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La Maladie d"Alzheimer (MA) représente la forme la plus commune de démence et affecte 35 million de personnes. L"avancée que connait le domaine des nanotechnologies commence à avoir un impact en neurologie. Les approches résultantes, souvent basées sur la conception et l"ingénierie de nanoparticules ayant une grande spécificité pour les cellules endothéliales des capillaires cérébraux, sont actuellement étudiées pour le diagnostic précoce et le traitement de la maladie d"Alzheimer. De plus, des nanoparticules avec une grande affinité pour le peptide amyloïde β pourrait induire un « effet sink » et ainsi diminuer les effets de la maladie. Il y a aussi des développements pour le diagnostic in vitro qui utilise aussi bien des nanoparticules « code barre » ultrasensibles, des immunosenseurs ou encore de la microscopie à effet tunnel pour détecter les peptides A 1-40 et A 1-42 . Cependant, des effets indésirables peuvent apparaitre dus à l"utilisation de nanoparticules et cela demande par conséquent de travailler avec des nanoobjets assemblés à partir de matériaux biocompatibles. Les avancées clés et les aspects toxicologiques sont aussi présentés et discutés.

Introduction générale

General introduction

Recent statistics indicate that 35 million people worldwide are affected by dementia with 4.6 million new cases per year (one new case every 7 seconds). In Europe there are 5 million cases of dementia, 3 million of which are classified as Alzheimer's disease (AD). Given the continuing increase in life expectancy, these numbers are expected to rise dramatically. In 2040, cases are expected to double in Western Europe and to triple in Eastern Europe. Despite great progresses in research, Alzheimer"s disease etiology remains a big question and its treatment an important challenge of modern medicine.

A major limitation to the development of active drug against Central Nervous System (CNS)related diseases is represented by the Blood-Brain Barrier (BBB), a formidable gatekeeper in the body towards exogenous substances. Generally, pharmaceuticals including most small molecules do not cross the BBB. Therefore, an ideal device for treatment of AD should provide two main properties: (i) be able to cross the BBB and (ii) to exert a beneficial effect by inhibiting the AD pathogenesis.

In this view, an original solution could arise from nanotechnologies. Indeed, during the last decades, nanotechnology applied to medicine, refereed as nanomedicine, showed interesting results for the treatment of numerous severe diseases leading to the development and commercialization of more The goal of this study was to create nanoparticlate systems able to cross the BBB in order to reach the brain, the main site of AD, and to capture the Amyloid peptide, especially A 1-42 species, the aggregates of which are known to play a pivotal role in the etiology of the disease.

In particular, the PhD was oriented toward the design of polymeric nanoparticles and the study of their crossing of a novel in vitro BBB model (provided by P.O. Couraud, Institut Cochin) and to study the interaction between the polymeric nanoparticles and the A 1-42 peptide. Different kinds of nanoparticles have been designed during the project, mainly based on poly(alkyl cyanoacrylate) (PACA) and presenting various surface properties, in order to increase their affinity towards the peptide. All the obtained particles have been screened in vitro for their ability to capture the peptide. This thesis is divided in two main parts:

The first introducing part is a published bibliographic review on the recent advances of nanotechnology-based approaches for the diagnosis and therapy of Alzheimer"s disease, with a particular focus on the most striking reports and developments in the field.

The second part concerned the experimental work and is divided into two chapters:

-The first chapter describes, in three sections in the form of articles (two were published and one is in preparation), the design of fluorescently-tagged PACA nanoparticles for cell imaging and the fine evaluation of their endocytosis and trancytosis across a novel human in vitro BBB model.

-The second chapter depicts, in four sections in the form of articles (three were published and one is about to be submitted), the design and application of a novel technique to study in vitro the interaction between nanoparticles and the Aβ peptide, and the development of polymeric nanoparticles with affinity for the peptide that gave interesting results as Aβ kidnapper. Davide Brambilla, 1 Benjamin Le Droumaguet, 1 Julien Nicolas, 1 S. Hossein Hashemi, 2 Lin-Ping Wu,2 S. Moein Moghimi, 2 Patrick Couvreur, 1 and Karine Andrieux 1 1 Laboratoire de Physico-Chimie, Pharmacotechnie et Biopharmacie, Univ Paris-Sud, UMR CNRS 8612, Faculté de Pharmacie, 5 rue Jean-Baptiste Clément, F-92296 Châtenay-Malabry, France. 

Introduction

Alzheimer"s disease (AD) is a devastating neurodegenerative disorder and the most common form of dementia among people over the age of 65 years. This neuropathological condition is characterized by a progressive loss of cognitive function with two established pathophysiological hallmarks in the brain. These include extracellular accumulations mainly composed of amyloid-β (Aβ) peptide (also referred to as senile plaques) and intracellular neurofibrillar tangles of hyperphosphorylated τ protein. 1 Today, millions of people are affected by this neuropathology, posing a heavy economic and social burden. It is predicted that in the next few decades, AD will exert a huge societal and economical impact if no efficient therapeutic and/or early diagnosis approaches become available. Moreover, considering the increase in population aging and survival, the impact of AD on the health care systems will be even more pronounced. Therefore, strategies for early detection as well as treatment of AD are among the most challenging and timely areas in modern medicine.

The blood-brain barrier (BBB) is a formidable gatekeeper in the body towards exogenous substances that maintains the chemical composition of the neuronal "milieu" for proper functioning of neuronal circuits and synaptic transmission. This barrier is formed at the level of the endothelial cells of the cerebral capillaries and essentially composes the major interface between the blood and the brain. The most important factor limiting the development of new drugs and biologics for the central nervous system (CNS) is the BBB. Generally, pharmaceuticals including most small molecules do not cross the BBB. 2 During the past decade numerous attempts have focused on this pivotal problem by designing different strategies that aids drug passage across the BBB. Among these, nanotechnologybased strategies have gained tremendous importance as some of them are capable of overcoming the limitations inherent to BBB passage. These include various types of lipidic, polymeric, inorganic and other types of nanoparticles (NPs) for controlled drug delivery and release pertinent to various CNS conditions. [3][4] A crucial challenge that is receiving increasing attention is to develop nanotechnology-based approaches for early diagnosis of AD. Early diagnosis could provide opportunities to treat patients at risk of AD development, thereby preventing the onset of irreversible neuronal damages. With respect to AD treatment, some strategies have been directed towards encapsulation of several types of biologically active molecules into NPs for their (targeted) delivery to the brain, whereas others have focused on the use of nanoconstructs to combat the toxicity of amyloid clusters by promoting their clearance or by altering their aggregation kinetics both in the brain and in the blood. Indeed, peripheral treatment with molecules that have high affinity for Aβ can reduce the level of Aβ in the brain through the "sink effect". This approach can further benefit with engineered NPs exhibiting high affinity for Aβ, where sequestered plasma Aβ will be routed to hepatic and splenic macrophages for destruction. This approach could potentially reduce or prevent brain amyloidosis. It should also be emphasized that nanoparticles can be introduced into the body through different routes of administration. Notably, some efforts suggest that orally delivered NPs can improve bioavailability of certain drugs used in AD. Accordingly, this article discusses current state-of-the-art nanotechnology-based approaches for AD diagnosis and therapy with a particular focus on the most significant recent reports and developments in the field.

Imaging-based nanotechnologies for AD diagnosis

Early diagnosis in AD (i.e., before clinical symptoms manifest) is crucial in preventing irreversible neuronal damages leading to dementia. Because the examination of living human brain is limited and invasive, the development of strategies to detect AD in its earlier stages is therefore essential. Since it was commonly accepted by the scientific community that the formation of senile plaques precedes the neurofibrillar degeneration, the majority of efforts are concentrated either towards detection and identification of amyloid plaques by magnetic resonance imaging (MRI) using NPs doped with contrast agents or, alternatively, by NPs tagged with fluorescent probes.

Iron oxide NPs

Magnetic iron oxide NPs have gained much interest because of their high surface area, magnetic properties and limited toxicity. They have already been approved by the U.S. Food and Drug Administration (FDA) as MRI contrast agents in liver imaging. 5 The synthesis of monocrystalline iron oxide NPs (MION) covalently tethered to the Nterminus of Aβ 1-40 peptide through amide coupling and their development for the concomitant targeting and imaging of senile plaques has been reported. 6 These MRI agents, by means of longitudinal μMRI, were able to recognize with high affinity Aβ plaques in the brain of amyloid precursor protein (APP) and APP/PS1 transgenic mice when co-injected with mannitol (used to transiently open the BBB) (Figure 1). Although this study is very encouraging and demonstrates the proof of concept, manipulation of BBB remains questionable for human testing.

A novel method for the selective labeling of Aβ 1-40 fibrils has been reported with either nonfluorescent, fluorescent rhodamine-tagged or Congo red-encapsulated magnetic γ-Fe 2 O 3 NPs, even under competitive conditions (e.g., in the presence of human serum albumin). Moreover, these studies described the ability of iron oxide NPs to readily remove fibrils from solubilized Aβ aqueous sample by the simple use of an external magnetic field. [7][8] 

Figure 1. (A) Aβ plaques detected with ex-vivo µMRI after injection of MION-Aβ 1-40 with mannitol. Ex vivo T 2 -weighted SE coronal µMRI images show six-month old control and (b) APP-transgenic mouse brain. (c) Many µMRI lesions matched to Aβ plaques (arrows) as revealed by immunohistochemistry. (d) High-power microscopic visualization of the amiloyd plaques, double stained with an Aβ (6E10)

antibody (brown color) and a Mallory stain for iron (azure color, black arrow), demonstrated the colocalization of MION with Aβ plaques. Adapted from Wadghiri et al., 6 with permission of John Wiley and Sons.

