm diameter filter pores (Millipore). To prepare 

larger mApoE-PA-LIP, 400 nm diameter filter pores were used. Non-

functionalized LIP (control LIP, composed by Sm/Chol 1:1), LIP 

mono-functionalized with PA (PA-LIP) or mono-functionalized with 

mApoE (mApoE-LIP), were used as a control. In some instance, [3H]-

sphingomyelin (less than 0.0001% of total lipids) was added as a tracer. 

Size and polydispersity index (PDI) of diluted LIP dispersions (at a final 

lipid concentration of 0.5 mg/ml in PBS pH 7.40) were measured by 

dynamic light scattering (DLS) technique (Brookhaven Instruments 

Corporation, Holtsville, NY, USA). ζ-Potential was measured for the 

same samples by using an interferometic Doppler velocimetry with the 

same instrument equipped with ZetaPALS device. Stability was 

measured in PBS by following size and PDI by DLS for 5 days (Bana 

et al., 2014). 

 

Aβ peptide preparation and characterization 

Aβ1-42 peptide was solubilized in HFIP at 1 mg/ml concentration. The 

peptide was allowed to air dry in a chemical fume hood overnight. The 

resulting clear film was stored at −20 °C. The peptide was resuspended 

before use in DMSO at a concentration of 5 mM and bath sonicated for 
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10 min to achieve a monomer-enriched preparation (Aβm). This 

preparation was diluted to 100 μM in cell culture medium and incubated 

24 h at 4 °C to obtain an oligomer-enriched preparation (Aβo). 

Alternatively, the 5 mM Aβ preparation was diluted to 100 μM in 10 

mM HCl and incubated at 37 °C for 24 h in order to obtain a fibril-

enriched preparation (Aβf) (Dahlgren et al., 2002). The aggregation 

state of Aβm and Aβo (not Aβf because too large to be resolved) was 

assessed by SDS-PAGE gel electrophoresis on a 4-20% Tris-Glycine 

gel (Thermo Scientific, Milano), followed by immunoblotting analysis 

using 6E10 anti-Aβ1-42 antibody (1:1000 dilution, Covance, Italy). Aβ 

assemblies were visualized with enhanced chemiluminescence (ECL) 

by ImageQuant LAS4000 (Bana et al., 2014). The morphology of Aβo 

and Aβf (not Aβm because below the AFM resolution limit) was 

assessed by Atomic Force Microscopy as previously described (Gregori 

et al., 2010). 

 

Binding of mApoE-PA-LIP to A βo or Aβf investigated by 

ultracentrifugation density gradient 

The binding of mApoE-PA-LIP to Aβo or Aβf was investigated as 

previously described (Gobbi et al., 2010). Briefly, Aβ samples were 

incubated with radiolabeled mApoE-PA-LIP (1:2.5, peptide:lipids) in 

PBS pH 7.4 at 37 °C from 15 min. After incubation the peptide bound 

to LIP was separated from free peptide by flotation in a discontinuous 

sucrose density gradient performed as described (Gobbi et al., 2010). 

After ultracentrifugation in a Beckman MLS 50 rotor at 140.000 × g for 

2 h in polycarbonate tubes, 10 fractions were collected from the top of 

the gradient and assayed for lipid and peptide content, by measuring the 
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lipid-associated radioactivity by liquid scintillation and by dot-blot 

procedure on a PVDF membrane, respectively. The proportion of Aβ 

bound to LIP was expressed as the % ratio between the amount of 

peptide in the fractions 1-5 over the total peptide amount, digitally 

semi-quantitatively estimating the chemiluminescent spots on PVDF 

membrane using ImageQuant LAS4000 software. 

 

In vitro model of BBB 

Human brain endothelial cells (hCMEC/D3) were obtained from 

Institut National de la Santé et de la Recherche Médicale (INSERM, 

Paris, France) and used as a representative human BBB model. 

hCMEC/D3 cells were cultured at 37 °C, 5% CO2/saturated humidity 

in EBM-2 medium (Lonza, Basel, Switzerland) supplemented with 5% 

fetal bovine serum (FBS), 1% penicillin-streptomycin, 1.4 μM 

hydrocortisone, 5 μg/mL ascorbic acid, 1/100 chemically defined lipid 

concentrate (Invitrogen), 10 mM HEPES and 1 ng/mL basic FGF 

(bFGF) (Re et al., 2010b; Bana et al., 2014). To set up the BBB model, 

hCMEC/D3 cells, between passage 25 and 35, were seeded at a 

concentration of 60,000 cells/cm2 onto collagen-coated (4 μg/cm2 rat 

tail collagen type 1 Invitrogen) transwell filters (polycarbonate 12-well, 

pore size 0.4 μm, translucent membrane insert 1.12 cm2; Euroclone) to 

establish a polarized monolayer (Tai et al., 2009; Vu et al., 2009; Bana 

et al., 2014). The layer of endothelial cells separates this system into an 

apical (‘blood’ side; 0.5 ml of volume) and basolateral (‘brain’ side; 1 

ml of volume) compartment. 
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Impact of Aβ on cell monolayer properties 

hCMEC/D3 cells were cultured on a transwell system as described 

above. Bioelectrical, morphological and functional properties of the cell 

monolayers were checked both in the presence or absence of 500 nM 

Aβ in the basolateral compartment. Bioelectrical properties of cell 

monolayer were checked by measuring the transendothelial electrical 

resistance (TEER) with STX2 electrode Epithelial Volt-Ohm meter 

(World Precision Instruments, Sarasota, Florida). Morphological and 

functional properties of cell monolayer were evaluated by examining 

cells under microscope, by measuring the paracellular permeability of 

250 μM FITC-dextran (MW 4 kDa) and the transcellular permeability 

of 76 nM [3H]-propranolol (0.5 μCi), as previously described (Bana et 

al., 2014). Cell viability was also assessed by MTT assay (Orlando et 

al., 2013). 

 

Aβ cellular uptake and exchange across the BBB model in presence 

of liposomes 

For Aβ exchange across the BBB model studies, hCMEC/D3 were 

cultured on a transwell system as described above. 500 nM Aβ was 

added to the basolateral compartment, exposed to the complete medium 

and different doses (0-200 nmol total lipids) of LIP (alone or in 

presence of different amounts of Aβo) were added to the apical 

compartment, exposed to PBS (Figure 1). In some instances, in order to 

mimic in vivo-like conditions, PBS-BSA 4% (w/v) solution was added 

to the apical compartment and PBS-BSA 0.015% (w/v) solution was 

added to the basolateral compartment. After different times of 

incubation (up to 4 h), aliquots were collected from the apical and 
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basolateral compartment and the Aβ content was measured by ELISA 

assay (IBL 96-well), following the manufacturer's instructions, and 

absorbance was read at 450 nm using a spectrophotometer Victor 

(Victor2 PerkinElmer). The concentration of Aβ was determined 

according to the standard curve prepared, as suggested by ELISA kit 

protocol. The Aβ endothelial permeability (EP) across the cell 

monolayer was calculated as described (Cecchelli et al., 1999): 
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where: 

X = amount of drug (Aβ in our case) in the receptor chamber (upper 

compartment in our case) = nmol 

Cd = Aβ concentration in the donor chamber (bottom compartment in 

our case) = nmol/cm3 

Δt = time = min 

Surface area = area of transwell inset filter = cm2 

Cells were collected with 200 μl of lysis buffer 2% Triton X-100 with 

the addition of protease inhibitor cocktail (Sigma) and an aliquot was 

used to measure the Aβ content by ELISA assay to determine the Aβ 

cellular uptake. 

 

Liposomes exchange across the BBB model 

For LIP exchange across the BBB model, hCMEC/D3 were cultured on 

transwell system as described above. mApoE-PA-LIP (200 nmol total 

lipids), containing [3H]-Sm (0.001 mol%) as a tracer, were added to the 

basolateral compartment in a medium containing 500 nM Aβ and 
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incubated at 37 °C for 2 h. The EP of LIP across the cell monolayers 

was estimated by measuring the radioactivity at different times (up to 2 

h) of [3H]-Sm in the apical and basolateral compartment by liquid 

scintillation counting, and calculated as described (Cecchelli et al., 

1999). 

 

Animal treatment 

The double transgenic mice (APP/PS1) used in the present study 

incorporate a human APP construct bearing the Swedish double 

mutation and the exon-9-deleted PSEN1 mutation: B6.Cg-Tg 

(APPSwe, PSEN1dE9) 85Dbo/J (Jackson Laboratory, Bar Harbor: 

stock no. 005864). The genotype of the mice was confirmed by PCR of 

DNA isolated from tail biopsies (Ordóñez-Gutiérrez et al., 2015). All 

animal care and handling strictly followed the current Italian legislation 

and guidelines, and those of the European Commission (directive 

2010/63/EU).  

APP/PS1 mice (n = 7 mice/group) were intraperitoneally (I.P.) injected 

once every other day with mApoE-PA-LIP (100 μl, 73.5 mg of total 

lipids/kg) or with PBS as a control (100 μl), as already described 

(Balducci et al., 2014) with changes concerning the age of animals (16 

months of age) and the duration of the treatment (two weeks). At the 

end of treatment, animals were sacrificed and blood was collected by 

cardiac puncture and processed for plasma separation. Brains were 

dissected, weighed and processed to extract Aβ (Balducci et al., 2014). 

Aβ levels in plasma and brain were quantified by ELISA assay, as 

described (Steinerman et al., 2008; Balducci et al., 2014). 
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Statistical analysis 

Data were expressed as mean ± standard deviation and analyzed by 

Student's t test. A P-value < 0.05 was considered statistically 

significant. 
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3.3 RESULTS 

Characterization of liposomes 

In the present study, we utilized previously described mono-and 

bifunctionalized liposomes: PA-LIP, mApoE-LIP and mApoE-PA-LIP 

(Re et al., 2010b, 2011; Bana et al., 2014). Non-functionalized LIP have 

been used as a control. Size, polydisperisity and ζ-potential values are 

reported in Table 1.  

 

 

 

DLS analysis showed that LIP were monodispersed and their size 

remained constant, within the experimental error, for up to 5 days (data 

not shown). The yield of LIP surface functionalization with mApoE 

peptide ranged between 50% and 60%, according to data already 

published (Re et al., 2010b, 2011). 

 

Characterization of Aβ samples 

Aβ samples were prepared as described above and the aggregation state 

was assessed by SDS-PAGE/WB and atomic force microscopy (AFM). 

The results showed that Aβo samples were enriched in small assemblies 

Table 1. Control LIP, control liposomes composed of Sm/Chol 1:1 M/M. PA-LIP, 
liposomes functionalized with 5 mol% of phosphatidic acid. mApoE-LIP, liposomes 
functionalized with 1.25 mol% of mApoE peptide. mApoE-PA-LIP, liposomes 
bifunctionalized with 5 mol% of phosphatidic acid and 1.25 mol% of mApoE peptide. 
PDI, polydispersity index. SD, standard deviation. 
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(MW < 20 kDa) (Figure 1, A, lane b; Figure 1, B) as compared to 

monomer-enriched ones (Figure 1, A, lane a) used as a control. AFM 

observations indicated that Aβo (Figure 1, B) had a spherical 

morphology and that no fibrils were present in the samples. Size 

distribution in AFM images appears to be coherent with SDS-

PAGE/WB results. Aβf (Figure 1, C), as already reported in literature 

(Stine et al., 2003), appeared unbranched, bowed, and several 

micrometers long, with an apparent height of 6 nm.  

Figure 1. A, Aβ1-42 samples were analyzed by SDS-PAGE electrophoresis gel and 
immunoblotted with anti-Aβ1-42 6E10, followed by ECL detection. Aβ preparation 
enriched in monomers (lane a) or in small aggregates (lane b) are shown. Molecular 
weights are indicated. B, AFM analysis of Aβ oligomers-enriched preparation. C,
AFM analysis of Aβ fibrils-enriched preparation. Representative 4 × 4 µm AFM
images of Aβ are shown. Bars: 500 nm. 
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Binding of mApoE-PA-LIP to A β 

The ability of mApoE-PA-LIP to bind Aβo or Aβf was assessed by 

ultracentrifugation on a discontinuous sucrose density gradient 

allowing separating Aβ bound to LIP from the free peptide. Ten 

fractions were collected from the gradient and analyzed for lipid and 

peptide content by radiochemical technique and dot-blot assay, 

respectively. The results (Figure 2) showed that mApoE-PA-LIP were 

able to bind both Aβo (15.5% of Aβo bound to LIP) and Aβf (23.7% of 

Aβf bound to LIP), as compared to non-functionalized ones (control 

LIP). The binding to Aβ induced a change in liposomes density 

modifying the lipid distribution along the gradient fractions, as already 

reported (Re et al., 2008). 
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In vitro BBB transwell model 

To investigate mApoE-PA-LIP capacity to hunt Aβo by peripheral-sink 

effect, we set-up an in vitro BBB transwell model (Figure 3) composed 

by a monolayer of polarized endothelial cells seeded on a porous 

membrane, allowing an apical compartment (‘blood’ side) physically 

separated from a basolateral one (‘brain’ side).  

 

Figure 2. Binding of liposomes to Aβ by ultracentrifugation assay. Mixtures of Aβ1-

42 (oligomers- or fibrils-enriched samples) with liposomes (containing tritiated 
sphingomyelin as a tracer) were purified by ultracentrifugation on a discontinuous 
sucrose density gradient and 10 fractions were collected from the top of the gradient. 
A, Representative distribution of the liposome-associated radioactivity in the gradient 
fractions, before (dotted line) and after binding with Aβ (punctuated line). B,
Representative distribution of Aβ in the different fractions of the gradient detected by 
dot-blot assay using anti-Aβ1-42 6E10, followed by ECL detection. The spot intensity 
associated with each fraction was determined using the LAS4000 software. 1-5 
fractions represent the Aβ bound to liposomes; 6-10 fractions represent the free 
peptide. 

Figure 3. Graphical representation of the transwell system. 