PE154 (heterodimeric acetylcholinesterase inhibitor)

Beyond the well-known beneficial effects of acetylcholinesterase (AChE) for the treatment of AD symptoms (see section 3.1), recent studies have conferred to this enzyme additional, non-classical functions, including interactions with the Aβ peptide. 9 Moreover, its structurally-related inhibitor PE154 was also shown to act as a fluorescent probe for Aβ plaques present in tissues brain samples from both AD mimicking triple transgenic mice and humans with AD. 10 This molecule, however, could not penetrate the BBB. To overcome this limitation, Härtig et al., developed carboxylated poly(glycidyl methacrylate) (PGMA) and core-shell polystyrene-block-poly(n-butyl cyanoacrylate) (PS-b-PnBCA) NPs both loaded with PE154-and demonstrated their ability to target Aβ deposits in vivo (Figure 2). Although NPs were injected in the hippocampus, this study provided the proof-ofprinciple regarding the Aβ targeting by using a fluorescent AChE inhibitor after its release from NPs in vivo. 11 The authors even considered the possibility of developping the so-called theranostic approach for AD (i.e., a strategy combining both therapeutic and diagnostic approaches within a single nanodevice).

Figure 2. Concomitantly visualized injection site of fluorescent nanoparticles and β-amyloid (Aβ)containing deposits as the quickly reached target for PE154 released by the nanocarriers in the hippocampus of a 19-month-old triple transgenic mouse. (A) Red fluorescence of rhodamine encapsulated in PGMA nanoparticles (HL66) 4 h post injection. PE154 is visible both nanoparticleassociated at the injection site and attached to plaque-like structures (A'). Such deposits are shown in (A'') to be Aβ-immunopositive by Cy5-staining, colour-coded in blue. By merging the pictures (A'''),

plaques labeled both by PE154 and Cy5 appear white, and the injection site is marked in yellow color resulting from the allocated red and green fluorescent labels of HL66. Scale bar, 100 µm. Reprinted from Hartig et al., 11 with permission of John Wiley and Sons.

Thioflavin T

Thioflavin T (ThT) is a molecule capable of recognizing β-sheet structures related to Aβ aggregates both in vitro and in vivo. A recent attempt described the encapsulation of ThT into PS-b-PnBCA NPs, its release into the brain after intracerebral injection and its interaction with Aβ species, thereby showing clear visualization of amyloid aggregates. 12 

Quantum dots-Aβ complex

Fluorescent semiconductor nanocrystals (quantum dots, QDs) have evolved over the past decade as highly useful fluorescent probes for biological labeling and diagnostics. QD features include long-term photostability and physico-chemical stability, nano-scale size, size-dependent emission λ. 13 Tokuraku et al., designed poly(ethylene glycol) (PEG)-QD-crosslinked Aβ peptide as a tool to monitor and to quantitatively describe the formation of fibrils and oligomers in solution and in a cellular system. This approach allowed the study of the Aβ peptide aggregation kinetics but could also be used to follow the in vivo peptide aggregation. 14 Regarding the latter task, the authors have considered the functionalization of these nanoassemblies with appropriate ligands such as transferrin for BBB crossing purposes. 15 

Gold NPs

Gold NPs (Au NPs) also represent an interesting tool for studying Aβ peptide aggregation kinetics. Choi et al., described the synthesis of heterodimeric NPs consisting of a cobalt(II) magnetic core and a platinum shell directly fused onto Au NPs, and stabilized by lipoic acid-PEG coating. 16 The terminal carboxyl groups of the PEG chains enabled covalent binding with lysine residues of neutravidin at the surface of the NPs. The Co@Pt-Au nanoasemblies presented a high magnetization value [63 emu.g -1 (Co) at 3 T], making them appropriate for T2-weighted spin echo magnetic resonance measurements. The MRI measurements of Co@Pt-Au-Neutravidin NPs samples mixed with an increasing amount of biotinylated Aβ 1-40 peptides showed contrast changes governed by the peptide concentration. The results clearly showed that these NPs can be used in MRI imaging to monitor key structural stages of Aβ self-assembly. In particular, a significant change in MRI signals during Aβ self-aggregation that corresponds to the detection of Aβ protofibrillar species in the early reversible stages of aggregation was observed. This methodology might also be important for the screening of Aβ anti-aggregating or disaggregating molecules. 16 However, several important parameters should be considered before a viable application is foreseen. Indeed, the intrinsic in vitro/in vivo cytotoxicity of the employed materials used to prepare the NPs should be thoroughly evaluated before further investigations. The feasibility of these approaches will further depend on developments that do not depend on invasive procedures.

Nanotechnologies for detection of AD biomarkers in biological fluids

The development of future effective treatments for neuronal degeneration will depend on early diagnosis methods based on the detection and quantification of soluble AD biomarkers. In practice, two approaches are available: (i) the measurement of total τ-protein and Aβ concentrations in cerebrospinal fluid (CSF) or plasma, [17][18] and (ii) the detection of suspected pathogenic biomarkers, such as the hyperphosphorylated τ-protein and the Aβ -derived diffusible ligands (ADDLs, which are soluble oligomers). The first strategy is hampered by the significant crossing of τ-protein and Aβ markers in biological fluids of healthy and AD subjects, and lead to inconclusive results, 19 whereas the second, though more reliable, is strongly limited by the extremely low concentrations of the biomarkers that cannot be identified with enough accuracy by conventional ELISA assays.

Remarkable results towards the development of new approaches for biomarker detection have been proposed by Georganopoulou et al., who developed an ultrasensitive NPs-based bio-barcode capable of detecting AD soluble biomarkers in CSF. The key feature of the system relied on the isolation of antigens (Ag) by means of a "sandwich process" involving oligonucleotide (DNAbarcode) modified Au NPs and magnetic microparticles (MMPs), both functionalized with monoclonal or polyclonal antibodies specific to the ADDLs. Practically, an excess of Au NPs and MMPs (when compared to the ADDLs concentration) were mixed in a CSF sample; the recognition of the Ag from both particles lead to the formation of the sandwiches that were then purified by magnetic separation (Figure 3a). The strands of a dehybridized double-stranded DNA were isolated and easily quantified by a scanometric method using DNA microarray (Figure 3b). The efficient Ag sequestration in solution and the amplification process resulting from the large number of DNA strands released for each Ag recognition, allowed the system to identify ADDLs at sub-femtomolar concentrations, thus improving the ELISA test sensitivity by 6 orders of magnitude. [20][21] Another interesting procedure for Aβ detection was proposed by Chikae et al., who developed an electrochemical sensing protocol based on saccharide-protein interactions. Alkyne-terminated selfassembled monolayers (SAM) were formed at the surface of Au NPs electrodeposited on screenprinted carbon strips and subsequently reacted with azido-functionalized sialic acid by "click" chemistry. 22 The densely packed sialic acid domains were able to capture the Aβ peptide as a result of specific interactions and the method enabled the detection of non-labeled Aβ down to sub-micromolar concentration. Importantly, the detection threshold of this technique was significantly lowered as compared with other techniques and thus represents an interesting step towards the development of a novel biomarker screening methodology. 23 The development of ultrasensitive immunosensors based on surface plasmon resonance (SPR)

for Aβ 1-40 peptide detection has also been reported. The procedure exploited the use of Au NPsantibody fragment (fAb) complexes able to recognize Aβ peptide via the enhancement of the SPR signal. fAb able to specifically recognize the β-amyloid was anchored at the surface of Au NPs and the Aβ-containing sample was flowed onto the chip. This was followed by a suspension of Au NPs-fAb leading to plasmon signal generation. The procedure presented a linear correlation with the peptide concentration in a 9 orders of magnitude and increased the detection limit from 10 ngmL -1 to 1 fgmL -1 , when compared to a system on a bare gold substrate. 24 A parallel approach has recently been proposed by Kang et al., who developed an ultrasensitive electrical detection method for Aβ 1-42 using scanning tunneling microscopy (STM).

Experimentally, a monoclonal antibody (mAb) fragment with high affinity for Aβ 1-42 was immobilized onto a gold surface. Then, the sample containing the target biomolecule was deposited onto the mAbfunctionalized surface, leading to its capture. Subsequently, Au NPs-fAb complex (also immunoreactive against the target) was reacted and conducted to the formation of "sandwich-like" structures. The resulting chip was finally analyzed by STM. It was shown that the surface density of the Au NPs correlated with the number of Ab-Ag binding events and that a successful Aβ detection was achievable down 10 fg.mL -1 (Figure 4). (a), 10 fg.mL -1 (b), 1 pg.mL -1 (c), 100 pg.mL -1 (d), 10 ng.mL -1 (e) and 1 μg.mL -1 (f) of Aβ 1-42 (inset: calibration curve from the power spectra of the current profiles). Reprinted from Kang et al., 25 with permission of Elsevier.

Haes et al., designed a llocalized LSPR nanosensor to detect ADDLs as a potential biomarker for AD. [26][27] The signal transduction mechanism of the LSPR nanosensor was based on its sensitivity to local refractive index changes near the surfaces of substrate confined, size-and shape-controlled, noble metals (Au, Ag) NPs. 28 Sandwich architectures were prepared by synthesis and immobilization of surface-confined Ag nanotriangles onto a mica surface using nanosphere lithography. Then, a self assembled monolayer, consisting of a mixed monolayer of 1-octanethiol for passivation of the NPs towards non specific binding and 11-mercaptoundecanoic acid for covalent attachment of Ab to ADDL, was assembled on top of these Ag nanotriangles. The first Ab to ADDL was covalently attached onto the surface of the NPs via amidation reaction. The resulting biosensors were incubated with samples containing ADDLs, washed and incubated with a polyclonal Ab solution specific to ADDLs to enhance the shift response for ADDLs. The LSPR nanosensor allowed analysis of biological species in a surfactant-free environment and was demonstrated to be sensitive enough for the detection of ultralow concentrations of ADDLs in biological samples. [26][27] Moreover, this technique allowed the distinction between two different ADDLs species varying from their binding constant with the Ab specific to ADDLs (7.3 × 10 12 M -1 and 9.5 × 10 8 M -1 , respectively).

To the best of our knowledge, only one article has been devoted to the detection of τ protein, another specific AD biomarker, through a nanotechnology-based approaches. Neely et al., designed Au NPs coated with mAb specific to τ protein employed in a two-photon Rayleigh scattering assay, which enabled the detection of τ protein at concentrations greater than about 1 pg.mL -1 . This concentration was about 2 orders of magnitude lower than typical τ protein concentration values (i.e., 195 pg.mL -1 ) in CSF (Figure 5). Moreover, the two-photon Rayleigh scattering assay showed a strong sensitivity for τ protein and was able to discriminate other proteins such as bovine serum albumin. 29 with permission of ACS publications.

Nanotechnologies for AD treatment 4.1. Delivery of bioactive molecules to the brain

Healthy BBB is a major obstacle both for the development of small and large neurotherapeutic molecules (e.g., recombinant peptides, antibody fragments, anti-sense oligonucleotides, viral vectors). 4 In addition, BBB also negatively affects drug efficacy and tolerance, because large doses of drugs are needed to reach levels above the minimum effective concentration in the brain. Nanoparticulate systems offer an opportunity to overcome such problems and can be used as "Trojan" systems for transporting active molecules across the BBB (Figure 6) thus reducing toxicity and improving therapeutic efficacy (Figure 7). [30][31] 

AChE inhibitors and Acetylcholine (ACh)

The deficiency in cholinergic neurotransmission is considered to play an important role in the learning and memory impairment of AD patients. 32 So far, cholinergic neurotransmission enhancement remains the most effective therapeutic approach to treat AD. Accordingly, rivastigmine, a noncompetitive and reversible inhibitor of both AChE and butyrylcholinesterase, was approved in 2000 by the FDA for the treatment of AD. Experimentally, this drug has been shown at least to maintain if not to improve cognitive function, global function and behavior in AD patients. However, its clinical efficacy remains limited mainly due to poor brain translocation, which requires frequent injections, and its adverse cholinergic effects on peripheral organs. [33][34] The use of nanocarriers to transport rivastigmine to the brain might represent a promising alternative to circumvent these limitations. To this end, Wilson et al., have encapsulated rivastigmine in polysorbate 80-coated polymeric PnBCA NPs with the aim of increasing the brain delivery of this compound and in order to reduce the side effects observed when the free drug is injected. 4,35 The authors obtained a 3.8 fold rivastigmine uptake increase within the brain compartment compared to free rivastigmine after intravenous injection into the rats. The mechanism(s) of NP translocation to the brain is related to polysorbate 80-mediated affinity for apolipoproteins E and A-I and subsequent NP internalization through low density lipoprotein-receptors (LDL-r) of the BBB. The same group also described a similar approach to increase the brain uptake of tacrine, another AChE inhibitor, using PnBCA nanocarriers. In this case, the use of NPs increased the tacrine brain concentration by a factor 4 when compared with the free drug. 36 Recently, Joshi et al., further reported positive therapeutic outcome in amnesic mice 37 with rivastigmine encapsulated in poly(lactide-co-glycolide) (PLGA) and PnBCA NPs. 38 An interesting approach for the delivery of ACh to the brain for AD treatment was proposed by Yang et al., using single wall carbon nanotubes (SWNT). 39 However, SWNT are nonbiodegradable material, and not much is known regarding their acute and chronic toxicity.

Estrogens/Androgens

There is ample preclinical evidence that gonadal steroids (estrogens and androgens) play an important role in CNS development and functions. 40 Estrogen treatment can decrease the risk of AD.

Experimentally, estradiol may promote the growth and survival of cholinergic neurons and reduce significantly cerebral amyloid deposition. 41 Taking this into consideration, Mittal et al., proposed estradiol encapsulated PLGA NPs as an alternative approach. 42 By tuning the copolymer molecular weight and composition (i.e., the ratio between lactide and glycolide units in the copolymer), they successfully increased the bioavailability of the drug after oral administration up to 10 times compared with the free drug. Likewise, mifepristone (11β- [4-dimethylamino]phenyl-17β-hydroxy-17[propynyl]estra-4,9-dien-3-one, more commonly known as RU 486), an active anti-progesterone compound, has been shown to slow down the progression of cognitive decline in AD patients, [43][44] most likely due to a mechanism related to P-glycoprotein (P-gp) transporter-mediated efflux of Aβ. 45 By encapsulating mifepristone within poly(ethylene glycol)-block-poly(lactide) (PEG-b-PLA) NPs, He et al., evaluated the increase in drug bioavailability after oral administration. 46 It was shown that NPs can significantly enhance the bioavailability of hormone and anti-hormone molecules. However, it should be emphasized that the biological effect of these NPs against the progression or development of AD still requires detailed evaluation.

Curcuminoids

Curcuminoids (Figure 7), obtained from Curcuma longa (turmeric), the most commonly used natural yellow photoconstituents in food industry, have been widely screened in the past decade for biological activities such as anti-inflammatory, antioxidant (see also part 3.1.7 for other antioxidant species), neuroprotective, hepato-protective, anticarcinogenic, antiviral activities and many others. [47][48] Numerous investigators have reported that curcumin can significantly reduce Aβ aggregate-related toxicity on neurons. [49][50] Unfortunately, this compound exhibits poor stability as it is easily hydrolyzed under both acidic and alkaline conditions. It can also be oxidized or photodegraded, leading to poor bioavailability and thus negligible brain uptake. 51 Non-functionalized nanoparticles. Two parallel studies investigated the encapsulation of curcumin into polymeric PnBCA NPs and it was demonstrated that the encapsulation procedure dramatically increased curcumin half-life and concentration in the brain when compared with free curcumin. [52][53] However, the therapeutic efficacy of this approach in AD models remains to be evaluated.

Targeted nanoparticles. Another approach has utilized NPs decorated with appropriate ligands for curcumin brain delivery. 54 This strategy was based on the preparation of curcumin-loaded PnBCA NPs decorated with ApoE3 ligands to exploit LDL-r-mediated trancytosis across the BBB and through SHSY5Y neuroblastoma cells (Figure 8). 54 The inhibition of Aβ 1-42 -mediated toxicity by ApoE3functionalized nanocarriers was evaluated and compared with free curcumin on SH-SY5Y cells. The results indicated a significant reduction (40% compared with free drug at 100 nM Aβ) of Aβ 1-42 -related toxicity on cells treated with the functionalized nanospheres along with a reduction of reactive oxygen species formation.

Figure 8. Schematic representation of curcumin-loaded PnBCA nanospheres decorated with ApoE3

crossing BBB via LDL-r.

Immunotherapeutics

Immunotherapy against Aβ 1-42 peptide for AD treatment was tested earlier but has encountered severe complications (meningoencephalitis) during clinical trials. [55][56] However, Agyare et al., 57 described the preparation of chitosan-based nanocarriers functionalized with pF(ab") 2 4.1, Ab fragment modified with putrescine and specific to Aβ, that were able to cross the BBB and to target the brain amyloid deposits. These nanoparticles could also be loaded with contrast agents for diagnosis purposes or with drugs able to reduce the amyloid plaques-associated toxicity. 57 

Chelating ligands

There are suggestions that aberrant copper homeostasis has implications in AD. Accordingly, Treiber et al., have engineered hyperbranched polyethyleneimine (PEI) constructs with encapsulated Cu(II) ions, which were not only internalized by cells but also increased cytosolic concentrations of Cu(II) (by releasing the metal cations) and induced weaker Aβ turnovers. 58 Unfortunately, no in vivo experiments have been conducted, presumably because of PEI toxicity.

Further evidence supports the hypothesis that oxidative stress, generated by various mechanisms, may be among the major risk factors that trigger and promote AD. 59 Oxidation reactions, catalyzed by metals such as iron (Fe 2+ ), copper (Cu 2+ ), aluminum (Al 3+ ) and zinc (Zn 2+ ), could take place due to an increased local concentration of transition metals. [60][START_REF] Sensi | Zinc in the physiology and pathology of the cns[END_REF][START_REF] Sayre | In situ oxidative catalysis by neurofibrillary tangles and senile plaques in alzheimer's disease: A central role for bound transition metals[END_REF][START_REF] Pratico | Aluminum modulates brain amyloidosis through oxidative stress in app transgenic mice[END_REF][START_REF] Smith | Iron accumulation in alzheimer disease is a source of redox-generated free radicals[END_REF] Moreover, recent studies have shown that biometals mediate the deposition of Aβ in the CNS. 60,[START_REF] Atwood | Characterization of copper interactions with alzheimer amyloid beta peptides: Identification of an attomolar-affinity copper binding site on amyloid beta1-42[END_REF] Further confirmation arises from a study demonstrating that aggregated Aβ from post-mortem AD brains could be resolubilized by coincubation in the presence of such ion chelators. [START_REF] Cherny | Chelation and intercalation: Complementary properties in a compound for the treatment of alzheimer's disease[END_REF] Thus, metal-chelating compounds, such as ethylenediaminetetraacetic acid (EDTA) salts, desferrioxamine and clioquinol have been used to significantly improve the clinical conditions in AD patients. [START_REF] Mclachlan | Intramuscular desferrioxamine in patients with alzheimer's disease[END_REF] However, their poor brain uptake and the toxic side-effects towards other sites have limited their systematic development as promising therapeutic agents. Because NPs represent potential carriers to transport drugs across the BBB, others have also developed synthetic strategies based on the covalent anchoring of metal chelators to NPs for CNS delivery. For instance, Cui et al., demonstrated covalent grafting of D-penicillamine (Figure 7) to lipidic NPs via disulfide bond allowing the solubilization of Aβ-copper aggregates in vitro. [START_REF] Cui | Novel d-penicillamine carrying nanoparticles for metal chelation therapy in alzheimer's and other cns diseases[END_REF] Similarly, Liu et al., reported the synthesis of a nanoparticle-MAEHP (2-methyl-N-(2"-aminoethyl)-3-hydroxyl-4-pyridinone, see Figure 7) conjugate for interaction with Aβ aggregates. This study demonstrated the ability of these nanoassemblies to protect human cortical neurons from Aβ aggregate-associated toxicity and further reduced Aβ aggregate formation (Figure 9). 69 [START_REF] Liu | Nanoparticle-chelator conjugates as inhibitors of amyloid-beta aggregation and neurotoxicity: A novel therapeutic approach for alzheimer disease[END_REF] with permission of Elsevier.