174 
 

Immortalized human brain capillary endothelial cells (hCMEC/D3) 

were used as representative of human BBB model and the transwell 

system was characterized by measuring bioelectrical, morphological 

and functional properties. Trans-electrical endothelial resistance 

(TEER) was monitored during cell monolayer's formation and was 

found to gradually increase from 125.19 ± 5.6 Ω∙cm2 (at 12 days in 

vitro, DIV) to 149.90 ± 7.9 Ω∙cm2 (at 15 DIV). At 15 DIV, endothelial 

permeability (EP) values for [3H]-propranolol and FITC-dextran (MW 

4000 Da) were in the order of 2.3 ± 0.06 × 10–3 cm/min and 1.02 ± 0.04 

× 10–6 cm/min, respectively, in agreement with the values reported in 

literature (Omidi et al., 2003). At 15 DIV, 500 nM Aβo were added to 

the basolateral compartment of the transwell system and the impact of 

Aβo on cell monolayer properties was checked. The results showed that 

the basolateral exposure of cell monolayer to Aβo did not significantly 

affect TEER values (145.72 ± 4.35 Ω∙cm2 after 2 h of incubation; 

142.80 ± 1.93 Ω∙cm2 after 4 h of incubation) nor EP of trans- and para-

cellular probes (EP [3H]-propranolol = 2.1 ± 0.05 × 10–3 cm/min; EP 

FITC-dextran = 1.55 ± 0.03 × 10–6 cm/min). Moreover, the treatment 

did not affect cells viability (> 95% cells viability respect to untreated 

cells), as assessed by MTT assay. Similar results were also obtained 

with the addition of 500 nM Aβf in the basolateral compartment (data 

not shown). 

 

Aβ clearance across the in vitro BBB model by mApoE-PA-LIP 

Aβ passage across the BBB model (from the basolateral to the apical 

transwell compartment) was measured by ELISA assay in the presence 

or absence of LIP in the apical compartment.  
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The results showed that the amount of Aβo measured in the apical 

compartment increased over time (Figure 4), with an EP value of 2.62 

± 0.3 × 10–5 cm/min, in accordance with the literature (Bachmeier et al., 

2010). On the contrary, Aβf efflux from the basolateral compartment 

was not detectable by ELISA assay. 

 

 

When different functionalized LIP (200 nmol total lipids) were present 

in the apical compartment, the basolateral-to-apical Aβo EP increased, 

with respect to the EP of Aβo alone (Figure 5, A). In particular, the 

highest EP value (5-fold increase respect to EP of Aβo alone) was 

registered when mApoE-PA-LIP were present in the apical 

compartment. Additionally, the basolateral-to-apical EP of Aβo was 

mApoE-PA-LIP dose-dependent, increasing with the amount of LIP in 

the apical compartment (Figure 5, B). On the contrary, when the 

experiments were carried out with Aβf, after 2 h of incubation with 

Figure 4. Aβ exchange across the BBB model. hCMEC/D3 cells were cultured on 
transwell system and 500 nM oligomers-enriched Aβ sample was added to the 
medium in the basolateral compartment and the amount of peptide in the apical 
compartment was measured by ELISA assay after different incubation times (0-240 
min). The amount (pmol) of Aβ recovered in the apical compartment in the function 
of time is shown. 
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mApoE-PA-LIP (200 nmol total lipids) in the apical compartment, no 

peptide was detectable by ELISA assay in the same compartment. 

Figure 5. Aβ exchange across the BBB model in presence of liposomes. hCMEC/D3 
cells were cultured on transwell system and 500 nM of oligomers-enriched Aβ sample 
was added to the medium in the basolateral compartment and differently 
functionalized liposomes were added to PBS in the apical compartment. The amount 
of Aβ in the apical compartment of the transwell system was measured by ELISA 
assay after different incubation times (0-240 min). A, Endothelial permeability values 
of Aβ alone or in presence of 200 nmol (total lipids) of different liposomes. B,
Endothelial permeability values of Aβ in presence of different doses or size of 
mApoE-PA-LIP. *p < 0.05; **p < 0.01. 
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Additional experiments were carried to evaluate the Aβo efflux from 

the brain side out when different doses of Aβo were added, at the 

beginning of the experiment, to mApoE-PA-LIP (200 nmol total lipids) 

present in the apical compartment. The results show that, under these 

conditions, the EP of the peptide was strongly reduced (Figure 6). 

 

Since the ability of mApoE-PA-LIP to cross the BBB, even if low, has 

been shown both in vitro and in vivo (Balducci et al., 2014; Bana et al., 

2014), we took into account the possibility that Aβo efflux is affected 

by the presence of mApoE-PA-LIP in the basolateral compartment. At 

first, we evaluated the effect of mApoE-PA-LIP of larger size (diameter 

= 426.2 ± 10 nm; PDI = 0.176; ζ-potential = −16.33 ± 1.41 mV) with 

respect to the pores size (400 nm diameter) of the transwell filters on 

Figure 6. Aβ exchange across the BBB model in presence of liposomes/Aβo in the 
apical compartment. hCMEC/D3 cells were cultured on transwell system and 500 nM 
of oligomers-enriched Aβ sample was added to the medium in the basolateral 
compartment and mApoE-PA-liposomes (200 nmol total lipids) were added to PBS 
in the apical compartment alone or together with different doses of Aβo. The amount 
of Aβ in the apical compartment of the transwell system was measured by ELISA 
assay after different incubation times (0-240 min) and the endothelial permeability 
values were calculated as described in the Methods section. *p < 0.05. 
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the exchange of Aβo across the BBB. Larger sized radiolabeled [3H]-

sphingomyelin-mApoE-PA-LIP were added (200 nmol total lipids) to 

the apical compartment of the transwell and the radioactivity in the 

basolateral compartment was measured by liquid scintillation counting 

in order to verify their inability to reach the basolateral compartment. 

The results showed that after 2 h of incubation less than 0.1% of 

radioactivity present in the apical compartment was recovered in the 

basolateral one, confirming that these larger mApoE-PA-LIP were not 

able to cross the BBB. Successively, the efflux of Aβo from the 

basolateral compartment in the presence of these larger LIP in the apical 

compartment was measured by ELISA assay. The results showed that 

the Aβo EP was found to increase (+10%) in comparison with EP 

measured in the presence of smaller size mApoE-PA-LIP. 

Secondly, we evaluated the effect of the presence of mApoE-PA-LIP in 

the basolateral compartment, together with Aβo, on peptide brain 

efflux. Radiolabeled [3H]-sphingomyelin-mApoE-PA-LIP were added 

(200 nmol total lipids) to the basolateral compartment of the transwell 

and the radioactivity in the apical compartment was measured by liquid 

scintillation counting. The results showed that only 0.043% of the total 

lipids was recovered in the apical compartment after 2 h of incubation 

(EP = 3.23 ± 0.4 × 10−6 cm/min), ruling out the possibility that LIP act 

as conveyor of Aβ. 

 

Aβo clearance across the in vitro BBB model by mApoE-PA-LIP in 

physiological conditions 

The effect of mApoE-PA-LIP on Aβo brain efflux was also evaluated 

under conditions simulating the protein concentration in blood 
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(Mangas-Sanjuan et al., 2013) and CSF (Pisani et al., 2012), that are the 

presence of 4% BSA (w/v) in the apical compartment (‘blood’ side) and 

0.015% BSA (w/v) in the basolateral one (‘brain’ side). The results 

(Figure 7) showed that also in these experimental conditions the 

basolateral-to-apical passage of Aβo was higher in the presence of 

mApoE-PA-LIP (EP = 4.30 ± 0.3 × 10–5 cm/min) in the apical 

compartment than in their absence (EP = 2.89 ± 0.2 × 10–5 cm/min). 

 

Aβo clearance from the endothelial cells by mApoE-PA-LIP 

We investigated the ability of mApoE-PA-LIP to draw out the peptide 

uptaken by hCMEC/D3 cells. For this purpose, the amount of Aβ 

uptaken by the cells from the basolateral compartment was measured 

by ELISA in the presence or absence of mApoE-PA-LIP (200 nmol 

total lipids) in the apical one. The results (Figure 8) showed that the 

amount of cell-associated Aβ decreased over time and, more 

Figure 7. Aβ exchange across the BBB model in in vivo-like conditions. hCMEC/D3 
cells were seeded on a transwell system and 500 nM oligomers-enriched Aβ sample 
was added to a solution of PBS/0.015% BSA in the basolateral compartment and 200 
nmol (total lipids) of mApoE-PA-LIP were added to PBS/4% BSA in the apical 
compartment. After 2 h of incubation, the amount (pmol) of Aβ in the apical 
compartment of the transwell system was determined by ELISA assay. *p < 0.05. 
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importantly, the decrease was more pronounced in the presence of 

mApoE-PA-LIP in the apical compartment (Aβ clearance = 0.93 

pmol/h) with respect to the peptide alone (Aβ clearance = 0.27 pmol/h). 

The results were also confirmed in in vivo-like conditions (data not 

shown) using PBS/BSA as described. 

 

In vivo proof-of-concept 

In order to assess the in vivo proof-of-principle, APP/PS1 mice (n = 7 

mice/group; 16 months of age) were I.P. treated with 100 μl, 40 mM 

total lipids of mApoE-PA-LIP or with 100 μl of PBS (3 injections/week 

for 2 weeks). After treatment, mice were sacrificed and blood and brain 

were collected. Aβ levels in plasma and brain samples were quantified 

by ELISA assay. The results showed that plasma Aβ levels (Figure 9, 

A) of mApoE-PA-LIP treated mice (1.62 ± 0.66 pmol/ml) were 

Figure 8. Aβ cellular uptake. hCMEC/D3 cells were cultured on transwell system and 
500 nM of oligomers-enriched Aβ sample was added to the medium in the basolateral 
compartment and 200 nmol (total lipids) of mApoE-PA-LIP was added to the PBS in 
the apical compartment. After 2 h (gray bars) or after 4 h (black bars) of incubation, 
cells were collected in a lysis buffer added with protease inhibitors and the Aβ content 
was measured by ELISA assay to determine the Aβ cellular uptake. *p < 0.01. 
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significantly increased (P < 0.05, by Student's t test) as compared to 

PBS-treated mice (0.95 ± 0.48 pmol/ml). A decrease, not statistically 

significant, of brain Aβ levels (Figure 9, B) in mApoE-PA-LIP treated 

mice (3.53 ± 0.49 nmol/g brain) with respect to PBS-treated mice was 

detected (3.78 ± 0.54 nmol/g brain). The difference with respect to 

results previously reported (Bladucci et al., 2014) is probably due to the 

different treatment schedule used, as well as to the different age of 

animals. 

 
Figure 9. Aβ levels in APP/PS1 mice. APP/PS1 (16 months of age) mice were 
intraperitoneally (I.P.) injected with mApoE-PA-LIP or with PBS as a control once 
every other day for two weeks (n = 7 mice/group). At the end of treatment, animals 
were sacrificed and blood and brain were collected. Aβ levels were quantified by 
ELISA assays. A, Plasma Aβ levels. B, Brain Aβ levels. *p < 0.05. 
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3.4 DISCUSSION 

The clearance of Aβo, the most culprit Aβ assembly, from the brain 

and/or from cerebral blood vessels is considered a primary therapeutic 

target to counteract the onset/progression of AD. 

As already suggested by Matzuoka et al. (Matsuoka et al., 2003), a 

possible strategy to reduce Aβo is to exploit the peripheral-sink effect 

using Aβ-binding agents. In the present investigation we evaluated the 

possibility to utilize nanoparticles (Balducci et al., 2014; Bana et al., 

2014) for this purpose, using an in vitro BBB transwell model and 

APP/PS1 as animal model of AD. 

We chose mApoE-PA-LIP, that were previously showed to strongly 

reduce brain Aβ burden (Balducci et al., 2014) when administered to 

AD mice. The further functionalization with mApoE increases the 

binding affinity of PA-LIP to Aβo, likely due to the existence of a 

synergic action of PA and mApoE as already suggested (Bana et al., 

2014) and, even though it increases PA-LIP ability to reach the brain in 

vivo, this remains anyway low (Balducci et al., 2014; Bana et al., 2014). 

Therefore, it is possible that mApoE-PA-LIP efficacy in vivo is due 

their ability to withdraw Aβ peptide from the brain to the blood via sink 

effect. 

First of all, we demonstrated the ability of mApoE-PA-LIP to bind 

either Aβo or Aβf and confirmed their already reported (Bana et al., 

2014) ability to bind Aβ. 

Sink effect in vitro investigations were performed on a BBB model 

made by hCMEC/D3 monolayer that separates two compartments: the 

basolateral one, mimicking the brain, and the apical one, mimicking the 

blood. Aβ samples were added to the basolateral compartment to 



183 
 

resemble AD conditions. This model has been used herein not only as 

a prototype to study the effect of Aβ-binding particles on Aβ clearance 

from the brain across the BBB, as already proposed for Aβ-binding 

agents (Matsuoka et al., 2003), but also as a prototype to test the ability 

of Aβ-binding nanoparticles to remove Aβ from the endothelial cell 

monolayer. This makes the model useful as a tool to study potential 

therapeutic agents not only for AD, but also for CAA. 

Initially, we verified the hypothesis by which Aβ is capable of moving 

across the BBB model establishing an equilibrium between ‘brain’ and 

‘blood’ side (Zlokovic, 2004). Our results, showed that only small 

soluble Aβ assemblies, Aβo not Aβf, are spontaneously able to cross 

the endothelial monolayer. At the best of our knowledge, this is the first 

experimental demonstration of the assumption that large Aβ assemblies 

are not able to cross the endothelial cell layer used as a model of BBB. 

In order to verify the hypothesized sink effect mechanism of action of 

mApoE-PA-LIP, Aβo efflux from the brain side was measured in 

presence of these liposomes in the apical compartment of the transwell 

system. The results here reported showed that in presence of mApoE-

PA-LIP in the apical compartment, the permeability of Aβo from the 

basolateral compartment was strongly enhanced as compared to the 

presence of non- or mono-functionalized liposomes. The better 

performance of mApoE-PA-LIP with respect to other LIP is likely due 

to their higher binding affinity to Aβo (Bana et al., 2014). 

The effect of mApoE-PA-LIP on Aβo brain efflux was also evaluated 

under conditions simulating the different protein concentration in blood 

(Mangas-Sanjuan et al., 2013) and CSF (Pisani et al., 2012). Also under 

these conditions, an increase of Aβ EP was detected, even in a lesser 
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extent, probably due to the formation of the so called ‘protein corona’, 

that might influence the mApoE-PA-LIP performance. This issue 

deserves further investigations. 

Successively we took into account the possibility that Aβo efflux is 

affected by the presence of mApoE-PA-LIP in the basolateral 

compartment, since their ability to cross the BBB, even low, has been 

shown both in vitro and in vivo (Balducci et al., 2014; Bana et al., 2014). 