α-, βand γ-secretase inhibitors

Amyloid-β peptides originate from proteolysis of the APP by the sequential enzymatic actions of βsite amyloid precursor protein-cleaving enzyme 1 (BACE-1, a β-secretase) and γ-secretase, (i.e., a protein complex with presenilin 1 at its catalytic core). Instead, the non-amyloidogenic pathway involves successive APP cleavages by α-secretase (whom cleavage precludes Aβ formation) and γsecretase, leading to the formation of non-amyloidogenic fragments. The disturbance of these two pathways and the aggregative feature of Aβ could be the triggering factor in AD. 1 Accordingly, α-, βand γ-secretases can be considered as promising therapeutic targets. [START_REF] Roberson | 100 years and counting: Prospects for defeating alzheimer's disease[END_REF] However, due to the multiple biological functions related to αand γ-secretases, β-secretase might be the most relevant and attractive target. [START_REF] Vassar | Beta-secretase (bace) as a drug target for alzheimer's disease[END_REF] Despite several inhibitors/promoters transition-states that have been proposed so far, an important limitation is still their delivery to the CNS. Several studies have described encouraging outcomes but they were focused on intracranial injections of the inhibitors. [START_REF] Rajendran | Efficient inhibition of the alzheimer's disease beta-secretase by membrane targeting[END_REF] In this context, a recent study by Smith et al., suggested that the encapsulation of epigallotechin-3-gallate (EGCG, also called gallic acid, see Figure 7), a natural α-secretase promoter, into lipidic NPs could increase its oral bioavailability. [START_REF] Smith | Nanolipidic particles improve the bioavailability and alpha-secretase inducing ability of epigallocatechin-3-gallate (egcg) for the treatment of alzheimer's disease[END_REF] However, no additional information was provided regarding brain delivery and therapeutic efficacy of the described system.

Antioxidant species

Another strategy regarding the treatment of AD is directed towards the delivery of antioxidant species to the brain, because of their ability to quench the reactivity of reactive oxygen species (see also section 3.2 about antioxydant sponges).

Glutathione. The γ-glutamylcysteinylglycine (also called glutathione, GSH), a water-soluble endogenous antioxidant composed of glutamic acid, glycine and cysteine (Figure 7 ). [START_REF] Masella | Novel mechanisms of natural antioxidant compounds in biological systems: Involvement of glutathione and glutathione-related enzymes[END_REF] Williams et al., proposed the synthesis of PEG-GSH conjugates that self-assembled into NPs with the aim of increasing GSH levels in the brain. The authors described the ability of these nanoassemblies to alleviate the oxidative stress in SH-SY5Y cells against hydrogen peroxide (H 2 O 2 ). [START_REF] Williams | Synthesis and characterization of poly(ethylene glycol)-glutathione conjugate self-assembled nanoparticles for antioxidant delivery[END_REF] A similar approach was proposed by Reddy et al., who investigated the encapsulation of a metalloprotein, superoxide dismutase (SOD), into PLGA NPs so as to increase its circulating half-life, cell membrane permeability and brain uptake. SOD is a free radical scavenger which plays a key role in the major endogenous cellular defense mechanism against superoxide radicals. The authors described the efficacy of these nanomaterials to deliver SOD to human neuronal cells in vitro and to protect them from H 2 O 2 -induced oxidative stress. [START_REF] Reddy | Superoxide dismutase-loaded plga nanoparticles protect cultured human neurons under oxidative stress[END_REF] Ferulic acid. Picone et al., recently reported the use of solid lipid NPs (SLN) as nanocarriers for ferulic acid (3-(4-hydroxy-3-methoxyphenyl)-2-propenoic acid, FA) due to their recentlydemonstrated ability to cross the BBB. [START_REF] Wissing | Solid lipid nanoparticles for parenteral drug delivery[END_REF][START_REF] Wang | Enhanced brain targeting by synthesis of 3',5'-dioctanoyl-5-fluoro-2'deoxyuridine and incorporation into solid lipid nanoparticles[END_REF] Ferulic acid, an antioxidant naturally present in plant cell walls, is obtained from the alkaline hydrolysis of curcumin and consists in a phenolic nucleus conjugated to an aliphatic unsaturated side chain (see Figure 7). This conjugated structure is favorable to radical scavenging due to its resonance stabilized phenoxy radical, leading to strong antioxidant and anti-inflammatory activities. [START_REF] Ozaki | Antiinflammatory effect of tetramethylpyrazine and ferulic acid[END_REF] The authors demonstrated that FA-loaded SLN drug delivery devices were able to enhance the inhibition of neuronal oxidative stress and thus to block the cascade reactions leading to cellular death after the treatment of LAN5 human neuroblastoma cells with Aβ 1-42 oligomers. [START_REF] Picone | Ferulic acid inhibits oxidative stress and cell death induced by ab oligomers: Improved delivery by solid lipid nanoparticles[END_REF] This improvement compared with free FA was claimed by the authors to be due to the ability of the SLN nanocarriers to increase drug stability within biological fluids and to target specific organelles within cells, such as mitochondria.

Antioxidant sponges

Fullerenes

Specific carbon-based nanostructures have shown some promising therapeutic effects in AD. For instance, radical scavenging entities, such as carboxyfullerenes (C 60 ) could trap multiple radicals and have been consequently exploited as "radical sponges". [START_REF] Krusic | Radical reactions of c60[END_REF] In this view, Dugan et al., investigated the ability of water-soluble C 60 carboxylic acid derivatives, containing three malonic acid groups per molecule, to reduce the apoptotic neuronal death induced by exposure to Aβ 1-42 . [START_REF] Dugan | Carboxyfullerenes as neuroprotective agents[END_REF] In this way, fullerenes could be an interesting alternative to reduce damages caused by Aβ toxicity.

Another widespread hypothesis about AD stipulates that calcium channels may play an important role in mediating Aβ activity on neurons. More precisely, the neurodegeneration could be mediated by an increase of Ca 2+ influx caused by Aβ aggregates that would be able to create membrane channels permeable to Ca 2+ . [START_REF] Arispe | Giant multilevel cation channels formed by alzheimer disease amyloid beta-protein [a beta p-(1-40)] in bilayer membranes[END_REF][START_REF] Arispe | Beta-amyloid ca(2+)-channel hypothesis for neuronal death in alzheimer disease[END_REF] Thus, Huangh et al., took advantage of the antioxidative effect of fullerenol-1 on the in vitro reduction of Aβ-related toxicity and proved the existence of a mechanism governing this activity. [START_REF] Huang | Blockage of amyloid beta peptide-induced cytosolic free calcium by fullerenol-1, carboxylate c60 in pc12 cells[END_REF] Fullerenol-1 was found to be able to attenuate the increase of intracellular Ca 2+ concentration promoted by Aβ aggregates, either by interacting with the membrane lipid components and thus changing the membrane permeability, or by altering the lipid peroxidation and the membrane composition.

Nanoceria

Nanocerias (i.e., mixed-valence state cerium) were used to drastically reduce the reactive oxygen intermediates (ROI) intracellular concentration in vitro and in vivo, in order to prevent the loss of vision due to light-induced degeneration of photoreceptor cells. These results indicated that nanoceria particles were active for the inhibition of ROI-mediated cell death that is involved, among other species, in AD pathogenesis. [START_REF] Chen | Rare earth nanoparticles prevent retinal degeneration induced by intracellular peroxides[END_REF] 

Physical interaction with Aβ peptide

Protein/peptide conformation is often altered following adsorption onto the surface of nanoparticles and this may affect their biological functions accordingly. [START_REF] Auer | A condensation-ordering mechanism in nanoparticle-catalyzed peptide aggregation[END_REF] This has been taken into advantage by designing brain-specific nanoparticles with affinity for Aβ peptides thus affecting their aggregation/nucleation.

Considering recent findings about the toxicity of Aβ aggregates, [START_REF] Ono | Structure-neurotoxicity relationships of amyloid beta-protein oligomers[END_REF] an exogenous material that would be able to reduce the peptide toxicity may act following two opposite, postulated mechanisms: (i) by decreasing monomer nucleation and hence blocking the aggregation, which would result in a reduction of the formation of oligomers, fibrils and plaques or (ii) by disaggregating amyloid plaques or fibrils (although they are currently not considered as the Aβ neurotoxic species) (Figure 10). [START_REF] Roychaudhuri | Amyloid beta-protein assembly and alzheimer disease[END_REF][START_REF] Cizas | Size-dependent neurotoxicity of beta-amyloid oligomers[END_REF][START_REF] Dahlgren | Oligomeric and fibrillar species of amyloid-beta peptides differentially affect neuronal viability[END_REF] So far, the first mechanism has received much attention. 

Polymer nanoparticles

Cabaleiro-Lago et al., reported the use of 40 nm sized poly(N-isopropylacrylamide)-co-poly(N-tertbutylacrylamide) (PNIPAAM-co-PtBAM) NPs to hinder Aβ fibril formation. The authors demonstrated that these NPs were able to interfere with the fibrillation process by delaying, or even blocking, the nucleation step, whereas no influence on the elongation step was noticed. More importantly, it was found that the oligomerization of the peptide could be reversed sufficiently where mature fibrils start forming. These copolymeric NPs introduced a "lag phase" in between the nucleation and the elongation steps of the fibrillation. This "lag phase" was shown to be strongly dependent on the physico-chemical characteristics of the NP surface and concentration. [START_REF] Cabaleiro-Lago | Inhibition of amyloid beta protein fibrillation by polymeric nanoparticles[END_REF] These results might help to better elucidate the aggregation process of the peptide and to design nanoparticles with optimized surface properties directed towards AD treatment.

The ability of sulfonated, sulfated and fluorinated PS nanoparticles in suppressing Aβ oligomerization and its toxicity towards cultured neurons has also been demonstrated. [START_REF] Rocha | Influence of fluorinated and hydrogenated nanoparticles on the structure and fibrillogenesis of amyloid betapeptide[END_REF][START_REF] Saraiva | Randomization of amyloid-beta-peptide(1-42) conformation by sulfonated and sulfated nanoparticles reduces aggregation and cytotoxicity[END_REF] In addition, it was shown that hydrogenated NP counterparts had less efficacy, leading to β-sheet structures formation and aggregation. These results highlighted the crucial importance of the surface features of the NPs employed. Interestingly, Linse"s [START_REF] Cabaleiro-Lago | Dual effect of amino modified polystyrene nanoparticles on amyloid protein fibrillation[END_REF] recently demonstrated a dual effect of cationic amino-functionalized PS NPs towards the Aβ fibrillation process. The possibility to alter the peptide aggregation simply by tuning the NP concentration was finely described, hence highlighting the pivotal role of NP dosing on the aggregation behaviour. [START_REF] Cabaleiro-Lago | Dual effect of amino modified polystyrene nanoparticles on amyloid protein fibrillation[END_REF] PS nanoparticles offer an interesting model for optimization of surface properties for suppressing Aβ oligomerization. However, they are nonbiodegradable and may induce adverse reactions, but these strategies may be translated to biodegradable entities.

The very first example of biodegradable NPs able to bind the Aβ peptide and to inhibit its aggregation kinetics was reported in 2010 by Brambilla et al., [START_REF] Brambilla | New method based on capillary electrophoresis with laser-induced fluorescence detection (ce-lif) to monitor interaction between nanoparticles and the amyloid-β peptide[END_REF] The authors used PEGylated poly(alkyl cyanoacrylate) NPs based on poly[methoxypoly(ethylene glycol)-co-(hexadecyl cyanoacrylate)] (P(MePEGCA-co-HDCA)) copolymer and monitored interaction with the Aβ 1-42 peptide by capillary electrophoresis coupled to laser induced fluorescence (CE-LIF) (Figure 11). The principal advantage of this technique, when compared with other more routinely employed approaches such as ThT spectroscopy and SPR, is that NP interaction with peptide solution can be followed at nanomolar range peptide concentrations. Through this approach, not only the affinity constant was measured, but the methodology further highlighted the crucial role of PEG chains at the surface of the NPs for peptide interaction. Experiments are currently ongoing to clarify the exact role of PEG chains as well as to develop functionalized polymeric NPs by means of click chemistry, [START_REF] Droumaguet | Selegilinefunctionalized, pegylated poly(alkyl cyanoacrylate) nanoparticles: Investigation of interaction with amyloid-b peptide and surface reorganization[END_REF] with higher affinity for the peptide. These NPs are potent candidates for suppressing Aβ aggregation as they were previously shown to cross the BBB. [START_REF] Kim | Low-density lipoprotein receptor-mediated endocytosis of pegylated nanoparticles in rat brain endothelial cells[END_REF] Very recent studies from Mourtas et al., 101 also reported the functionalization of azidodecorated liposomes with an alkyne-derivatized curcumin (see section 3.1.3) ligand by 1,3 dipolar Huisgen cycloaddition reaction (the so-called "click chemistry"). 22 The authors found out by SPR experiments that the liposomes decorated with the planar curcumin had the highest affinity constant (in the 1-5 nM range) reported up-to-date for Aβ fibrils while non planar curcumin-decorated liposomes did not show any binding. As for the polymer nanoparticles, these systems could pave the way for the development of colloidal systems able to capture Aβ and to reduce its inherent toxicity.

Inorganic nanoparticles

Another interesting approach was proposed by Kogan et al., who demonstrated, by means of various complementary techniques, the possibility to locally and remotely heat and dissolve the Aβ 1-42 amyloid deposits via the combined use of weak microwave fields (100 mW, 6 times weaker than those used by conventional mobile phones) and Au NPs without any bulk effect. Although this approach was promising, it led to the formation of monomers and soluble oligomers, which are now considered as the most neurotoxic species in AD. [102][103] 

PEGylated micelles

It was reported the ability of PEGylated phospholipidic micelles to interact with Aβ 1-42 and to moderate its in vitro neurotoxicity (Figure 12). 104 The authors proposed a double mechanism to explain PEGylated micelles activity. In the extracellular medium, these micelles would first interact with the peptide so as to bury its hydrophobic domains in the hydrophobic core of the micelle via a favored α-helical conformation that prevents its self-aggregation. Secondly, the PEGylated micelles would shield the exposed hydrophobic domains of small Aβ 1-42 aggregates with their hydrophobic acyl chains, thus avoiding further formation of aggregate-aggregate or aggregate-monomeric Aβ 1-42 . 

Nanogels

Nanogels represent a promising class of drug-delivery devices because of their high loading capacity, their high stability as well as their responsiveness to environmental factors, such as ionic strength, pH, and temperature. 105 In this view, Ikeda et al., suggested an original use of chlolesterol-bearing pullulan nanogels (CHP) with a diameter of 20-30 nm as artificial chaperone systems for controlling the aggregation and cytotoxicity of Aβ 1-42 . These colloidal nanomaterials were able to efficiently incorporate the monomeric peptide and to inhibit its aggregation, thus suppressing its related toxicity against PC12 cells. 106 Recently, the same group evaluated the ability of these nanogels to interact with the Aβ 1-42 oligomeric forms and to reduce their toxicity on primary cortical and microglial cells. In vitro experiments indicated that CHP prevent Aβ 1-42 oligomers toxicity (Figure 13) and did not accumulate into lysosomes within the first 30 min. 107 Further experiments on transgenic animals mimicking conditions of the AD neurological disorder are ongoing, even if the ability of these nanostructures to overpass the BBB is still unproved. The concept developed with these CHP nanogels is very interesting if one considers the internalization of more specific Aβ-targeted ligands within the gel network. Comparisons were made to control using ANOVA followed by Dunnett's test ( * p < 0.01) and to Aβ olig using Student's t-test ( # p < 0.01). Adapted from Boridy et al., 107 with permission of Elsevier.

Dendrimers

Dendrimers, to distinguish from hyperbranched polymers, are commonly considered as nearly monodispersed macromolecules constituted by a regular and highly branched three-dimensional architecture displaying a well-defined number of spatially arranged peripheral functional groups. They are generally produced through an iterative sequence of reaction steps, in which each additional iteration affords higher generation materials. Regarding these properties, dendrimers have gained an increasing interest in pharmaceutical science as drug carriers and as constrast agents. 108 Especially, the possibility of functionalizing the peripheral groups with ligands of interest is an attractive strategy to study the physical interactions of these macromolecules with the Aβ peptide.

Several studies on the aggregation process of Aβ identified the critical peptidic sequence involved in amyloid aggregates formation. The hydrophobic core from residues 16 to 20 of Aβ, the socalled KLVFF sequence, is crucial for the formation of β-sheet structures. [109][110] It was also demonstrated that this peptidic region binds to its homologous sequence in Aβ and prevents its aggregation into amyloid fibrils. [111][112] This sequence has been employed as a key compound for the development of inhibiting agents for preventing Aβ aggregation in vivo. 109,113 By exploiting the abovementioned properties of this peptidic sequence, Chafekar et al., reported the synthesis of KLVFFfunctionalized dendrimeric scaffolds and their marked inhibitory effect on Aβ 1-42 aggregation, as well as their ability to disassemble pre-existing amyloid aggregates. The same authors clearly demonstrated that these nanodevices exploited the multivalency feature of dendrimers to drastically enhance the affinity and specificity of KLVFF sequence towards Aβ. 114 Several independent studies also suggested that Aβ was able to bind cells via an interaction with glycolipids and/or glycoproteins present at the external surface of the cellular membrane. It was also shown that the interaction affinity increased when gangliosides or sialic acid molecules were clustered on the cell surface. [115][116][117][118][119][120][121] Based on these evidences, Patel et al., synthesized sialic acidconjugated polyamidoamine (PAMAM) dendrimers as membrane clusters mimetics to create Aβ binding competiting agents. The authors investigated the affinity constant between sialic acidfunctionalized PAMAM dendrimers and Aβ. They demonstrated the ability of these dendrimers to significantly reduce the Aβ-induced toxicity compared to non-treated control cells and cells treated with free sialic acid. 122 Further experiments from the same group also reported that the positioning of the covalent bond between the dendrimer and the sialic acid was crucial regarding the modulation of the biological activity of the resulting conjugates. The addition of a spacer between the anomeric hydroxyl position of sialic acid and the dendrimer shell end-groups resulted in an attenuation of the Aβ toxicity at lower concentrations compared to other binding strategies, thus highlighting a better match with the physiological attachment of sialic acid to cell membranes. 123 Proteinaceous fibrils are normally associated to other cell substructures or biological compounds, such as cell membranes or glycosaminoglycans (GAGs) respectively. GAGs entities, such as heparin, which consists in linear arrangements of polysaccharides, have been shown to be particularly important in promoting Aβ aggregation process. 124 Thus, Klajnert et al., identified that the heparin-induced aggregation of Aβ 1-28 could be modulated by the presence of G3 generation PAMAM dendrimers. In particular the authors demonstrated that low concentrations of dendrimers reduced peptide aggregation whereas higher concentrations had the opposite effect. 125 Further experiments from the same group showed that the ionization state of acidic and basic residues of Aβ 1-28 fragment played an important role regarding the interactions between the dendrimer shell and the Aβ 1-28 aminoacids, which can result in an enhancement or a decrease of the peptide amyloidogenicity. 126 Despite experimental conditions far from physiological environment, these studies showed that dendrimers can be exploited as a powerful tool for investigating the formation mechanism of amyloid-like structures.

Nanotechnologies for in vitro evaluation of drugs activity

Although in vivo pharmacological assays remain the best way to evaluate drug activity and toxicity before clinical studies, they are time-consuming and rather expensive. Thus, a great deal of effort has been focused to establish efficient procedures for in vitro drug screening prior to in vivo preclinical experiments. Accordingly, a new drug sensitivity method based on the electrochemical behavior of AChE biosensor has been reported by Du et al.,127 based on Au NPs encapsulating a solgel silicate matrix. This system provides a stable and biocompatible environment for AChE biosensor immobilization onto an electrode surface and appropriate conductivity properties to the network that favors interfacial enzymatic hydrolysis reaction. Two different AChE inhibitors (i.e., neostigmine and galantamine) were used to verify the proof-of-principle of this methodology. Here, electroactive substances formed after reaction of substrate with the encapsulated AChE amplifies the biosensor sensitivity.

A method for ACh analysis based on its electrocatalytic oxidation on carbon paste electrodes modified with copper nanoparticles has also been proposed. Experimentally, the electro-oxidation of ACh is mediated by Cu(II) active species and the oxidized forms are detected and quantified using amperometric procedures. This technique was successfully applied for the quantification of ACh with high sensitivities in the µM range. 128 Interestingly, the method developed by Haes et al., [26][27] based on LSPR (see section 2), could also represent a very useful tool for the study of interactions between pharmaceutics and ADDLs.