Actually, some experiment carried out using liposomes of large size 

unable to cross the in vitro BBB model showed an increased Aβo efflux. 

This suggests that the passage of mApoE-PA-LIP to the basolateral 

compartment could limit Aβ efflux, likely due to their binding avidity 

for Aβ. Further experiments, showing that mApoE-PA-LIP passed to 

the basolateral compartment were not able to turn back to the apical 

one, ruled out also the possibility that they may act as Aβo carrier from 

the brain to the blood. 

In order to better clarify the mechanism underlying the increased Aβ 

efflux exerted by mApoE-PA-LIP in the apical compartment, 

experiments were carried out in the presence of peptide together with 

LIP. A strong reduction of peptide efflux from the brain side under these 

conditions was observed, likely due to the decreased ability of mApoE-

PA-LIP, already engaged with Aβo added to the blood side, to withdraw 

new peptide arriving from the brain side. 

All these results support the hypothesis that oligomers spontaneously 

cross the barrier model and, secondarily, they are caught by the LIP in 

the apical compartment. Then, the removal of Aβo by LIP is likely 

shifting the equilibrium of the peptide across the barrier toward the 

apical compartment, eliciting its efflux. 
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Taken together, these results suggest that mApoE-PA-LIP could exert 

the sink effect also in vivo. As a proof of this possibility, in vivo 

investigation showed that peripheral administration of mApoE-PA-LIP 

to transgenic APP/PS1 mice significantly increased plasma Aβ levels. 

Finally, we took into account another aspect implicated in the 

development and/or progression of AD (Sagare et al., 2012): the 

deposition and aggregation of Aβ within the walls of the cerebral 

vasculature. Thus, we investigated the ability of mApoE-PA-LIP to 

draw out the peptide uptaken by hCMEC/D3 cells. The results showed 

that in the presence of mApoE-PA-LIP the amount of cell-associated 

Aβ decreased. This might open a parallel scenario concerning the 

possible use of mApoE-PA-LIP, not only for AD, but also as a potential 

treatment for CAA. 

In conclusion, in the future outlook to design AD therapies, these results 

highlight the importance of designing multifunctional nanoparticles 

able to sequester peripheral blood Aβ (without the need to cross the 

BBB), taking into account the necessity to disaggregate brain Aβ 

aggregates to make Aβo available. It is also important to point out that 

also the alterations reported at charge of the BBB in AD (Zlokovic, 

2011) should be considered. 
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Abstract 

The contribution of Amyloid-β (Aβ) peptide to Alzheimer’s disease 

(AD) pathogenesis is widely accepted, therefore Aβ-targeted treatment 

strategies can be theoretically possible, if they initiated before 

irreversible damage is present or after pathological cascades have been 

initiated. We previously developed liposomes multifunctionalized for 

crossing the blood-brain barrier and targeting Aβ that showed 

therapeutic efficacy on AD-like transgenic mice displaying pathology 

signatures. Herein, we further investigated on APP/PS1 mice the ability 

of a long-term treatment started at young, pre-symptomatic age, to 

prevent or slow down the onset of typical AD hallmarks. 

Liposomes, administered weekly to 5-month-old APP/PS1 mice for 7 

months, prevented the onset of the recognition memory impairment, 

slowed down the deposition of brain Aβ. At a structural brain level, 

both ventricle enlargement and entorhinal cortex thickness reduction 

were prevented. 

Strikingly, all these multi-level impressive effects were maintained 3 

months after treatment discontinuation, when an increase in the Aβ-

degrading enzymes in brain was observed together with a reduction of 

the amyloid precursor protein level. Moreover, peripheral ‘sink’ effect 

also contributed to maintain low Aβ brain content, as suggested by the 

increase of Aβ levels in the liver. Worth of note, the 7-month treatment 

seems not to be toxic for all the organs analyzed, in particular for brain 

as suggested by the lower brain TNF-α level and higher level of SOD 

activity detected in treated mice. 

Together, these findings promote multifunctional liposomes as a well-

tolerated nanomedicine-based approach, potentially suitable for 
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delaying relevant features of AD seemingly fostering persistent 

neuroprotective effects. 
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4.1 INTRODUCTION 

Alzheimer disease (AD) is the most common form of dementia, 

accounting for 60 to 80 percent of dementia cases (http://www.alz.org). 

Although the cause and progression of AD are still not well understood, 

the central role of Amyloid-β (Aβ) peptide in AD pathogenesis is 

widely accepted, even if a variety of additional factors, either dependent 

or independent from Aβ, appears to contribute to cognitive decline and 

progression of dementia (Palop and Mucke, 2010; Selkoe, 2012). In 

fact, Aβ is thought to directly damage the brain, disrupting the synaptic 

functionality, which strongly correlates with the cognitive deficits 

characteristic of the pathology. Given its pivotal role, many Aβ-centric 

strategies have been attempted and are still in progress. Aβ 

accumulation and deposition in the brain is a very early pathological 

process in AD and probably begins ~10–20 years prior to the onset of 

clinically detectable symptoms (Holtzman et al., 2011). This early stage 

is considered the most promising time frame to start with disease-

modifying therapies (Sperling et al., 2013). 

Nanomedicine has been suggested as a biotechnology potentially 

suitable for the treatment of Central Nervous System (CNS) diseases, 

exploiting the design of nanoparticles multifunctionalized toward 

specific targets (Re et al., 2012). Within this frame, we previously 

designed liposomes for AD treatment, dually functionalized with a 

synthetic peptide (mApoE) containing the receptor-binding domain of 

apolipoprotein-E, for blood-brain barrier targeting and crossing, and 

with phosphatidic acid (PA), for Aβ binding (Bana et al., 2014). Acute 

treatment with these liposomes (mApoE-PA-LIP) have already shown 
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the ability to decrease brain Aβ burden and ameliorate the memory 

deficit in symptomatic APP/PS1 AD mice (Balducci et al., 2014). 

Herein, we further investigated on APP/PS1 mice the ability of a long-

term treatment with liposomes, started at young, pre-symptomatic age, 

to prevent or slow down the onset of typical AD hallmarks, namely 

brain Aβ accumulation and memory impairment. 
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4.2 MATERIALS AND METHODS 

Liposomes preparation and characterization 

Liposomes composed of sphingomyelin and cholesterol (1:1 molar 

ratio), mixed with 2,5 mol% of mal-PEG-PE and with 5 mol% of 

phosphatidic acid (PA), for Aβ binding, were prepared by extrusion 

procedure using polycarbonate filters (100 nm pore size diameter) (Re 

et al., 2010; Bana et al., 2014). They were then functionalized with 1,25 

mol% of a modified peptide (mApoE) derived from the receptor-

binding domain of human apolipoprotein E, for blood-brain barrier 

targeting (Re et al., 2010; Re et al., 2011), through covalent coupling 

with mal-PEG-PE, resulting in mApoE-PA-LIP. mApoE-PA-LIP were 

freshly prepared on the same day of each injection. 

 

Animals 

Twenty APP/PS1 5-month-old Tg male mice (B6C3-Tg(APPswe, 

PSEN1dE9)85Dbo/Mmjax mice; The Jackson Laboratory), mean 

weight of 28-30g, and 20 non-Tg (WT) age-matched littermates were 

used. Mice were all drug and behavioral test naïve and no 

environmental enrichment was used because it notably improves AD 

pathology in mouse models of AD (Lazarov et al., 2005; Valero et al., 

2011). All procedures involving animals and their care were conducted 

according to European Union (EEC Council Directive 86/609, OJ L 

358,1; December 12, 1987) and Italian (D.L. n.116, G.U., Suppl. 40, 

February 18, 1992) laws and policies, and in accordance with the United 

States Department of Agriculture Animal Welfare Act and the National 

Institutes of Health (Bethesda, MA, USA) policy on Humane Care and 

Use of Laboratory Animals. They were reviewed and approved by the 
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Mario Negri Institute Animal Care and Use Committee that includes ad 

hoc members for ethical issues (1/04-D). 

 

Animal treatment 

All animals (Tg or WT) were intraperitoneally injected with mApoE–

PA–LIP (100 μl, 73.5 mg of total lipids/kg) or with vehicle (100 μl 

PBS) once a week for 7 months. Therefore, two experimental groups 

were treated with mApoE–PA–LIP (Tg and WT mice, n = 10 for each) 

and two control groups were treated with PBS (Tg and WT, n = 10 for 

each). The weight of the animals was recorded before each treatment. 

To minimize the effect of subjective bias, the treatment was performed 

in blind. Mice were treated always at the same time of the day (9:00–

10:00 A.M.) in a specific room inside the animal facility, following a 

randomized order based on the draw of the animal identification code. 

At the end of treatment, five animals per group were sacrificed to assess 

treatment effects. The rest of the animals was kept for other three 

months without any kind of treatment and then sacrificed to analyze the 

duration of the effects after treatment discontinuation. 

 

Novel Object Recognition test (NORT) 

NORT is a memory test that relies on spontaneous animal behavior 

without the need for stressful elements such as food or water 

deprivation or foot-shock (Antunes and Biala, 2012). In the NORT, 

mice are introduced into an arena containing two identical objects that 

they can explore freely. Twenty-four hours later, they are reintroduced 

into the arena, with two objects one of which had already been 

presented (familiar) and the other new and completely different (novel). 
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The day before the beginning of the treatment, after 4 months from its 

start and at the end of treatment, mice were tested in an open-square 

grey arena (40 × 40 cm), 30 cm high, with the floor divided into twenty-

five squares by black lines, placed in a specific room dedicated to 

behavioral analysis and separate from the operator’s room. The 

following objects were used: a black plastic cylinder (4 × 5 cm), a glass 

vial with a white cap (3 × 6 cm), and a metal cube (3 × 5 cm). The task 

started with a habituation trial during which the animals were placed in 

the empty arena for 5 min and their movements recorded as the number 

of line-crossings, which provide an indication of both the WT and Tg 

mouse motor activity. The next day, mice were again placed in the same 

arena containing two identical objects (familiarization phase). 

Exploration was recorded in a 10-min trial by an investigator blinded to 

genotype and treatment. Sniffing, touching, and stretching the head 

toward the object at a distance of not more than 2 cm were scored as 

object investigation. Twenty-four hours later (test phase), mice were 

again placed in the arena containing two objects: one of the objects 

presented during the familiarization phase (familiar object), and a new, 

different one (novel object), and the time spent exploring the two 

objects was recorded for 10 min. Mice were tested following a 

predefined scheme (five mice for each treatment group and the 

remaining mice by following the same scheme) so to precisely maintain 

the 24 h re-test for each mouse. Results were expressed as the 

percentage of time spent investigating objects in the 10 min or as a 

discrimination index (DI), i.e. (seconds spent on novel – seconds spent 

on familiar)/(total time spent on objects). Animals with no memory 
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impairment spent longer investigating the novel object, giving a higher 

DI. 

 

MRI analysis 

Animals were anesthetized with isoflurane in a mixture of O2 (30%) 

and N2O (70%). Body temperature was maintained at ~37°C by a warm 

water circulated heating cradle. Imaging was performed on a 7 T small 

bore animal Scanner (Bruker Biospec, Ettlingen, Germany). Two 

actively decoupled radio frequency coils were used: a volume coil of 

7.2 cm diameter used as the transmitter and a surface coil as the 

receiver. A 3D RARE T2-weighted sequence was performed to assess 

anatomical changes. The morphological images were obtained with a 

voxel size of 117x147x147µm (matrix = 256x102x102 and Field of 

View = 3x1.5x1.5 cm); TR = 2500 ms, effective TE = 50 ms and a 

RARE factor of 16, for 1 average. 

The volume measurements of structural MRI images were obtained 

using Java-based custom made software. ROIs were manually chosen 

by a trained expert following the Paxinos’ atlas (Franklin and Paxinos, 

1997). Total intracranial volume, whole brain, cortex, hippocampus, 

striatum and the ventricular system were measured. Data from each 

animal were obtained by the integration of averaged ROI area for slice 

thickness. 

To measure thickness of the entorhinal cortex, nine coronal slices were 

selected at the level between Bregma -2.75 mm and Bregma -3.80 mm 

based on mouse brain atlases (Franklin and Paxinos, 1997), and the 

thickness was measured below the rhinal fissure (Yang et al., 2010). 

We visually inspected all the coronal acquisitions to choose a reference 



202 
 

image. We then registered all the other images to the reference one in 

order to avoid bias due to bad head positioning during the acquisition. 

For the image registration we used a 3D to 3D rigid body registration 

with 6 degrees of freedom (FLIRT) (Jenkinson and Smith, 2001; 

Jenkinson et al., 2002). The thickness of the entorhinal cortex was then 

measured six times (three for left and three for right) by a trained expert 

and the values were averaged to get the final values. 

 

Blood and tissue collection 

Animals were deeply anesthetized with an overdose of 

ketamine/medetomidine (1.5 and 1.0 mg/kg, respectively). The blood 

was collected from the heart for plasma separation and used for both 

Aβ level quantification and serum chemistry profile test. The latter test 

was performed using an automatic biochemistry analyzer (Cobas 8000, 

Roche Diagnostics GmbH, Mannheim, Germany). Afterward, liver, 

spleen, and brain were dissected, macroscopically analyzed and 

weighed. One brain hemisphere was fixed and processed for 

immunohistochemistry; the other hemisphere, liver, spleen and plasma 

were snap frozen in dry ice and stored at -80°C (Cramer et al., 2012) 

until Aβ, APP, proteolytic degrading enzyme activity and inflammatory 

and oxidative stress marker dosage. 

 

Brain immunohistochemistry 

APP/PS1 plaque deposition was examined using the 6E10 monoclonal 

anti-Aβ antibody (Covance). Brain coronal cryostat sections (30 μm; 

three slices per mouse) were incubated for 1 h at room temperature with 

blocking solution [6E10: 10% normal goat serum (NGS)] and then 
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overnight at 4°C with the primary antibody (6E10, 1:500). After 

incubation with the anti-mouse biotinylated secondary antibody (1:200; 

1 h at room temperature; Vector Laboratories) immunostaining was 

developed using the avidin-biotin kit (Vector Laboratories) and 

diaminobenzidine (Sigma). Tissue analysis and image acquisition were 

done using an Olympus image analyzer and the Cell-R software. 

Plaques were quantified by an operator blind to genotype and treatment 

using Fiji software, through the application of a homemade macro. 

 

Aβ quantification in animal organs 

Mouse brains were treated as described previously (Steinerman et al., 

2008) with some modifications. Mouse brain hemispheres were 

homogenized in a Tris buffer containing 50mM Tris-HCl, pH 7.4, 

150mM NaCl, 50mM EDTA, 1% Triton X-100, and 2% protease 

inhibitor. After centrifugation (15.000 rpm, 21.000 × g, 4°C for 25 

min), the supernatant was retained as the Triton-soluble fraction 

(soluble Aβ). The pellet was homogenized a second time in the presence 

of 70% formic acid (FA) (10% v/w) and ultracentrifuged (55.000 rpm, 

100,000 × g, 4°C, 1 h), and the resulting FA-extracted supernatant was 

neutralized with 1 M Tris buffer, pH 11, representing the FA-extracted 

insoluble fraction (insoluble Aβ). Levels of Aβ1–40 and Aβ1–42 in each 

fraction were quantified by sandwich ELISA (ELISA kit; IBL). Liver 

and spleen were homogenized as the brain and their Aβ levels were 

quantified by ELISA in the Triton-soluble fraction.  

Levels of plasma Aβ1–40 and Aβ1–42 were quantified by ELISA (Wako 

Chemicals). Each sample was assayed in triplicate. 
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Active proteolytic degrading enzyme, inflammatory and oxidative 

stress marker dosage in mouse organs 

The Triton-soluble fraction, obtained from brain, liver and spleen as 

described in the previous section, was also used to quantify the amount 

of active Neprilysin (NEP) and Insuline Degrading Enzyme (IDE) 

(SensoLyte Activity Assay Kit; AnaSpec, Inc.), IL-1β and TNF-α level 

(Quantikine ELISA kit; R&D Systems), the amount of MDA adducts 

(OxiSelect Competitive ELISA kit; Cell Biolabs, Inc.) and SOD 

activity (OxiSelect Activity Assay; Cell Biolabs, Inc). For active NEP 

and IDE quantification, the non-interference of the analyzed samples 

with the activity of the enzymes was verify. 

 

Brain APP, IDE, LRP-1 and RAGE levels analysis 

Aliquots of the Triton-soluble factions obtained from brains were run 

on a precast NuPAGE 4-12% bis-Tris gel (Invitrogen corporation, 

Milano, Italy), transferred to a nitrocellulose membrane, probed with 

anti-APP antibody (1:1000 dilution, Chemicon), anti-IDE antibody 

(1:1000 dilution, Invitrogen), anti-LRP-1 antibody (1:1000 dilution, 

Thermo Fisher) or anti-RAGE antibody (1:1000 dilution, Thermo 

Fisher) and visualized with enhanced chemiluminescence (ECL) by 

ImageQuant LAS4000. The protein load was controlled by β-actin 

immunoblotting using β-actin loading control antibody (1:2000 

dilution, Invitrogen). The content of APP, IDE, LRP-1 or RAGE were 

quantified by intensity of the chemiluminescent bands using ImageJ 

Software.  
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Statistical analysis 

Data were expressed as mean ± SEM. For western blot, Aβ dosage and 

plaque quantification, data were analyzed by Student’s t test. For 

NORT, MRI analysis, proteolytic degrading enzyme activity and 

inflammatory and oxidative stress marker dosage, data were analyzed 

by a two-way ANOVA. In the presence of a significant interaction 

between the factors Tg × treatment, the Tukey’s post hoc test was 

applied. p< 0.05 was considered significant. 
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4.3 RESULTS 

mApoE-PA-LIP treatment prevented memory impairment in 

APP/PS1 mice 

5 month-old APP/PS1 Tg mice and age-matched WT littermates were 

intraperitoneally (IP) treated with mApoE-PA-LIP (treated mice; Tg n 

= 10, WT n = 10) or PBS (untreated mice; Tg n = 10, WT n = 10) once 

a week for 7 months and periodically submitted to the Novel Object 

Recognition memory test (NORT). The day before the first injection 

(Figure 1A and B), as assessed by NORT, 5 month-old WT were 

indistinguishable from Tg mice in their memory performance, as 

expected at this age (Lee et al., 1997). At 9 months, which is after 4 

months treatment, untreated Tg mice displayed memory impairment 

with respect to WT mice (Figure 1A and C). On the contrary, Tg mice 

receiving mApoE-PA-LIP showed a significant memory preservation, 

since their performance was comparable to that of WT. The same 

pattern was observable at the end of treatment, after 7 months (Figure 

1A and D). As a further control, the treatment of WT mice with mApoE-

PA-LIP exerted no negative effect on their memory at any age. 
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mApoE-PA-LIP treatment prevented the occurrence of AD 

cerebral anatomical abnormalities 

At the end of treatment, a magnetic resonance imaging (MRI) analysis 

was carried out on treated and untreated mice to investigate eventual 

changes in volume or thickness of different brain areas. Representative 

MRI brain images of controls and treated and untreated Tg mice are 

reported in Figure 2. 

 

 

Figure 1. Effect of mApoE-PA-LIP treatment on long-term recognition memory. 5 
month-old APP/PS1 Tg or WT mice were intraperitoneally treated with mApoE-PA-
LIP (100 μl, 73.5 mg of total lipids/kg) or vehicle (100 μl PBS) once a week for 7 
months and periodically submitted to NORT. A, Histograms show the discrimination 
index of the experimental groups the day before the first injection (white bars), after 
4 months from beginning the treatment (checked bars) and at its end (black bars). B,
Histograms show the time percentage of investigation of the familiar (black bars) and 
novel (grey bars) objects of the experimental groups tested the day before the first 
injection. C, Histograms show the time percentage of investigation of the familiar 
(black bars) and novel (grey bars) objects of the experimental groups tested after 4 
months from the beginning of the treatment. D, Histograms show the time percentage 
of investigation of the familiar (black bars) and novel (grey bars) objects of the 
experimental groups tested at the end of treatment. Data are presented as mean ± SEM. 
One-way ANOVA, Tukey’s post hoc test, **p < 0.01 untreated Tg versus untreated 
WT mice; §§p < 0.01 treated versus untreated Tg mice; n = 10/group. 
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The ventricle volume of treated Tg mice was smaller (-22%), while 

entorhinal cortex thickness was higher (+10%) than untreated Tg mice 

and were comparable to WT (Figure 3A and B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. A, Representative MRI brain image of a control animal. B, Representative 
MRI brain image of an untreated Tg mice. C, Representative MRI brain image of a 
treated Tg mice. Scale bar, 2 mm. 

A B C 
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The treatment did not exert any effect on whole brain, hippocampus, 

cortex or striatal volumes (data not shown). 

 

mApoE-PA-LIP treatment slows down brain Aβ accumulation in 

APP/PS1 mice 

At the end of treatment animals (n = 5 per group) were sacrificed and 

brains collected and analyzed to quantify plaque load and to measure 

Aβ levels. As shown in Figure 4A, untreated Tg mice exhibited 

Figure 3. Effect of mApoE-PA-LIP treatment on brain structures. At the end of 
treatment, a MRI analysis was performed (A, B). After 3 months from treatment 
interruption, the MRI analysis was repeated on remaining animals and the same brain 
structures quantified in volume or thickness (C, D). A and C, Histograms show the 
change of ventricular volume in the brain of untreated or treated Tg mice with respect 
to untreated WT mice. B and D, Histograms show the change of entorhinal cortex 
thickness in untreated or treated Tg mice with respect to untreated WT mice. Data are
presented as mean ± SEM. One-way ANOVA, Tukey’s post hoc test, *p < 0.05, **p
< 0.01 untreated Tg versus untreated WT mice; § p < 0.05 treated versus untreated Tg 
mice; n = 10/group in A and B; n = 5/group in C and D. 
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important plaque load, as expected at 12 months of age (Balducci and 

Forloni, 2011). Notably, the brains of mApoE-PA-LIP-treated Tg mice 

displayed a lower content of plaques, both in area (-29%) and in number 

(-31%) in both the cortex and the hippocampus (Figure 4B and C).  
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In parallel, the content of insoluble Aβ species in the brain of treated 

mice was lower than in untreated ones (Figure 5A). In contrast, no 

difference was detected in soluble Aβ species (Figure 5B). 

 

 

 

Figure 4. Effect of mApoE-PA-LIP treatment on Aβ plaque deposition. At the end of 
treatment, half of the animals was sacrificed and half brain was immunostained with
the anti-Aβ 6E10 monoclonal antibody for plaque quantification (A, B, C). After three
months from treatment interruption, the rest of the animals was sacrificed and their 
brain processed for plaque quantification (D, E, F). A and D, Representative brain 
sections of untreated and treated Tg mice, stained with the anti-Aβ 6E10 antibody, are 
shown. Scale bar = 250 μm. B and E, Histograms report the percentage difference in 
the total plaque area in treated and untreated Tg mice with respect to untreated Tg 
mice at the end of treatment. C and F, Histograms report the percentage difference in 
the number of plaques in treated and untreated Tg mice with respect to untreated Tg 
mice at the end of treatment. Data are presented as mean ± SEM. Student’s t test, *p
< 0.05; n = 5/group. 
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mApoE-PA-LIP treatment increased peripheral Aβ levels 

At the end of treatment, we assessed the amount of brain Neprilysin 

(NEP) and Insulin degrading enzyme (IDE) (Nalivaeva et al., 2012). As 

shown in Figure 6A and B, the amount of active NEP and IDE in 

untreated Tg mice was lower (-60% and -35% respectively) than in WT, 

and was not affected by the treatment.  

Figure 5. Effect of mApoE-PA-LIP treatment on brain Aβ burden. At the end of 
treatment, half of the animals was sacrificed, half brain was homogenized and 
insoluble and soluble Aβ1-40 and Aβ1-42 amounts were measured by ELISA (A, B). 
After three months from treatment interruption, the rest of the animals was sacrificed 
and their brain analyzed for Aβ content (C, D). A and C, Histograms display the level 
of insoluble Aβ1-40 and Aβ1-42 levels in the brain of treated and untreated Tg mice.
B and D, Histograms display the level of soluble Aβ1-40 and Aβ1-42 levels in the 
brain of treated and untreated Tg mice. Data are presented as mean ± SEM. Student’s 
t test, *p < 0.05, ***p < 0.001; n = 5/group. 



214 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Effect of mApoE-PA-LIP treatment on the amount of active proteolytic 
degrading enzymes. At the end of treatment, half of the animals was sacrificed, half  
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As regards to brain APP, no difference between treated or untreated Tg 

mice was observed (Figure 7C dotted bars).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

brain was homogenized and the amount of active Neprilysin (NEP) and Insuline 
degrading enzyme (IDE) measured (A, B). After three months from treatment 
interruption, the rest of the animals was sacrificed and their brain analyzed for active 
NEP and IDE quantification (C, D). A and C, Histograms report the level of active 
NEP in the brain of treated and untreated WT or Tg mice. B and D, Histograms report 
the level of active IDE in the brain of treated and untreated WT or Tg mice. Data are 
presented as mean ± SEM. One-way ANOVA, Tukey’s post hoc test, **p < 0.01, 
*** p < 0.001 versus untreated WT mice; §p < 0.05, §§§p < 0.001 treated versus 
untreated Tg mice; n = 5/group). 
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Finally, after completion of the treatment, Aβ levels were found 

significantly increased (+36%) in the liver of treated Tg mice with 

respect to untreated Tg (data not shown). 

 

mApoE-PA-LIP treatment effects persisted after its 

discontinuation 

To investigate whether the effects exerted by the treatment would 

persist after its discontinuation, five animals per group were kept for 3 

further months after the end of treatment. The memory test at the end 

of this period was not performed, due to the small number of animals, 

not suitable for a statistically significant evaluation. Brain MRI analysis 

showed that, after three months, both ventricle volume and entorhinal 

cortex thickness of treated Tg mice remained stable and comparable to 

WT, while untreated Tg mice still displayed enlarged ventricle volume 

(+23%) and thinner entorhinal cortex (-7%) (Figure 3C and D). No 

changes were detected on the other brain areas. 

After MRI, animals were sacrificed and organs analyzed. Tg mice 

having received the mApo-PA-LIP treatment were compared with 

Figure 7. Effect of mApoE-PA-LIP treatment on brain APP, IDE, LRP-1 and RAGE 
levels. At the end of treatment and three months after its interruption, animals were 
sacrificed and half brains homogenized and submitted to SDS-PAGE and Western 
blot (A, B, C, D and E). A, Immunoblots of brain homogenates from untreated (PBS) 
and treated (mApoE-PA-LIP) Tg mice. Lanes 1, at the end of the 7-month treatment; 
lanes 2, three months after treatment interruption. B, Relative quantification of the 
immunoblot bands of IDE on β-actin. C, Relative quantification of the immunoblot 
bands of APP on β-actin. D, Relative quantification of the immunoblot bands of LRP-
1 on β-actin. E, Relative quantification of the immunoblot bands of RAGE on β-actin. 
Dotted bars, at the end of treatment; grey bars, 3 months after treatment interruption. 
Data are presented as mean ± SEM. Student’s t test; n = 5/group. 
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untreated Tg mice and the results, 3 months after treatment 

discontinuation, can be summarized as follows: 

i) the amount of plaques in both the cortex and the hippocampus as well 

as the total amount of brain insoluble and soluble Aβ species were still 

lower in treated Tg mice (Figure 4D, E and F and Figure 5C and D); 

ii) Aβ levels in the liver remained significantly higher (+43%) (data not 

shown); 

iii) The amount of NEP and IDE was higher (+21% and +73% 

respectively) (Figure 6C and D; Figure 7A and B); 

iv) APP brain levels were significantly lower (-21%) (Figure 7A and 

C); 

v) LRP-1 and RAGE brain levels were significantly different (+111% 

and -41%, respectively) (Figure 7A, D and E). 