Safety issues

Advances in nanotechnology and its applications in medicine have promoted serious issues in relation to nanoparticle-mediated toxicity and adverse reactions. [129][130] This is of particular concern for intravenously injected AD nanomedicines, whether they are used for the induction of the "sink-effect" or for reaching the brain for diagnostic imaging and/or therapeutic purposes. Noteworthy, nanoparticle size, shape and surface characteristics can modulate pharmacokinetics and biodistribution. 129,131 Investigation in this area of research is still scant and particularly in relation to the brain. However, from the therapeutic point of view attention must be focused on the benefit-to-risk ratio and this is further dependent on nanoparticle dose and on the frequency of dosing. From the cytotoxicity angle, some constituents of polymeric nanoparticles and nanoconstructs may inhibit the function of Pglycoprotein efflux pumps expressed at the luminal side of the brain capillary endothelial cells. [132][133] This could potentially modulate or interfere with transport of haemostatic mediators in the central nervous system. 134 Moreover, internalized nanoparticles, depending on their nature and intracellular trafficking could induce necrotic and/or apoptotic cell death through different pathways; a feature that is most prominent with polycationic constructs. 129,[135][136][137] Polymers also seem to be able to modulate gene expression 138 and this could pose serious problems in terms of nucleic acid delivery to the brain capillary endothelial cells with polyplexes and polycationic nanoconstructs. Indeed, this phenomenon has been correlated with low expression of ATP binding cassette genes after polymer treatment in some cells. 139 In cytoplasm, polymers and partially degraded nanoparticle constituents may bind to endogenous nucleic acids such as dsRNA and microRNA resulting in interference with normal cellular regulatory processes and triggering off-target effects. This possibility may account for the reported polycation-specific induced "gene-signature". 137 A recent report has also raised concern over potential nanoparticle-mediated DNA and chromosome damage to tissues located behind cellular barriers through complex intercellular signaling processes. 140 Therefore, some nanoparticles may induce cell damage across an intact biological barrier without having to cross the barrier.

Recent evidence with clinically approved intravenous nanomedicines attests to initiation of hypersensitivity reactions in certain individuals and these have often been correlated with activation of the complement system, which is the most ancient component of innate human immunity. 141 The reactions are non-IgE mediated and usually associated with flushing and cardiovascular disturbances.

Neuro-psychomastic and vegetative responses have also been noted in animals following polymeric and lipid-based nanomedicines. 141 A wide range of polymers and nanoentities such as certain classes of liposomes, polymeric nanospheres, carbon nanotubes and metallic nanoparticles, whether stealth or not, can trigger complement activation via one or more of the three established initiation pathways (classical, alternative and lectin pathways) that all converge at the step where the central complement protein C3 is cleaved. [141][142][143][144][145] These pathways use different recognition molecules to sense a foreign particle, but use similar activation mechanisms to generate enzymes that cleave C3 (known as C3 convertases). The prime consequence of nanoparticle-mediated complement activation is surface opsonization by the opsonic fragments of C3 cleavage such as C3b and iC3b. 131,141 This aids material recognition and rapid clearance by macrophages of the reticuloendothelial system bearing complement receptors (e.g., hepatic Kupffer cells, splenic marginal zone and red-pulp macrophages, blood monocytes, etc.) and therefore may be beneficial for intravenous nanomedicines that are intended to induce "sink-effect" in AD.

Activation of the complement cascade further generates potent anaphylatoxins (C4a, C3a and C5a), and these can trigger the release of secondary mediators from a wide range of immune cells that subsequently initiate anaphylaxis in sensitive individuals. 131 Additionally, C5a is a potent chemotactic agent for monocytes, neutrophils and a subset of T cells. It is also a powerful neutrophil activator increasing adhesiveness, stimulating the respiratory burst and degranulation. Such modulation of immune cell activities may further contribute to anaphylaxis and further complicate AD. Once C5 has been cleaved the lytic membrane attack complex (C5b-9 or MAC) is assembled from the terminal complement components C5, C6, C7, C8 and C9. Remarkably, this complex also has the capacity to elicit non-lytic stimulatory responses from vascular endothelial cells and modulate endothelial regulation of haemostasis and inflammatory cell recruitment. 131 The complement system is strongly activated in AD brain, and particularly at the site of the senile plaque, and works in conjugation with activated microglia, which express high levels of complement receptors. 146 Most attempts have detected MAC on dystrophic neurites and neurofibrillary tangles adjacent to the senile plauqes, indicating autloytic attack and neurite loss. 146 Complement proteins and activation products have also been found to be associated with cerebrovascular A . 147 However, only the earliest steps of complement activation appear in diffuse plaques containing nonfilamentous A in many regions of the brain, including those generally not affected by the disease (e.g., cerebellum). Complement activation therefore exacerbates the patology of AD. Recent evidence also attest that the classical pathway components (e.g., C1q) may be greatly upregulated in AD and particularly in the cortex. 148 The binding interaction between A and C1q is mainly ionic and occurs between the first 11 predominantly ionic residues of A and residues 14-26 of the A chain of the collagen-like tail of C1q, which are mostly cationic. 149 A interactions with C1q also leads to increased amyloid aggregation. Therefore, it remains essential that nanoengineering strategies that allows particle delivery into the brain do not induce further complement activation (notably activation of the terminal pathway) and particularly through C1q-dependent triggering mechanism. Future efforts may further concentrate in design of brain-specific nanoparticles that can also release complement inhibitors and particularly those that can block binding to the collagen tail of C1q as this will not disturb antibody attack against an infectious agent. 150 The complement system, therefore, plays a central role in nanomaterial and nanomedicine performance and better understanding of material properties in relation to complement activation remains pivotal for precision engineering of highly effective nanomedicines for long-term management as well as treatment of AD.

Finally, with respect to the nanoparticle-mediated initiation of the "sink-effect" particular attention must be paid to the frequency and intervals between injections. Adverse responses may arise from excessive dose-dumping in macrophages (which may be selective and based on aggregate sizes) and initiation of immunogenic responses following repeated administration, resulting in altered nanoparticle pharmacokinetics and diminished efficacy.

Conclusions

During the past few years, we have witnessed promising developments in relation to passive and active drug delivery to the brain using nanoparticles. In parallel, remarkable nanotechnologies have emerged that can manipulate Aβ aggregation both in the brain and in the peripheral circulation thus aiding experimental AD therapy.

However, three important open questions remain to be answered before engaging further research towards clinical investigations: (i) the efficiency of symptom alleviation by these nanoparticulate systems needs to be validated in representative AD in vivo models, (ii) FDA-approved macromolecules for nanoconstructs have to be employed and (iii) non-invasive administrations of nanoparticles have to be considered for repeated and prolonged therapeutical purposes. These needs are also required if one considers the development of a strategy based on the production of NPs for physical interactions with Aβ peptide and/or τ protein. Moreover, in this case, the majority of the above-discussed studies were performed in buffer environments, a strong simplification of physiological conditions.

Recent achievements also described the design and the use of imaging agents and drugs based on nanoparticulate systems. However, the most prominent limitation relies on the fact that plaques are no more considered as the toxic species in AD, although the majority of described methods are based on their detection. The incredible effort devoted to the development of highly sensitive detection methods able to finely detect biomarkers from bio-samples with high specificity, may pave the way to routinely employed diagnosis kits against AD for clinical use.

Although nanotechnology is expected to have a huge impact on the development of "smart" drug delivery and theranostic devices against AD, a crucial gap to fill-in concerns the elucidation of its etiology, in which a great deal of effort is still required.
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Section 1

Implications dans le projet NAD

Un des objectifs du projet NAD repose sur le développement de nanoparticules capables de traverser efficacement la Barrière Hémato-Encéphalique (BHE). Le rôle de notre équipe a été de concevoir des nanoparticules rendues fluorescentes pour permettre leurs suivies lors d"études biologiques. Pour ce faire, nos premiers objectifs ont été de coupler un fluorophore (Rhodamine B ou Dansyl) de manière covalente sur un polymère de poly(MePEGCA-co-PHDCA) capable de s"autoassembler en nanoparticules, de caractériser ce polymère et les particules obtenues, ainsi que de confirmer la possibilité d"utiliser ces nanoparticules pour l"étude de leurs interactions avec des cellules cérébrales endothéliales cultivées in vitro.

Implications in the NAD project

One of the aims of the NAD project is the development of nanoparticles able to cross the Blood-Brain Barrier in an appreciable amount. The task of our team was the design of fluorescent polymeric nanoparticles in order to follow their fate during biological studies. Thus, our first aims were the covalent attachment of a fluorophore (Rhodamine B or Dansyl) to the poly(MePEGCA-co-PHDCA) polymer able to self-assemble into nanoparticles, to characterize the polymer and the corresponding particles, and to confirm their possible employment for in vitro brain endothelial cell interaction studies. 

Résumé

Un copolymère amphiphile de poly(cyanoacrylate d"alkyle) a été synthétisé, caractérisé et utilisé pour préparer des nanoparticules fluorescentes pour l"imagerie de cellules endothéliales du cerveau humain. Ce marquage des nanoparticules permet d"observer finament leur internalisation et leur évolution intracellulaire.

Abstract

Rhodamine B-tagged poly(alkyl cyanoacrylate) amphiphilic copolymers have been synthesised, characterised and successfully used to prepare fluorescent nanoparticles for human brain endothelial cells imaging, allowing their uptake and intracellular trafficking to be finely observed.

Communication

The medical application of nanotechnologies, often termed nanomedicine, has witnessed a crucial impulse with the development of various types of drug-carrier nanodevices. 1 Among suitable nanocarriers for drug delivery purposes, nanoparticles based on biodegradable poly(alkyl cyanoacrylate) (PACA) (co)polymers have appeared as an established technology for colloidal nanomedicine. 2 Since their introduction in the field of pharmacology, PACA drug carriers have indeed demonstrated significant results in multiple pathologies, well-reviewed in the recent literature. 3 However, one of the major drawbacks of PACA compared to other biopolymers is the very high reactivity of cyanoacrylate monomers that hampers easy access to well-defined, complex macromolecular architectures and/or functionalised materials. 2 Herein, we report a simple strategy for the synthesis of fluorescently tagged PEGylated nanoparticles and their application to in vitro imaging.