 

mApoE-PA-LIP treatment did not induce toxic effects either in the 

brain or in peripheral organs 

The potential toxicity of mApoE-PA-LIP treatment was investigated 

both at the end of treatment and after its discontinuation. Body weight 

and motor activity of all mice were monitored throughout the 7 months 

of treatment and no significant changes among the groups was observed 

(data not shown). The serum values of total cholesterol, triglycerides, 

lipoproteins (high-density lipoproteins, HDL; low density lipoproteins, 

LDL) and transaminases (alanine transaminases, ALT; aspartate 

transaminases, AST) were not statistically different between 

experimental groups (data not shown), suggesting no effect of mApoE-

PA-LIP treatment on hepatic function. In addition, macroscopic 

examination of livers, spleens and brains revealed a normal aspect, 



219 
 

without hyperplasia or necrosis, and the comparison of organ weights 

between treated and control groups did not show any significant 

difference (data not shown). At a molecular level, brains, livers and 

spleens also underwent a biochemical analysis for inflammation and 

reactive oxygen species (ROS) production. 

As first, the effects on CNS were evaluated. Regarding inflammation, 

IL-1β and TNF-α were chosen as representative inflammatory markers 

(Wang et al., 2015). Brain TNF-α levels of treated Tg mice were lower 

than untreated Tg, and comparable with those of WT, both at the end of 

treatment (Figure 8B) and 3 months after its discontinuation (Figure 

8D). The treatment of Tg mice, with respect to untreated, did not induce 

any change of brain IL-1β levels, which were higher than in WT, both 

at the end of treatment (Figure 8A) and 3 months after its 

discontinuation (Figure 8C). 
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Figure 8. Effect of mApoE-PA-LIP treatment on brain inflammation. At the end of 
treatment, half of the animals was sacrificed, half brain was homogenized and 
inflammatory cytokine levels were measured (A, B). After three months from 
treatment interruption, the rest of the animals was sacrificed and their brain analyzed 
for inflammatory cytokine levels (C, D). A and C, Histograms indicate the level of 
IL-1β in the brain of treated and untreated WT or Tg mice. B and D, Histograms 
indicate the level of TNF-α in the brain of treated and untreated WT or Tg mice. Data 
are presented as mean ± SEM. One-way ANOVA, Tukey’s post hoc test, *p < 0.05, 
*** p < 0.001 versus untreated WT mice; §§§p < 0.001 treated versus untreated Tg 
mice; n = 5/group). 
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Concerning oxidative stress, MDA and SOD activity were assumed as 

indicators (Chen and Zhong, 2014). Brain SOD of Tg mice increased 

after treatment with respect to untreated ones, reaching values 

comparable to WT, both at the end of treatment (Figure 9B) and after 

its discontinuation (Figure 9D).  
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Successively, peripheral organs were analyzed. TNF-α in the spleens 

was higher (+69%) in Tg mice at the end of the treatment with respect 

to untreated and WT, and decreased down to the values of other groups 

after treatment discontinuation (data not shown). On the contrary, MDA 

adducts were found decreased (-28%) in the livers both at the end of 

treatment and after its discontinuation (data not shown). 

 

  

Figure 9. Effect of mApoE-PA-LIP treatment on brain oxidative stress. At the end of 
treatment, half of the animals was sacrificed, half brain was homogenized and 
oxidative stress indicator levels were measured (A, B). After three months from
treatment interruption, the rest of the animals was sacrificed and their brain analyzed 
for oxidative stress indicator levels (C, D). A and C, Histograms show the level of 
MDA adducts in the brain of treated and untreated WT or Tg mice. B and D,
Histograms show the level of SOD activity in the brain of treated and untreated WT 
or Tg mice. Data are presented as mean ± SEM. One-way ANOVA, Tukey’s post hoc
test, *p < 0.05, **p < 0.01, ***p < 0.001versus untreated WT mice; §p < 0.05, §§§p
< 0.001 treated versus untreated Tg mice; n = 5/group. 
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4.4 DISCUSSION 

It is nowadays recognized that brain Aβ pathophysiological alterations 

leading to AD take place decades before the appearance of the first 

signs of dementia, providing a wide pre-symptomatic time window for 

intervention with Aβ-targeted therapies (Holtzman et al., 2011; 

Sperling et al., 2013; Tian et al., 2014). Within this frame, in the present 

investigation we evaluated the possibility to use mApoE-PA-LIP to 

hinder the progression of brain Aβ accumulation and memory 

impairment. We tested this possibility on APP/PS1 mice, starting a 

treatment at 5 months of age, when mice display initial brain Aβ 

deposition but no memory impairment, and ending at 12 months of age, 

when these features are clearly apparent (Lee et al., 1997; Yan et al., 

2009; VanItallie, 2015). 

A remarkable outcome of the treatment herein described with mApoE-

PA-LIP is that the cognitive performance, in terms of memory 

evaluation, of Tg animals remained comparable to that of WT for the 

entire duration of the treatment, suggesting that liposomes could exert 

a preventive activity on memory loss. In fact, untreated Tg mice, 

although cognitively comparable with WT at the beginning of the 

treatment showed significant deficits at both 9 and12 months of age. 

Another relevant result of this study is that brain Aβ deposition was 

strongly delayed in treated Tg mice, clearly showing a reduced number 

and area of plaques and a lower amount of brain insoluble Aβ levels. 

Looking for a possible explanation of these striking results on brain Aβ 

reduction, it should be pointed out that no difference in NEP, IDE and 

APP brain levels were observed in treated Tg mice with respect to 

untreated, thus ruling out an effect on CNS Aβ metabolism exerted by 
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the treatment. Instead, the increase in liver Aβ levels of treated Tg mice 

suggests that the peptide is hauled from the brain to this organ. Thus, it 

is possible that mApoE-PA-LIP enter the brain and slow down Aβ 

aggregation, as previously demonstrated (Balducci et al., 2014; Bana et 

al., 2014), maintaining soluble Aβ species available for efflux to blood, 

triggered by circulating liposomes - the so called ‘sink effect’ 

(Matsuoka et al., 2003; Ordóñez-Gutiérrez et al., 2015; Mancini et al., 

2016) - , and thus reducing the probability of brain deposition. This 

hypothesis is supported by the observation that no changes in soluble 

brain Aβ levels were measured, together with a reduced plaque 

deposition. 

One of the most compelling outcomes of the present study is that the 

reduced brain Aβ burden detected in treated Tg mice was still detectable 

three months after the end of treatment. In fact, even if the amount of 

brain Aβ increased over time, the lower burden in treated ones was 

maintained, suggesting that the treatment could slow down the 

progression of the disease also for a given time after its discontinuation. 

The long-lasting effect of treatment on brain Aβ levels could be linked 

to a later involvement of NEP/IDE and APP, whose levels significantly 

increased or decreased, respectively, after the end of treatment. 

Taking into account the short half-life of mApoE-PA-LIP in the blood 

(Bana et al., 2014), the fact that Aβ levels were still high in the liver of 

treated animals three months after discontinuation of the treatment 

suggests that the treatment could affect the Aβ transport pathways 

across the BBB. This possibility is partly supported by the observation 

that the brain levels of the two main transporters in either direction of 
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Aβ across the BBB, LRP-1 and RAGE (Deane et al., 2009), were found 

increased and decreased, respectively, in the brains of treated Tg mice. 

Concerning the positive effect induced by the treatment on cognitive 

impairment, this is reported to be strongly correlated with soluble Aβ 

levels (McLean et al., 1999); thus, it is questionable that our treatment 

induced memory recovery without changes in soluble brain Aβ levels. 

A possible explanation could be found in the lower TNF-α level or in 

the higher level of SOD activity detected in the brain of treated Tg mice 

with respect to untreated ones. These changes could prevent damage at 

synapses, which are considered as the primary Aβ target in AD 

pathogenesis (Selkoe, 2002). The hypothesis of neuronal protection is 

supported by the MRI analysis, showing that treated Tg mice displayed 

brain ventricle volume and entorhinal cortex thickness comparable to 

WT. 

Regarding possible toxicity, the treatment proved to be apparently not 

toxic for all the organs analysed, despite its long duration, except for a 

possible toxicity on the spleen, indicated by the increase of TNF-α level 

observed at the end of treatment. On the other hand, the results indicate 

an anti-inflammatory action and a protective effect against ROS of 

liposomes in the brain, which persist after the end of treatment. 

Taken together, all these findings indicate mApoE-PA-LIP as a new all-

in-one multitask approach potentially suitable for early treatment of 

AD. To be pointed out that the long-term treatment with mApoE-PA-

LIP could not cure AD, but could avoid the onset of cognitive deficits 

and brain structural changes and slow down the progression of Aβ 

accumulation. 
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Abstract 

Aggregation of amyloid-β peptide (Aβ) is a key event in the 

pathogenesis of Alzheimer's disease (AD). We investigated the effects 

of nanoliposomes decorated with the retro-inverso peptide RI-OR2-

TAT (Ac-rGffvlkGrrrrqrrkkrGy-NH2) on the aggregation and toxicity 

of Aβ. Remarkably low concentrations of these peptide inhibitor 

nanoparticles (PINPs) were required to inhibit the formation of Aβ 

oligomers and fibrils in vitro, with 50% inhibition occurring at a molar 

ratio of ~1:2000 of liposome-bound RI-OR2-TAT to Aβ. PINPs also 

bound to Aβ with high affinity (Kd = 13.2-50 nM), rescued SHSY-5Y 

cells from the toxic effect of pre-aggregated Aβ, crossed an in vitro 

blood–brain barrier model (hCMEC/D3 cell monolayer), entered the 

brains of C57/BL6 mice, and protected against memory loss in APPSWE 

transgenic mice in a novel object recognition test. As the most potent 

aggregation inhibitor that we have tested so far, we propose to develop 

PINPs as a potential disease-modifying treatment for AD. 
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5.1 INTRODUCTION 

There are currently ~36 million sufferers of Alzheimer's disease (AD) 

worldwide, costing the world economy US$604 billion in 2010, and 

these figures are set to rise dramatically in the future (Wimo and Prince, 

2010). Current drug treatments only temporarily alleviate the symptoms 

of AD. Characteristic pathological changes of the disease are the 

presence of abundant senile plaques, containing amyloid-β peptide (Aβ) 

fibrils, and neurofibrillary tangles consisting of hyperphosphorylated 

Tau protein. However, Aβ oligomers are now thought to be the most 

toxic form of this peptide, with a potent ability to cause memory deficits 

and inhibition of oligomer formation is a potential strategy for disease 

modification therapy (Lambert et al., 1998; Walsh et al., 2002; Wang et 

al., 2002; Kim et al., 2003; Cleary et al., 2005; Haass and Selkoe, 2007; 

Walsh and Selkoe, 2007). It is also generally thought that Tau 

aggregation is a downstream consequence of Aβ aggregation (Ma et al., 

2009). The most advanced clinical trials aimed at disease modification 

in AD are based on drugs targeting the production or clearance of Aβ 

(Howlett, 2011). 

We have published data on a small peptide (OR2 = H2N-

RGKLVFFGR-NH2) that inhibits the formation of Aβ oligomers and 

fibrils (Austen et al., 2008). RI-OR2 is a much more stable retro-

inverted version of this peptide (Taylor et al., 2010). The addition of 

retro-inverted ‘TAT’ (HIV cell-penetrating peptide) to RI-OR2 allows 

it to enter cells and cross the blood–brain barrier (BBB) (Parthsarathy 

et al., 2013). Treatment of APPswe/PS1∆E9 transgenic mice with RI-

OR2-TAT caused reduction of brain Aβ burden (oligomers included), 

reduction of numbers of activated microglial cells, and an increase in 
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the number of young neurons in the dentate gyrus (Parthsarathy et al., 

2013). However, RI-OR2-TAT only inhibits Aβ aggregation when 

present at relatively high concentrations (i.e. 1:5 molar ratio of 

inhibitor: Aβ at best) (Parthsarathy et al., 2013).  

In recent years, there has been a growing interest in the use of liposomes 

as carriers for therapeutic agents, because of their attractive 

characteristics, such as biocompatibility, biodegradability, and 

chemical and physical stability (Torchilin, 2005). Moreover, liposomes 

can be multifunctionalized on their surface, and it has been shown that 

multi-ligand-decorated nanosystems can be more efficient (compared 

to single ligand systems) at recognizing their molecular targets (Stukel 

et al., 2010). In the present study, we have covalently attached RI-OR2-

TAT to nanoliposomes (NLs) using ‘click’ chemistry. We show that 

very low concentrations of these peptide inhibitor nanoparticles 

(PINPs) were required to inhibit the aggregation of Aβ and to protect 

cultured SHSY-5Y cells from the toxic effect of pre-aggregated Aβ. 

Moreover, they were efficient at crossing an in vitro BBB model, 

entered the brains of healthy mice, and protected against memory loss 

in APPSWE transgenic mice. 
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5.2 MATERIALS AND METHODS 

Materials 

Chemical reagents and Sepharose 4B-CL were from Sigma-Aldrich. 

Bovine brain sphingomyelin (Sm), cholesterol (Chol) and 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide 

(polyethylene glycol)-2000] (mal-PEG-PE) were from Avanti Polar 

Lipids Inc., USA. [3H]-Sm, [3H]-propranolol, [14C]-sucrose, Ultima 

Gold scintillation cocktail and solvable tissue solubilizer were from 

PerkinElmer (Waltham, MA, USA). [14C]-Chol was provided by 

Quotient Bioresearch Ltd. Polycarbonate filters for liposome extrusion 

were from Millipore Corp., Bedford, MA, USA and the extruder was 

from Lipex Biomembranes, Vancouver, Canada. Recombinant Aβ1-42, 

Ultrapure, was from rPeptide, Bogart, Georgia, USA. All other 

chemicals were reagent grade. 

 

Production of NL decorated with RI-OR2-TAT (PINPs) by click 

chemistry 

NL were composed of Sm/Chol (1:1 molar ratio) mixed with 5 molar 

% of mal-PEG-PE. Lipids were resuspended in chloroform/methanol 

(2:1, v:v) and dried under a gentle stream of nitrogen. The resulting film 

was resuspended in PBS, pH 7.4, vortexed and extruded 10 times 

through a 100 nm pore polycarbonate filter under 20 bar nitrogen 

pressure, at room temperature, to create UD (undecorated) liposomes. 

In order to covalently attach the peptide to these liposomes, an 

additional cysteine residue was incorporated at the C-terminus. NL 

were incubated with this peptide for 2 h at 37 °C and then overnight at 

4 °C to obtain PINPs. To remove unbound peptide, the liposome 
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suspension was passed through a Sepharose 4B-CL column (25 × 1 cm). 

The elution of PINPs was assessed by dynamic light scattering (DLS) 

and the amount of peptide bound to liposomes was quantified by 

Bradford assay (Bradford, 1976). Phospholipid recovery was 

determined by the method of Stewart (Stewart, 1980). 

 

NL characterization 

The size and polydispersity of NL were measured at 25 °C using a 

ZetaPlus particle sizer (Brookhaven Instruments Corporation, 

Holtsville, NY, USA). The particle size was assessed by DLS with a 

652 nm laser, and polydispersity index was obtained from the intensity 

autocorrelation function of the light scattered at a fixed angle of 90°. 

The NL were also analysed by use of a Nanosight machine (NanoSight 

Ltd., Minton Park, Amesbury, UK) with NL suspended in PBS, pH 7.4, 

and measured at 25 °C. 

 

Aβ aggregation assays 

These were performed using de-seeded Aβ1-42 (Taylor et al., 2010). 

ThT assays were conducted in 384-well, clear-bottomed microtitre 

plates, with 25 μM Aβ1-42, 15 μM ThT, and a range of concentrations 

of PINPs, in 10 mM PBS, pH 7.4, with a total reaction volume of 60 

μL. Aggregation was monitored using a BioTek Synergy plate reader 

(λex = 442 nm, λem = 483 nm) over 48 h at 30 °C, with the plate being 

shaken and read every 10 min. The results show average data from one 

of two experiments, each of which was performed in triplicate. Control 

assays involving incubation of pre-aggregated Aβ (incubated at 25 μM 

for 24 h) with ThT in the presence of each inhibitor ruled out the 
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possibility that the inhibitors interfere with binding of ThT to fibrils 

(Taylor et al., 2010). 

For the sandwich immunoassay, Aβ oligomers were captured by 

monoclonal antibody 6E10 and detected by a biotinylated form of the 

same antibody (Taylor et al., 2010). Briefly, 96-well plates (Maxisorb) 

were coated with 6E10, diluted 1:1000 in assay buffer (Tris-buffered 

saline (TBS) (pH 7.4), containing 0.05% γ-globulins and 0.005% 

Tween 20). The incubated samples of peptide, with or without liposome 

(12.5 μM Aβ and a series of dilutions of PINPs in PBS, pH 7.4, at 25 

°C), were diluted to 1 μM Aβ and incubated, in triplicate, in the 96-well 

plates for 1 h at 37 °C. The plates were washed with 10 mM PBS, 

containing 0.5% Tween 20 (PBS-T). Following this, 100 μL of TBS 

containing 1:1000 biotinylated 6E10 was added and the plates were 

incubated for 1 h at 37 °C and washed. Europium-linked streptavidin 

was added at 1:500 dilution in StrepE buffer (TBS containing 20 μM 

DTPA, 0.5% bovine serum albumin, and 0.05% γ-globulins), incubated 

for 1 h, and washed. Enhancer solution was added, and the plates were 

read on a Wallac Victor 2 plate reader. The results shown are average 

data from one of two experiments, each performed in triplicate. Pre-

aggregated peptide controls ruled out the possibility that the inhibitors 

block binding of 6E10 to Aβ (Taylor et al., 2010). 

 

Atomic force microscopy (AFM) 

Aβ1-42 was incubated at 25 μM in the presence or absence of 1.25 μM 

PINPs (total lipids) in PBS, pH 7.4, for 24 h. Samples were diluted 1:10 

in PBS and a 2 μL aliquot was deposited onto a mica surface coated 

with poly-L-lysine (PLL) (Tinker-Mill et al., 2014) and allowed to dry. 
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Images were obtained in tapping mode using a Multimode™ SPM 

NanoScope IIIa microscope (Digital Instruments, NY, USA). The 

silicon cantilever tips were 125 μm long, 30 μm wide and had a radius 

<10 nm (Budget Sensors, Bulgaria). The resonance frequency was 300 

kHz and force constants 40 N/m. All images were first order flattened 

and edited using WSxM 5.0 Develop 4.3 software, (Nanotech, Madrid, 

Spain) (Horcas et al., 2007). 

 

Electron microscopy (EM) studies of PINPs incubated with Aβ 

Negative stain EM was used to examine the structure of PINPs with and 

without incubation with Aβ. PINPS alone, or PINPs (25 μM total lipids) 

incubated with Aβ1-42 (25 μM) at 37 °C for 48 h, were pipetted (4 μl) 

onto 300 mesh formvar and carbon coated copper grids (Agar 

Scientific, UK) and left for 1 min. The solvent was blotted away and 

the residue stained using 2% (w/v) phosphotungstic acid (PTA), pH 7.4. 

Immunogold labelling experiments were performed to identify any Aβ 

captured by PINPs. Here, the grids were blocked for 15 min in goat 

serum:PBS (1:10) and incubated at room temperature for 1 h with 

primary anti-Aβ antibody 6E10 (0.02 μl/ml). After washing, they were 

incubated with 10 nm colloidal gold-conjugated goat anti-mouse 

secondary antibody (G7777, Sigma-Aldrich) diluted 1/50 in PBS, for 2 

h. After washing, any liquid remaining on the grids was blotted away, 

and the samples were stained with PTA. Grids were left to dry and 

examined by TEM. 
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Surface plasmon resonance (SPR) spectroscopy 

SPR experiments were conducted using a Sensi Q semi-automatic SPR 

machine (ICx Nomadics). This apparatus has two parallel flow cells; 

one was used to immobilize Aβ1-42 monomers, oligomers or fibrils, 

while the other was used as “reference” (empty surface). A COOH5 

sensor chip (ICx Nomadics) was employed for this purpose and the 

peptide was immobilized by amine coupling chemistry. Briefly, after 

surface activation, the peptide was diluted to 10 μM in acetate buffer 

(pH 4.0) and injected for 5 min at a flow rate of 30 μL/min. Any 

remaining activated groups were blocked with ethanolamine (pH 8.0). 

The final immobilization level was ~5000 resonance units (1 RU = 1 pg 

of protein/mm2). The empty “reference” surface was prepared in 

parallel using the same immobilization procedure, but without addition 

of peptide. Sensorgrams were obtained via injection of four different 

concentrations of PINPs (0.3 μM, 0.6 μM, 0.9 μM, 1.2 μM of exposed 

peptide) in solution (PBS with 0.005% Tween 20), over the 

immobilized ligand or control surface, in parallel, at the same time. 

These SPR data can be interpreted to provide an estimate for affinity of 

binding of liposomes to Aβ (Taylor et al., 2010; Parthsarathy et al., 

2013). 

 

MTS/LDH assay 

Cultured SHSY-5Y human neuroblastoma cells were maintained in 

Dulbecco's modified eagle medium (DMEM, Gibco) containing 10% 

fetal calf serum, 100 U/mL penicillin, 50 μg/mL streptomycin, at 37 °C 

and 5% CO2 in a humidified incubator. Cells were transferred to sterile 

96-well growth plates at 20,000 cells per well and four wells per 
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condition. For the effect of PINPs alone on cells, the growth medium 

was DMEM. Cells were left to adhere for 24 h before the PINPs were 

added and cell viability was assessed using the CellTiter 

96AqueousOne Solution Cell Proliferation (MTS) Assay kit (Promega) 

after further 24 h incubation. For the experiments looking at the 

protective effect of PINPs, the growth medium was changed to 

Optimem (Invitrogen) and Aβ1-42 that had been pre-aggregated (for 24 

h at 25 °C in PBS) was added to a concentration of 5 μM. The plates 

were returned to the incubator for 24 h and cell proliferation was 

assessed as above. 

 

Uptake and transcytosis of NL by human brain endothelial cells 

Immortalized hCMEC/D3 was cultured as described previously (Re et 

al., 2011a). 5 × 104 cells/cm2 were seeded on 12-well transwell inserts 

coated with type I collagen and cultured with 0.5 mL and 1 mL of 

culture medium in the upper and lower chamber, respectively. Cells 

were treated with UD liposomes and PINPs when the transendothelial 

electrical resistance (TEER) value (measured by EVOMX meter, STX2 

electrode; World Precision Instruments, Sarasota, FL, USA) was found 

to be the highest. The functional properties of cell monolayers were 

assessed by measuring the endothelial permeability (EP) of [14C]-

sucrose and [3H]-propranolol (between 0 and 120 min) as described 

previously (Cecchelli et al., 1999). Radiolabeled NL (0.5 mL; 400 

nmol/mL of total lipids) were added to the upper chamber and incubated 

for 120 min. After these periods of incubation, the radioactivity in the 

upper and lower chambers was measured by liquid scintillation 

counting to calculate the EP of NL across the cell monolayers, taking 
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account of their passage through the filter without cells (Cecchelli et al., 

1999). After 2 h, hCMEC/D3 cells were washed with PBS and detached 

from the transwell inserts with trypsin/EDTA for 15 min at 37 °C. Cell-

associated radioactivity was measured and the total lipid uptake 

calculated. 

 

Assessment of LIP cytotoxicity on hCMEC/D3 cells 

hCMEC/D3 cells were grown on 12-well plates until confluence. 

Medium was replaced and NL (400 nmol/mL of total lipids) suspended 

in cell culture medium were incubated at 37 °C with the cells for 24 h. 

After treatment, the cell viability was assessed by ([3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]) (MTT) assay, 

as described previously (Re et al., 2011b). Each sample was analyzed 

at least in triplicate. Moreover, TEER and permeability of [ 14C]-sucrose 

were also determined in the presence of NL to assess the effect of NL 

on monolayer integrity. 

 

Biodistribution in healthy mice 

Three C57/BL6 male mice were administered with 0.4 mM (total lipid) 

of 14C-labelled cholesterol PINPs, at ~2.22 × 108 dpm/kg, into a tail 

vein. The amount of radioactivity that reached the brain was assessed 

by quantitative whole body analysis (QWBA), while the concentration 

in blood was measured by liquid scintillation counter from samples 

taken prior to sacrifice. This work was performed by Quotient 

Bioresearch (Rushden) Ltd., using mice supplied by Charles Rivers UK 

Ltd., Margate, Kent. 
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Novel object recognition test in Tg mice 

Drug and behavioral test naïve 22-month-old Tg2576 (APPSWE) and 

WT age-matched littermates were used. All experiments were 

conducted during the light cycle. Animals (Tg or WT) were injected 

intraperitoneally with PINPs (100 μl, 100 nmol of peptide/kg) or with 

PBS (100 μl) once a day for 21 days. The weight of the animals was 

monitored during treatment. Two experimental groups were treated 

with PINPs (Tg2576 and WT mice, n = 10 for each), two control groups 

were treated with PBS (Tg2576 and WT, n = 10 for each). In the NOR 

test, mice are introduced into an arena containing two identical objects 

that they can explore freely. Twenty-four hours later, mice are 

reintroduced into the arena containing the familiar object and a novel 

object. Exploration was recorded in a 10 min trial by an investigator 

blinded to the genotype and treatment and the time that each object was 

explored recorded. Results are expressed as percentage time of 

investigation on objects per 10 min, or as discrimination index (DI), i.e., 

(seconds spent on novel − seconds spent on familiar)/(total time spent 

on objects). Animals with no memory impairment spend a longer time 

investigating the novel object, giving a higher DI. 

All procedures involving animals and their care were conducted 

according to EU laws and policies (EEC Council Directive 86/609, OJ 

L 358,1; 12 December 1987), the USDA Animal Welfare Act and NIH 

(Bethesda, MA, USA) policy on Humane Care and Use of Laboratory 

Animals. The procedures were reviewed and approved by the Mario 

Negri Institute Animal Care and Use Committee (1/04-D). 
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5.3 RESULTS 

Preparation and characterization of peptide inhibitor 

nanoparticles (PINPs) 

To attach RI-OR2-TAT (Figure 1A) covalently to the NL surface, we 

exploited a thiol-maleimide reaction employing an additional cysteine 

residue to provide the necessary thiol group (Nobs et al., 2004). This 

thiol function at the C-terminus of RI-OR2-TAT reacted with a 

maleimide-functionalized phospholipid present in the NL formulation 

(mal-PEG-PE) (Figure 1B). The yield of coupling was 80%-90% and, 

consequently, PINPs contained 2%-2.5 mol% of peptide. The total lipid 

recovery of NL, after the reaction with the peptide and the purification 

step, was about 65%. Final preparations of PINPs were monodispersed, 

with a mean size of 143 ± 10 nm as determined by DLS. Their stability 

was verified by DLS, which showed that the size and polydispersity 

index remained constant, in PBS, for up to 7 days. Analysis by a 

Nanosight instrument indicated an average size for PINPs of 131 ± 43 

nm (Figure 1C). AFM images showed NL particles with a mean 

diameter of ~100 nm (Figure 1D), this slightly smaller size being most 

likely due to some dehydration of the sample. 
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Effects of PINPs on Aβ aggregation 

RI-OR2-TAT alone was shown by ThT assay to inhibit Aβ1-42 

aggregation up to a molar ratio of 1:5 (inhibitor to Aβ1-42), in agreement 

with previous data for RI-OR2 and RI-OR2-TAT (Taylor et al., 2010; 

Parthsarathy et al., 2013). When RI-OR2-TAT was attached to 

liposomes there was a dramatic improvement in ability to inhibit Aβ1-42 

fibril formation at low inhibitor concentrations (Figure 2A). This 

Figure 1. Preparation and characterization of PINPs. A, Amino acid sequence of RI-
OR2-TAT. Black letters indicate the RI-OR2 peptide and red letters the TAT 
sequence, with D-amino acids in lower case. B, Construction of PINPs through ‘click’ 
chemistry involving a C-terminal cysteine residue. C, Size distribution of PINPs 
measured on a Nanosight instrument. D, AFM image of PINPs with no Aβ present. 
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finding is best illustrated in the dilution series shown in Figure 2B. 

Here, it can be seen that 50% inhibition occurs at around 1:50 molar 

ratio of lipid to Aβ1-42 or, as the inhibitory peptide is only ~2.5% of total 

lipids, ~1:2000 of RI-OR2-TAT to Aβ1-42. In contrast, when UD 

liposomes (1:1) were tested for their ability to inhibit Aβ1-42 

aggregation, we found a slight stimulatory effect at higher ratios of 1:1 

and 1:2 (lipid:Aβ1-42) but no effect below 1:10 (data not shown). 

A sensitive immunoassay was used to detect Aβ oligomers present at 

the earlier Aβ1-42 incubation time points (at around 4 h under our 

experimental conditions) (Taylor et al., 2010; Parthsarathy et al., 2013). 