A convenient strategy to prepare fluorescent nanoparticles is usually to encapsulate a lipophilic dye during the self-assembly process of the corresponding amphiphilic copolymer. However, potential problems may appear by using this approach: (i) as recently highlighted, 4 the fluorescent dye may leak out from the nanoparticles leading to wrong/inaccurate interpretations of confocal fluorescence images regarding the localization of the nanoparticles, due to cell membrane affinity of lipophilic dyes; (ii) the so-called burst effect, corresponding to the surface adsorbed fraction of the dye which is quickly released from the nanoparticles, may lead to an overestimation of the fluorescence intensity in a particular area whereas the nanoparticles are not yet biodegraded (iii) if a drug has to be encapsulated inside nanoparticles, the co-encapsulation of the fluorescent dye may alter the encapsulation yield of the drug. As a consequence, a fluorescent tag covalently attached to the nanoparticles is highly preferable and would fill in a crucial GAP in the field of PACA-based nanoparticles for drug delivery and cell imaging.

In this view, our strategy was to incorporate the fluorophore during the synthesis of an amphiphilic PACA copolymer, by tandem Knoevenagel condensation-Michael addition reaction with hexadecyl cyanoacetate (HDCA), methoxypoly(ethylene glycol) cyanoacetate (MePEGCA) and a small amount of a cyanoacetate derivative based on the desired fluorescent dye (Scheme 1). Among the possible fluorescent dyes available for fluorescence detection, a rhodamine B derivative was selected. Rhodamine-based fluorescent tags are indeed widely used in the field of biomedical research as they offer a combination of advantageous properties such as a rather high water-solubility, a good photostability, a high extinction coefficient and a high quantum yield.

Besides, emission wavelengths of rhodamine-derived fluorescent dyes are higher than those commonly associated with autofluorescence of cells. 5 A rhodamine B tertiary amide bearing a hydroxyl group 6 was readily transformed into the corresponding cyanoacetate derivative by a DCCassisted coupling reaction. This synthetic route was chosen because rhodamine tertiary amides avoid intramolecular cyclization (which would result in a loss of fluorescence) and fluorescence emission is retained over a broad pH range. 6 The synthesis of rhodamine B cyanoacetate (RCA) was confirmed by 1H and 13C NMR spectroscopy as well as by ESI-MS mass spectrometry. Synthesis of several fluorescent rhodamine B-containing P(HDCA-co-RCA-co-MePEGCA) copolymers was then undertaken with different RCA initial amounts. Three of these copolymers are discussed here: copolymers C1, C2 and C3, corresponding respectively to 4.10, 0.85 and 0.16 mol.% of RCA in the initial cyanoacetate feed. The fluorescent copolymers were analysed by 1 H NMR spectroscopy and showed an excellent correlation with the expected structure (Figure S1). Size exclusion chromatography showed low number-average molar masses, Mn, with high polydispersity indexes (Table S1) due to the significant amount of low-molar mass amphiphilic oligomers, commonly observed for this kind of reaction. 7,8 No influence of the initial amount of RCA over the copolymerisation process was observed.

Well-defined nanoparticles were formed by self-assembly in aqueous medium and characterised by DLS and δ-potential measurements as the function of the RCA initial amount and time (Table S1 and Figure S2). In all cases, stable nanoparticles were obtained with average diameters in the 115-125 nm range together with narrow particle size distributions. δ-potential measurements showed negative values from -30.9 to -40.6 mV. Besides, nanoparticle diameters and surface charge remained constant over time in aqueous solution at 37 °C, thus confirming their excellent stability at a temperature relevant for biomedical assays. Therefore, all these caracteristics make them suitable candidates for drug delivery purposes and cell imaging. The presence of different amounts of RCA in the copolymers and associated nanoparticles could be readily perceived under visible light and U.V. excitation at 365 nm (Figure 1). Fluorescent properties of the materials were then thoroughly studied by fluorescence spectroscopy (Figure 1 and S3-S7). Emission and excitation wavelengths of copolymers and nanoparticles were determined. For instance for copolymer C2, ex. = 563 nm and em. = 583 nm, with a Stokes shift of 20 nm, in good agreement with the spectral properties of rhodamine B-tertiary amide derivatives. 6 No significant change was observed upon self-assembly as ex. = 568 nm and em. = 583 nm were recorded for nanoparticles N2. Besides, for a given copolymer (or nanoparticle) concentration, the fluorescence intensity decreased when decreasing the initial amount of RCA in the starting cyanoacetate mixture (Figure 1). Eventually, the evolution of the fluorescence intensity of copolymer solutions and resulting nanoparticle suspensions was recorded as a function of the concentration, allowing linear and curved parts to be determined (Figure S7), which is useful for fluorescence intensity-based calculations.

Whatever the nature of the copolymer and associated nanoparticles, linear evolutions of fluorescence intensity vs. concentration were observed up to rather high concentrations.

Rhodamine B-tagged PACA nanoparticles were then employed for in vitro imaging studies on hCMEC/D3 human brain endothelial cell line, which has been validated as a unique in vitro model of human blood-brain barrier (BBB). 9 Prior to imaging studies, cell viability assays were performed in order to determine the cytotoxicity of the P(HDCA-co-RCA-co-MePEGCA) nanoparticles on hCMEC/D3 cells. No statistical difference in cytotoxicity was observed between nanoparticles containing an increasing amount of rhodamine B (Figure S10). Similarly to non-fluorescent P(HDCAco-MePEGCA) nanoparticles, no significant cytotoxicity was obtained until a concentration of 30 µg.mL-1.

Confocal laser scanning microscopy (CLSM) was then employed for in vitro imaging studies.

Upon microscope observation, the fluorescent nanoparticles in water appeared as small, well-defined, fluorescent spots displaying typical Brownian motion (Figure S11). After a 12 h incubation period of hCMEC/D3 cells with fluorescent nanoparticles (N1), cells were washed with fresh cell culture medium in order to remove adsorbed nanoparticles and observed by CLSM. Nomarsky contrast images showed a typical fibroblast shape for the cells with no morphological alteration, thus supporting the absence of cytotoxicity as previously shown by cell viability assays (this observation was made on the basis of numerous images randomly taken from the cells monolayer). Fluorescence images superimposed on the Nomarski images showed intense and fine fluorescence spots accumulated within the cells and especially around the nuclei. (Figure 2a-c) This observation suggested that the mechanism by which nanoparticles entered the cells was governed by endocytosis since fluorescence was localised into vesicles. However, according to their proximity to the nuclei, those vesicles are highly supposed to be late endosomes (Figure 2d). These results confirmed previous observations with primary cultures of rat brain endothelial cells showing that P(HDCA-co-MePEGCA) nanoparticles were able to penetrate by endocytosis. 10 As long as poly(alkyl cyanoacrylate) nanoparticles are known to be biodegradable by enzymatic degradation via hydrolysis of ester functions, 2 it was important to assess that the observed fluorescence intensity was coming from the fluorescent nanoparticles and not from free rhodamine B alcohol (released after hydrolysis). After 8 h incubation of fluorescent nanoparticles at different concentrations with Fischer rat plasma at 37 °C, only 11-14% of fluorescence loss was measured (Figure S12), in very good agreement with the in vitro biodegradation profile of non-fluorescent P(HDCA-co-MePEGCA) nanoparticles. 11 This result also showed that the presence of rhodamine B cyanoacetate units in the macromolecular structure did not alter the degradation profile of the nanoparticles. Under identical experimental conditions and acquisition settings (detector gain: 535, laser power: 57%), a lower amount of rhodamine dye covalently linked to the nanoparticles resulted in a decrease of fluorescence intensity. Indeed, only faint fluorescent areas were noticed for nanoparticles N3

(Figure S13). Nevertheless, by increasing the detector gain up to 700 together with a laser power at 65%, intense fluorescence spots appeared around cell nuclei. Therefore, tuning the amount of fluorescent dye attached to the nanoparticles together with adjusting acquisition settings allowed great flexibility regarding in vitro imaging.

Concerning BBB crossing, important work remains to be done as long as several crucial mechanisms are still unknown such as those of intracellular trafficking and exocytosis. In order to determine whether these fluorescent nanoparticles are suitable for such investigations, real-time confocal fluorescence microscopy observations were performed. While focusing on a dividing cell, the fine fluorescence signal coming from the nanoparticles allowed their intracellular progression to be accurately followed. Indeed, we clearly observed that nanoparticles were trafficked from the polar extremity during metaphase/anaphase (Figure 3a) to the midbody area during telophase, where the fluorescence exhibited a filament-like clustered structure (Figure 3b). Thus, this new synthetic tool allows intracellular events to be finely monitored and could give new insights into intracellular mechanisms.

Finally, this approach is very versatile and can be applied to other fluorescent dyes after suitable modification to insert the cyanoacetate moiety. This was examplified by the synthesis of dansyl cyanoacetate (DCA, Scheme S2) and the preparation of the corresponding P(HDCA-co-DCAco-MePEGCA) fluorescent nanoparticles N4 (see Supporting Information). In order to circumvent the drawbacks usually encountered with the use of encapsulated fluorescent dyes into nanoparticles, an original and versatile strategy has been developed to prepare fluorescent nanoparticles where a hydrophilic dye based on rhodamine B has been covalently linked to P(HDCAco-MePEGCA) amphiphilic copolymers. The resulting fluorescently tagged nanoparticles were found suitable for in vitro imaging on human brain endothelial cells and their fluorescence signal was found extremely accurate, as opposed to a diffuse signal when a lipophilic dye is encapsulated. This allowed their uptake and intracellular trafficking to be finely observed. These results also open the door to further studies related to endocytosis during mitosis which represents an important aspect of cellular biology. Erba. hCMEC/D3 human brain endothelial cell line was prepared as described elsewhere. [153][154][155] Dulbecco"s phosphate buffer saline (DPBS) without CaCl 

Materials

Synthesis of hexadecyl cyanoacetate (HDCA)

HDCA was synthesized as follows. In a 250 mL round bottom flask containing hexadecane-1ol (10.65 g, 44 10 -3 mol), cyanoacetic acid (7.48 g, 88 10 -3 mol), EtOAc (5 mL) and DCM (50 mL)

were introduced dropwise by a syringe over ca. 20 min, a solution of DCC (9.98 g, 48.4 10 -3 mol)

and DMAP (120 mg, 0.82 10 -3 mol) in DCM (50 mL). The reaction medium was stirred during 24 h at ambient temperature under argon atmosphere. The solid was filtered off and the solvents were removed under reduced pressure. The solid was then purified by flash chromatography (SiO 2 , hexane/EtOAc; 5:1; v:v) to give a fine, white powder: 12.9 g (95 %). 