PINPs inhibited the generation of an immunoassay signal at all time 

points examined, and at molar ratios down to as low as 1:100 lipid:Aβ1-

42 or 1:4000 inhibitory peptide:Aβ1–42 (Figure 2C). The slight 

differences between ThT assay and ELISA results could reflect the fact 

that the former detects mainly fibrils, whereas the latter detects 

oligomers. 
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Figure 2. PINPs are potent inhibitors of Aβ1-42 aggregation. All concentrations for 
PINPs refer to NL-linked inhibitory peptide, to allow comparison with free peptide. 
A, Time-course of Aβ1-42 aggregation in the presence of non-linked RI-OR2-TAT (1:5 
ratio of inhibitor to Aβ1-42) or PINPs (1:400, 1:2000 ratio of NL-linked inhibitory 
peptide to Aβ1-42), as determined by ThT assay. B, Dilution series of PINPs against 
the ThT signal after 48 h incubation. Note that a molar ratio of 1:2000 of NL-linked 
inhibitory peptide to Aβ1-42 (or 1:50 total lipids to Aβ1-42) gives ~50% inhibition. C,
Data from an immunoassay for oligomeric Aβ. Samples were taken at 0, 2, 4, 8, 12 
and 24 h (consecutive bars) from incubations of Aβ1-42 alone, or Aβ1-42 with 1:40, 
1:400, 1:2000 and 1:4000 ratios of NL-linked inhibitory peptide to Aβ. 
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AFM images showed fibrils of Aβ1-42 following 6 days of incubation in 

PBS (Figure 3A) and when incubated with UD liposomes (Figure 3B). 

Few or no fibrils were detected when PINPs were present at a molar 

ratio of 1:10 of total lipids:Aβ ( Figure 3C), confirming that they inhibit 

aggregation. However, some structures possibly resembling small 

aggregates could be seen, suggesting that PINPs may not entirely 

inhibit aggregation. Negative stain EM revealed that the surface of the 

PINPs was smooth and their shape was generally spherical. However, 

when the PINPs were incubated with Aβ1-42 they appeared to be covered 

with a ‘furry’ coat of what are possibly Aβ monomers or oligomers 

(Figure 3D). Intriguingly, some PINPs were found attached along the 

length of Aβ fibrils, and at their free ends, suggesting that the 

interaction of the PINPs had resulted in termination of fibril growth 

(Figure 3D). Further investigation with anti-Aβ immunogold labelling 

showed that the surface of the PINPs was decorated with gold particles, 

confirming capture of Aβ (Figure 3E). 
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Binding affinity between PINPs and Aβ 

PINPs were injected over immobilized Aβ fibrils at different 

concentrations of RI-OR2-TAT (0.3, 0.6, 0.9, 1.2 μM) and were shown 

to bind in a concentration-dependent manner (Figure 4). Curves were 

fitted separately using the simplest Langmuir 1:1 interaction model, and 

the calculated apparent affinity (Kd) was 36-50 nM. In addition, Kd 

Figure 3. AFM and EM images confirm that PINPs interact with Aβ and inhibit its 
aggregation. A, Aβ1-42 at 25 μM was incubated alone for 144 h and examined by AFM. 
B, Aβ with UD liposomes at a 1:20 ratio of lipids:Aβ. C, Aβ with PINPs at a 1:20 
ratio of lipids:Aβ. The presence of fibres (white arrowheads) in A and B indicates that 
UD liposomes do not interfere with Aβ aggregation, whereas C shows the clear 
absence of fibrils. PINPs are indicated by the white arrow. D, Aβ1-42 incubated with 
PINPs (4:1 ratio of lipids:Aβ) and stained with PTA. The PINPs (white arrow) are 
bound along the length of an amyloid fibril (black arrow) and to its termini. E, 6E10 
immunogold labelling of a PINP (grey arrow) following incubation with Aβ1-42. White 
arrows show regions where Aβ was detected. The black arrow shows an Aβ monomer 
(or small oligomer) labelled with immunogold. 
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values were 13.2 nM for Aβ oligomers (Figure 5A) and 22.5 nM for 

monomers (5B). 

 

 

 

 

 

 

Figure 4. SPR data on binding of PINPs to Aβ fibrils. PINPs were injected at four 
different concentrations, for 5 min, at a flow rate of 30 μL/min (from bottom to top: 
0.3 μM, 0.6 μM, 0.9 μM, 1.2 μM of exposed Aβ1-42 peptide). The non-specific binding 
obtained from the reference surface has been subtracted from all data. Fitted curves 
are shown in black. The binding affinity (Kd) is calculated as 36-50 nM. 
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Effects of PINPs on the toxicity of Aβ 

There was no loss in viability of SHSY-5Y cells, as measured by MTS 

assay, after 24 h incubation in the presence of PINPs at concentrations 

as high as 10 μM (total lipid) in normal (FCS supplemented DMEM) 

growth medium (Figure 6A). A similar result was also found using the 

LDH cell viability assay (data not shown). Treatment of SHSY-5Y cells 

with 5 μM Aβ for 24 h gave a 39% reduction in cell viability, and the 

presence of PINPs rescued the cells from Aβ toxicity at all doses tested 

(Figure 6B). UD liposomes were not toxic to neuroblastoma cells 

(Figure 6A), and they did not rescue cells from the toxic effect of pre-

aggregated Aβ (Figure 6B). 

 

 

 

Figure 5. Representative SPR sensorgrams showing the binding of RI-OR2-TAT 
decorated liposomes (PINPs) to immobilized Aβ1-42 oligomers (A) or monomers (B). 
Liposomes were injected at different concentrations (see figure), for 5 minutes at a 
flow rate of 30 µl/min. The non-specific binding obtained from the reference surface 
has been automatically subtracted from all data. Fitted curves are shown in black. 
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Passage of PINPs across the blood–brain barrier 

We measured the ability of PINPs to cross an artificial BBB model 

composed of a hCMEC/D3 cell monolayer (Poller et al., 2008). 

Figure 6. PINPs are not toxic and protect against the damaging effects of Aβ on cells. 
A, MTS assay data for SHSY-5Y cells grown in the presence of various 
concentrations (total lipids) of PINPs or UD liposomes. B, LDH assay data for cells 
exposed to pre-aggregated Aβ1-42 (at 5 μM) in the presence or absence of varying 
concentrations (total lipids) of PINPs or UD liposomes. PINPs protected against the 
damaging effects of Aβ (* = p < 0.001). Error bars are too small to be seen. 
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hCMEC/D3 cells grown on transwell membrane inserts were incubated 

with UD liposomes or PINPs on day 12, when the maximal 

transendothelial electrical resistance (TEER) value was registered (123 

± 6 Ω ⋅ cm2). Transport of [14C]-sucrose and [3H]-propranolol was 

measured, with paracellular EP values of 1.48 × 10−3 cm/min and 3.51 

× 10−3 cm/min, respectively, in agreement with values reported in the 

literature (Summerfield et al., 2006). Radiolabelled UD liposomes or 

PINPs were added in the upper compartment and the cellular uptake 

and EP were measured up to 2 h of incubation. The radioactivity stably 

associated with cells was 1.19% ± 0.32% and 4.19% ± 0.24% of the 

administered dose (p < 0.05), respectively for UD liposomes and PINPs 

(Figure 7A). Also the EP across the cell monolayers was higher for 

PINPs (1.08 ± 0.13 × 10−4 cm/min), compared to UD liposomes (2.25 

± 0.89 × 10−5 cm/min) (p < 0.05) (Figure 7B). MTT assays showed that 

all of the preparations tested were nontoxic. Moreover, after 

hCMEC/D3 incubation with UD liposomes or PINPs, the TEER value 

and the permeability of [14C]-sucrose (119 ± 8 Ω ⋅ cm2 and 1.62 × 10−3 

cm/min, respectively) did not change, within experimental error (<3%). 
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Figure 7. PINPs can flux across the hCMEC/D3 cell monolayer. 106 cells were 
incubated with UD liposomes (NL) or PINPs radiolabeled with 3H-Sm, for 2 h at 37 
°C, 5% CO2. A, Cellular uptake of nanoparticles (NP). After incubation, the amount 
of 3H-Sm incorporated into the cells was measured and the nmol of total NP taken up 
by the cells calculated. B, Transcytosis of NP through hCMEC/D3 cell monolayers. 
Radiolabeled UD liposomes (NLs) or PINPs were added to the upper chamber of the 
transwell monolayers and incubated for 2 h at 37 °C, 5% CO2. The permeability across 
the cell monolayer was calculated. Each value is the mean (±SD) of at least three 
independent experiments. * = p < 0.05 by Student's t test. 
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Biodistribution of PINPs in healthy mice 

QWBA measurements for biodistribution of PINPs are detailed in 

Table 1. Fifteen minutes after administration, 0.49%/g of the total dose 

was found in the brain and 0.952%/g in the blood, showing evidence 

for BBB penetration. However, the majority of the dose was found in 

lungs (~92%), and other tissues associated with phagocytosis by the 

mononuclear phagocyte system (i.e. adipose tissue, liver, bone marrow 

and spleen). 

 

NOR (memory) test 

Figure 8 shows that, although PBS-treated Tg2576 mice were unable to 

discriminate between the familiar and the novel object (percentage time 

of investigation per 10 min: familiar, 53.5 ± 1.5; novel, 46.5 ± 1.5; DI, 

−0.07 ± 0.03; n = 19), after treatment mice receiving PINPs 

Table 1. Tissue distribution in CL57/Bl 6 mice using quantitative whole body analysis
(QWBA).Mice were injected via a tail vein and sacrificed at 5, 15 and 60 minutes post 
injection. The amount of radioactivity was assessed using QWBA and converted to 
μg equivalents per gram of tissue (% of total dose/g in brackets). 
† Above limit of accurate quantification (>23.5 μg equivalents/g) – extrapolated value 
reported. 
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significantly recovered their long-term recognition memory 

(percentage time of investigation per 10 min: familiar, 40.4 ± 1.6; novel, 

59.6 ± 1.6; DI, 0.19 ± 0.03; n = 10), close to the values of PBS-treated 

WT mice (percentage time of investigation per 10 min: familiar, 39.6 ± 

1.4; novel, 60.4 ± 1.4; DI, 0.23 ± 0.02; n = 10) (one-way ANOVA, 

Tukey's post hoc test. *p < 0.05).  

 

Figure 8. Treatment with PINPs significantly restores long-term recognition memory 
in Tg2576 mice. WT or Tg2576 mice were treated with PINPs or vehicle and, at the 
end of treatment, their memory was tested with the NOR test. A, Histograms indicate 
the time percentage (mean ± SEM) of investigation of the familiar (grey) and novel 
(black) objects of the experimental groups tested. B, Histograms report the 
corresponding DI (mean ± SEM). One-way ANOVA, Tukey's post hoc test. *p < 0.05.
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In addition, we demonstrated that treatment with PINPs had no negative 

effect on the memory of WT mice (percentage time of investigation per 

10 min: familiar, 37.5 ± 4.7; novel, 62.5 ± 3.4; DI, 0.25 ± 0.09; n = 10) 

and did not affect mouse weight and motor activity (data not shown). 
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5.4 DISCUSSION 

Here, we linked RI-OR2-TAT covalently to the surface of NL 

composed of sphingomyelin and cholesterol. This lipid formulation has 

been widely utilized in vivo for therapeutic purposes and displays good 

blood circulation times, good biocompatibility, and high resistance to 

hydrolysis (Webb et al., 1995). In addition, the 130-140 nm diameter is 

optimal for moving at an appreciable rate through the brain extracellular 

space (Nance et al., 2012). We found that the presence of the carrier 

appears to increase the potency of RI-OR2-TAT as an aggregation 

inhibitor by 10-20 fold, where this is determined by the molar ratio of 

inhibitor:Aβ required to block the aggregation of Aβ1-42 under standard 

experimental conditions. We did not observe this phenomenon with 

curcumin-NL (Taylor et al., 2011) and so it is not completely clear why 

there is this considerable jump in potency for PINPs compared to free 

peptide. However, creating multivalent peptide-dendrimers has been 

shown to increase the efficacy of a KLVFF peptide aggregation 

inhibitor (Chafekar et al., 2007) and this may be a factor in our study, 

due to several inhibitory peptides being able to interact simultaneously 

with oligomeric Aβ. 

We reported previously a large increase in the affinity of RI-OR2-TAT 

for Aβ (Kd = 58-125 nM) compared to RI-OR2 alone (Kd = 9-12 μM), 

but this is not reflected in an equivalent jump in the ability of RI-OR2-

TAT to inhibit Aβ aggregation at low concentrations of inhibitor 

(Taylor et al., 2010; Parthsarathy et al., 2013). We can conclude from 

this that an increase in binding affinity does not necessarily result in a 

more potent aggregation inhibitor. Here, we found that the affinity of 

PINPs for Aβ (Kd = 13.2-50 nM) is slightly higher than that obtained 
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previously for RI-OR2-TAT, but the ability of PINPs to inhibit Aβ 

aggregation at low concentrations of the inhibitory peptide was greatly 

improved. In addition to multivalent interactions between RI-OR2-TAT 

and Aβ, another possible explanation for the potency of PINPs is based 

on the fact that RI-OR2-TAT contains many positively charged amino 

acid residues and the presence of multiple copies of this peptide on the 

NL surface (each PINP has around 1600 molecules of RI-OR2-TAT 

attached) would give a highly positively charged external layer that 

could attract and capture Aβ monomers, or oligomers as they form 

(Wang et al., 2011). It is also feasible that Aβ is captured by the peptides 

exposed on the NL surface and is then incorporated into the lipid 

component of the NL, so effectively removing Aβ from solution. It is 

well known that Aβ oligomers insert into lipid membranes of cells and 

form pores or ion channels (Arispe et al., 1993a; Arispe et al., 1993b; 

Fraser et al., 1997). 

The TAT portion of RI-OR-TAT, with its positively charged amino acid 

residues, also confers on the inhibitor an ability to cross the BBB and 

reach the brain (Parthsarathy et al., 2013). Here we show that this ability 

is maintained for PINPs. The PE of NL, using the in vitro BBB model, 

was much higher for PINPs than for UD liposomes, proving the 

effectiveness of the functionalized NL to flux across the cellular 

monolayer. Moreover, some PINPs are transported into the brain, 

through the BBB of healthy mice, and they show a protective effect on 

memory loss in Tg2576 mice. It is also possible that this is due to the 

‘sink’ effect with the liposomes rapidly binding Aβ in blood before 

being removed, and this is driving export of Aβ from the brain. 
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Other NP-based treatments for AD are under investigation, including 

antibody-coated NP and secretase inhibitors as well as our previously 

published curcumin and lipid-ligand linked NL (Gobbi et al., 2010; 

Canovi et al., 2011; Richman et al., 2011; Taylor et al., 2011; Yoo et 

al., 2011; Bana et al., 2014). Despite promising preclinical data, no 

secretase inhibitor has succeeded in any advanced clinical trial (Anand 

et al., 2014) and, considering the serious side effects reported for 

immunisation with anti-Aβ antibodies (Delrieu et al., 2012), anti-Aβ-

coated NP could be problematic. In contrast, PINPs have ‘stealth’ 

properties and so should not elicit any immune response. Moreover, the 

aggregation of Aβ seems to be a purely pathological phenomenon, and 

so inhibition of this process should not result in problematic side 

effects. 

In addition to these therapeutic implications, PINPs also have potential 

as a molecular imaging agent (Re et al., 2012). The high affinity of RI-

OR2-TAT for Aβ should allow specific labelling of amyloid plaques, 

and possibly Aβ oligomers, through addition of a relevant contrast 

agent (CT/MRI) or radiolabel (PET/SPECT) to form a multifunctional 

NP with ‘theranostic’ utility. 
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CHAPTER 6 

Summary, conclusions and  

future perspectives  
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Accordingly to the amyloid cascade hypothesis, accumulation and 

aggregation of the beta-amyloid (Aβ) peptide in the brain are the 

primary toxic events in Alzheimer's disease (AD) pathogenesis. These 

occurrences cause a downstream series of pathological processes that 

finally lead to neuronal degeneration, cognitive dysfunction and 

memory loss, main clinical features of the disease. 

Alteration/prevention of brain Aβ aggregation, with consequent 

influence on downstream pathological pathways, could represent a 

possible way to halt the progression of the disease, for which a cure is 

still needed. The main obstacle in the development of therapeutic 

strategies is the presence of the blood-brain barrier (BBB), a highly 

complex structure that tightly regulates the movement of molecules 

from the blood to the brain, protecting it from injuries and diseases, but 

also limiting the passage of the majority of pharmaceuticals. Properly 

designed nanoparticles (NPs) represent a promising tool to enhance the 

CNS penetration of therapeutics, relying on the possibility of their 

multifunctionalization, allowing both BBB crossing and the targeting 

of molecules of interest, such as Aβ. Among the different NPs, 

liposomes are attractive tools for biomedical applications thanks to their 

biocompatibility, non-immunogenicity, non-toxicity, biodegradability, 

high physical stability and versatility in surface functionalization.  

Focusing on brain Aβ as the target, the aim of the present work was the 

design and testing of liposomes functionalized to cross the BBB and to 

interact with Aβ. As herein reported, two different liposome 

preparations were developed: i) mApoE-PA-LIP, liposomes 

bifunctionalized with mApoE, a peptide derived from the 

apolipoprotein-E receptor-binding domain for BBB targeting, and with 
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PA, phosphatidic acid, for Aβ binding; ii) PINPs, liposomes 

functionalized with RI-OR2-TAT, a retro-inverted fusion peptide made 

by a combination of the Aβ aggregation inhibitor, RI-OR2, and the HIV 

‘TAT’ cell penetrating peptide.  

 

Considerations about NP design: 

Both mApoE-PA-LIP and PINPs were composed of a matrix of 

sphingomyelin and cholesterol in equimolar ratio. This composition 

had already been utilized in vivo for therapeutic purposes showing good 

features in terms of circulation times, biocompatibility and resistance 

to degradation (Webb et al., 1995; Thomas et al., 2006). Moreover, with 

respect to the targeting purposes of the present work, Aβ was shown to 

bind Sm/Chol bilayers (Choucair et al., 2007) and the presence of 

cholesterol was proven to strengthen the Aβ-membrane interaction (Qiu 

et al., 2009). Finally, liposome-based nanodrugs made up with the same 

matrix had already been approved by FDA and extensively used in the 

clinic (i.e. Marqibo). This is important to speed up the regulatory 

process in view of a possible use in humans.  

For surface functionalization, both mApoE and RI-OR2-TAT peptides 

were attached to PA-LIP or LIP, respectively, by covalent coupling 

between a maleimide-group on the NPs surface and a sulfhydryl group 

on the peptides. This type of coupling confers the best performance in 

terms of permeability across an in vitro model of the BBB with respect 

to other decoration strategies, such as biotin/streptavidin linkage 

(Salvati et al., 2013).  

 

 



274 
 

Considerations about NP targeting properties: 

Regarding brain targeting, both liposome preparations were able to 

cross the BBB in vivo, as first shown by biodistribution studies in 

healthy mice. For both mApoE-PA-LIP and PINPs, the amount of NPs 

reaching the brain was higher (0.3% and 0.2% of injected dose/g brain, 

respectively) with respect to other brain targeting NPs (usually < 0.1% 

of injected dose/g brain) (Huang et al., 2011; Gaillard et al., 2014). 

Considering Aβ targeting, both mApoE-PA-LIP and PINPs showed the 

ability to bind Aβ with high affinity and to interfere with its aggregation 

process in vitro. The binding affinity of PA and RI-OR2-TAT to Aβ 

was in the submicromolar range (Kd = 22-87 nM and Kd = 13.5-50 nM, 

respectively, depending on Aβ aggregation state), higher with respect 

to other Aβ ligands, such as curcumin analogs (Rubagotti et al., 2016), 

but far from those of anti-Aβ antibodies (Canovi et al., 2012). On the 

basis of the failure of clinical trials performed with anti-Aβ antibodies 

able to bind only Aβ in its monomeric form (Racke et al., 2005; Doody 

et al., 2014), it is important to notice that both liposome formulations 

herein considered are able to bind also oligomers and fibrils, similarly 

to those molecules still in clinical trials which seem to be partially 

effective (http://www.alzforum.org). Regarding the ability to interfere 

with Aβ aggregation/disaggregation process, our results showed that 

mApoE-PA-LIP and PINPs were best performing in hindering Aβ 

aggregation with respect to other NPs functionalized with anti-Aβ 

aggregating drugs (i.e. curcumin) (Mourtas et al., 2014). Moreover, 

mApoE-PA-LIP displayed the ability to disaggregate preformed 

aggregates, which is the most important feature for AD therapeutic 

purposes. 
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Considerations about NP efficacy for AD treatment: 

Both mApoE-PA-LIP and PINPs showed to be effective against AD 

pathology when administered to AD Tg mice.  

In the case of mApoE-PA-LIP, two type of in vivo treatment were 

evaluated: an acute treatment, on symptomatic APP/PS1 Tg mice (10 

months of age), showing evident Aβ plaque deposition and cognitive 

impairment, taken as a model of severe AD, and a treatment to evaluate  

the possibility to delay the onset or the progression of the disease, on 

pre-symptomatic APP/PS1 Tg mice (5-month-old), showing an initial 

brain Aβ deposition in the absence of cognitive impairment and taken 

as a model of mild/moderately severe AD. The rationale for the 

performance of a preventive treatment is the evidence that brain Aβ 

pathophysiological alterations leading to AD take place decades before 

the appearance of the first signs of dementia, providing a wide pre-

symptomatic time window for intervention with Aβ-targeted therapies 

(Holtzman et al., 2011; Sperling et al., 2013; Tian et al., 2014). 

Obviously, in humans this kind of treatment would be currently 

possible only in the presence of a genetic diagnosis of familiar AD, but 

with several concerns on MCI individuals. However, considering the 

recent advancement in AD diagnostic tools (Fraller, 2013), an early 

diagnosis of the pathology could be soon available, thus extending the 

disease-modifying potential of a preventive treatment to the most 

numerous cases of sporadic AD.  

The acute therapeutic treatment (3 IP injections/week for 3 weeks, 73.5 

mg of total lipids/kg) with mApoE-PA-LIP ameliorated mouse 

impaired memory and decreased total insoluble brain Aβ (-33%), 
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number and total area of brain Aβ plaques (-34%) and the most toxic 

Aβ oligomeric species (-70.5%). The comparison with 

monofunctionalized liposomes indicated that bifunctionalization is 

crucial either to affect the Aβ plaque load or to hinder the cognitive 

deficit. Plaque reduction was also confirmed in symptomatic APP23 Tg 

mice (15 months of age) by PET imaging with [11C]Pittsburgh 

compound B (PIB). This animal model was necessary for PET since it 

has been shown that [11C]PIB does not sufficiently bind to the plaques 

in the APP/PS1 mouse brain (Snellman et al., 2013).  

On the other side, the long-term treatment on young mice with a weekly 

IP administration for 7 months of mApoE-PA-LIP (73.5 mg of total 

lipids/kg) slowed down brain Aβ deposition (-30%) and prevented the 

onset of memory impairment and the occurrence of typical AD cerebral 

anatomical abnormalities, i.e. ventricle enlargement and reduction of 

entorhinal cortex thickness. Notably, these effects were maintained up 

to three months after treatment discontinuation.  

Both in the acute and in the long-term treatment, the reduction of brain 

Aβ was associated with its increase in peripheral organs, liver and 

spleen. On the basis of these results, a potential mechanism of action of 

mApoE-PA-LIP was speculated: a small proportion of liposomes would 

cross the BBB, subsequently destabilizing, or hindering, the deposition 

of brain Aβ aggregates. At this point, the generated lower MW Aβ 

species may be facilitated to move from brain to blood and would be 

peripherally cleared in the liver and spleen through the so-called sink 

effect (Matsuoka et al., 2003; Biscaro et al., 2009; Sutcliffe et al., 2011) 

mediated by the major proportion of mApoE-PA-LIP remained in the 

circulation. Besides the sink effect action, the long-term effects of 
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mApoE-PA-LIP were likely due to a deferred increase of brain Aβ-

degrading enzymes levels, a decrease of amyloid precursor protein level 

and a change in Aβ-transporter (LRP1 and RAGE) levels on the BBB. 

The hypothesis of the mApoE-PA-LIP ability to draw out Aβ from the 

brain was further investigated in vitro, using a transwell cellular model 

of the BBB. The spontaneous efflux of Aβ oligomers, but not of Aβ 

fibrils, from the ‘brain’ side of the transwell was strongly enhanced (5-

fold) in presence of mApoE-PA-LIP in the ‘blood’ compartment. Since 

mApoE-PA-LIP were not able to come back to ‘blood’ side once 

entered the ‘brain’ side, the effect was not due to a carrier action of 

liposomes, but likely to a withdrawal of Aβ exerted by sink effect. Of 

course, further investigations are needed in order to clarify mApoE-PA-

LIP mechanism of action, particularly with regard to their influence on 

molecular pathways involving Aβ, and their ability to counteract 

memory loss. Apart from decreasing Aβ oligomers, the most neurotoxic 

species (Lue et al., 1999; McLean et al., 1999; Wilcox et al., 2011; 

Scopes et al., 2012), this latter ability could be linked to the anti-

inflammatory and anti-oxidant activity, seen, respectively, as a decrease 

in TNF-α and an increase in SOD activity, exerted by mApoE-PA-LIP 

in the brain of treated Tg mice. These mApoE-PA-LIP-mediated 

actions could potentially prevent damage at synapses, primary Aβ 

targets in AD pathogenesis (Selkoe, 2002). 

Regarding the in vivo testing of  PINPs, their IP administration (once a 

day for 21 days, 100 nmol of peptide/kg) to symptomatic Tg2576 mice 

(22 months of age), showing evident Aβ plaque deposition and 

cognitive impairment, improved mouse impaired memory. In the case 

of PINPs, the effects on Aβ pathology have been less deepened and so 
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further investigations are needed in order to disclose what is the effect 

on Aβ oligomers and plaques. In addition, the mechanism of action of 

PINPs needs to be clarified.  

 

Taken all together, these findings promote multi-functional liposomes 

as a valuable all-in-one multitask nanomedicine potentially suitable for 

the treatment of AD. Unlike Aβ-centered molecules recently tested, and 

resulted unsuccessful, in clinical trials on mild to moderate AD, such as 

anti-Aβ antibodies (i.e. Bapinezumab and Solanezumab) and BACE 

inhibitors (i.e. Verubecestat) (www.clinicaltrials.gov; 

www.alzforum.org; Doody et al., 2014; Salloway et al., 2014), the 

liposome formulations herein considered slowed down the progression 

of AD at all stages, displaying effectiveness also in advanced phases 

and thus fitting the current scenario of therapeutic need, where an 

accurate diagnosis, and consequently a specific therapy, is possible only 

in late stages. In comparison with antibodies and BACE inhibitors, for 

which often the positive effects on cognition were supposed from their 

ability to act on brain Aβ burden, but not directly tested (Bard et al., 

2000; Kastanenka et al., 2016; Kennedy et al., 2016; Sevigny et al., 

2016), should be noted that both mApoE-PA-LIP and PINPs showed a 

great ability to restore memory impairment in mouse models of AD. In 

addition, as an added value, the treatment with these nanoliposomes 

achieved amazing effects on cognition and brain Aβ in a short period of 

time (~ 3 weeks). Finally, both liposome formulations herein 

considered, especially mApoE-PA-LIP, for which the investigation was 

much more deepened, did not show any sign of cerebral or systemic 

toxicity, which is particularly important considering that the majority 
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of clinical trials with antibodies was halted due to brain imaging 

abnormalities caused by the treatments (Orgogozo et al., 2003; 

Salloway et al., 2009). 

Talking about future perspectives and considering the recent 

reassessment of the amyloid cascade hypothesis in a wider and most 

complex way, an important step towards the possible successful clinical 

development of mApoE-PA-LIP and PINPs would be the investigation 

of their efficacy on other factors altered in AD, the most important of 

which is tau protein. The implementation of mApoE-PA-LIP and PINPs 

is another future possibility. Both liposome preparations could be 

loaded with both hydrophilic, entrapped in the aqueous core, or 

lipophilic compounds, dissolved in the lipid bilayer, resulting in 

multivalent therapeutic nanovectors. Moreover, exploiting the high 

affinity of mApoE-PA-LIP and PINPs for Aβ, the addition of an 

imaging tracer could combine therapy and specific labelling of amyloid 

plaques, forming multifunctional NPs with ‘theranostic’ utility.  
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