Synthesis of methoxypoly(ethylene glycol) cyanoacetate (MePEGCA)

MePEGCA was synthesized as follows. In a 100 mL round bottom flask containing poly(ethylene glycol) monomethyl ether (11.0 g, DP n = 45, 5.5 10 -3 mol), cyanoacetic acid (0.955 g, 11.0 10 -3 mol) and DCM (30 mL) were introduced dropwise by a syringe over ca. 20 min, a solution of DCC (2.27 g, 11.0 10 -3 mol) and DMAP (60 mg, 0.41 10 -3 mol) in DCM (10 mL). The reaction medium was stirred during 24 h at room temperature under argon atmosphere. The solid was filtered off and the solvent was removed under reduced pressure. The solid was then purified by recrystallization from isopropanol, filtered and dried under vacuum overnight to give a fine, white powder: 10.7 g (94 %). M n, SEC = 1890 g.mol -1 , M w /M n = 1.04. The rhodamine B cyanoacetate monomer was synthesized as follows. In a round bottom flask, rhodamine B alcohol 151 (450 mg, 0.74 10 -3 mol) and cyanoacetic acid (127 mg, 1.49 10 -3 mol)

Synthesis of rhodamine B cyanoacetate (RCA)

were dissolved in a mixture of DCM (10 mL) and EtOAc (1 mL). The resulting solution was bubbled for 30 min with N 2 while cooling down to 0 °C in an ice/water bath. To this solution was added dropwise over 20 min at 0 °C under N 2 a solution of DCC (169 mg, 0.82 10 -3 mol) and DMAP (cat.

amount) in DCM (10 mL). The reaction mixture was allowed to warm to room temperature and then stirred for 24 h. The resulting solution was filtered off to remove insoluble dicyclohexylurea and the precipitate was rinsed with dichloromethane until only a faint purple coloration was observed. The mother liquors were concentrated, redissolved in a minimum amount of DCM and precipitated in a large volume of cold diethyl ether. The precipitate was filtered and dried under high vacuum to give the pure product as purple crystals: 330 mg (70 % yield). 

Scheme S2. Synthesis of dansyl cyanoacetate (DCA).

The dansyl cyanoacetate monomer was synthesized as follows. In a round bottom flask, dansyl alcohol 152 (450 mg, 1.54 10 -3 mol) and cyanoacetic acid (261 mg, 3.07 10 -3 mol) were dissolved in a mixture of DCM (20 mL) and EtOAc (5 mL). The resulting solution was bubbled for 30 min with N 2 while cooling down to 0 °C in an ice/water bath. To this solution was added dropwise over 20 min at 0 °C under N 2 a solution of DCC (348 mg, 1.69 10 -3 mol) and DMAP (cat. amount) in DCM (20 mL).

The reaction mixture was allowed to warm to room temperature and then stirred for 24 h. The resulting solution was filtered off to remove insoluble dicyclohexylurea and the precipitate was rinsed with dichloromethane. The mother liquors were concentrated, redissolved in EtOAc and washed three times with water. The organic phase was dried over MgSO 4 , filtered off and concentrated under vacuum. The crude product was purified on silica gel column eluting with a mixture hexanes/AcOEt

(1:1) to afford the pure product as a yellow crystalline powder (360 mg, 65 % yield). 1 H NMR (DMSO-d 6 , 298 K) δ = 2.88 (s, 6H, J = 7.0 Hz, (CH 3 ) 2 N), 3.13 (q, 2H, J = 5. 

methoxypoly(ethylene glycol) cyanoacrylate] (P(HDCA-co-RCA-co-MePEGCA)) fluorescent copolymer

A typical synthesis of P(HDCA-co-RCA-co-MePEGCA) fluorescent copolymer (expt. 1, Table 1) was as follows. In a 50 mL round bottom flask containing MePEGCA (0.4 g, 1.9 10 -4 mol), HDCA (0.26 g, 8.4 10 -4 mol), RCA (29.72 mg, 4.4 10 -5 mol, 4.10 mol.% in the initial cyanoacetate mixture), EtOH (5 mL) and DCM (10 mL) under magnetic stirring, was sequentially introduced dropwise by a syringe over ca. 20 min, formaldehyde (0.4 mL, 5.3 10 -3 mol) and pyrrolidine (20 µL, 2.4 10 -4 mol). The mixture was allowed to stir during 24 h at room temperature and was then concentrated under reduced pressure. The residue was taken into DCM and washed multiple times with water. The resulting organic layer was dried over MgSO 4 , filtered and concentrated under reduced pressure and dried under vacuum to give a purple, waxy solid. The copolymer was analyzed by 1 H NMR and SEC. The same procedure was applied with different initial amounts of RCA (5.94 and 1.13 mg for expt 2 and 3, respectively (see Table S1)).

Synthesis of poly[hexadecyl cyanoacrylate-co-dansyl cyanoacrylate-co-methoxypoly(ethylene glycol) cyanoacrylate] (P(HDCA-co-DCA-co-MePEGCA)) fluorescent copolymer

In a 50 mL round bottom flask containing MePEGCA (0.4 g, 1.9 10 -4 mol), HDCA (0.26 g, mol). The mixture was allowed to stir during 24 h at room temperature and was then concentrated under reduced pressure. The residue was taken into DCM and washed multiple times with water, once with 1M HCl and once with brine. The resulting organic layer was dried over MgSO 4 , filtered, concentrated under reduced pressure and dried under vacuum to give a yellow, waxy solid. The copolymer C4 was analyzed by 1 H NMR and SEC (see Table S2). 1 H NMR (CDCl 3 , 298 K) δ = 0.87

(t, 16H, CH 2 CH 3 ), 1.1-1.5 (bm, 120H, CH 2 CH 3 ), 1.6-1.8 (bm, 10H, COOCH 2 CH 2 CH 2 ), 2.3-2.9 (bm, 10H, C(CN)CH 2 ), 3.37 (s, 3H, OCH 3 ), 3.4-3.9 (bm, 172H, CH 2 CH 2 O), 4.1-4.5 (bm, 10H, COOCH 2 CH 2 ).

Preparation of nanoparticles

Nanoparticles were prepared by the nanoprecipitation technique. 156 In practice, the copolymer C1 (10 mg) was dissolved in acetone (2 mL), and the copolymer solution was added dropwise to an aqueous solution 0.5 % (w/v) of Pluronic F68 (4 mL) under vigorous mechanical stirring. A milky suspension was observed almost instantaneously. Acetone was then evaporated under reduced pressure and nanoparticles were purified by ultracentrifugation (150 000 g, 1 h, 4 °C, Beckman Coulter, Inc.).

The supernatant was discarded and the pellet was resuspended in the appropriated volume of water to yield a stable nanoparticles suspension (N1) of 5 mg.mL -1 . The same procedure was applied for copolymers C2, C3 and C4 to yield nanoparticle suspensions N2, N3 and N4 respectively.

Cytotoxicity of nanoparticles

The cytotoxicity of rhodamine B-tagged nanoparticles was investigated by MTT viability test on hCMEC/D3 human brain endothelial cell line. Cells were cultured according to previous studies. 153- 155 Briefly, cells were grown on Type I collagen-coated plates in EBM-2 basal medium supplemented with fetal bovine serum 5 %, hydrocortisone 1.4 μM, basic fibroblast growth factor 1 ng.mL -1 , penstrep 1 % and HEPES 10 mM. Polystyrene 96 wells plates were used and cells were seeded in each well (15 000 cells per well) with the medium previously described. The day after, an aqueous suspension of nanoparticles was administrated at three different concentrations: 10, 20 and 30 μg.mL -1 .

After 48 h incubation at 37 °C and 5 % CO 2 , the MTT reagent (at a final concentration of 0.05 % in DPBS) was administered and 3 h later, the percentage of living cells was evaluated with 96 wells plate absorbance reader at 570 nm. Cells treated with the same volume of water were used as negative controls. All these results were compared with non-fluorescent P(HDCA-co-MePEGCA) nanoparticles.

Plasma stability of nanoparticles

The fluorescent nanoparticles (N2) at 0.5 mg.mL -1 or 0.3 mg.mL -1 were incubated in vitro in Fischer rat plasma at 37 °C following a previously described protocol. 157 At predetermined time intervals (5 min, 30 min, 4 h and 8 h), an aliquot of the plasma medium was withdrawn and ultrafiltrated (Nanosep Centrifugal Devices 100 kDa, Pall Corporation) at 10 000 g during 20 min upon which the soluble degradation products were collected in the bottom chamber. Subsequently, the fluorescence intensity of the upper chamber (containing the nanoparticles) was measured by fluorescent spectroscopy and the results were expressed as a percentage of the initial measured fluorescence in the plasma medium.

In vitro imaging with fluorescent nanoparticles

In vitro imaging was performed on hCMEC/D3 human brain endothelial cell line incubated with rhodamine B-tagged nanoparticles. Cells were seeded on type-I collagen-coated glass disk (25 mm in diameter) at a concentration of 25 000 cells.cm -2 . After 2 days, an aqueous suspension of nanoparticles (25 μg.mL -1 ) was incubated with hCMEC/D3 cells. Following a 12 h incubation time, the cells monolayer was washed with fresh medium and then analyzed by confocal laser scanning microscopy. Prior to observations, it was checked that autofluorescence of hCMEC/D3 cells was negligible under the acquisition settings and did not interfere with the fluorescence coming from the nanoparticles. 

Analytical techniques

Characterization of fluorescently tagged copolymers and nanoparticles

Colloidal characteristics of fluorescently tagged poly(alkyl cyanoacrylate) nanoparticles

Fluorescent properties of dansyl-tagged poly(alkyl cyanoacrylate) copolymers and nanoparticles

Implications in the NAD project

An important part of the NAD project was directed towards to the development of a diagnosis procedure able to identify the presence of Alzheimer"s disease typical plaques within the brain. The development of probes/contrast agents-charged nanoparticles able to cross the BBB and to target the amyloid plaques has been proposed as an opportunity to early visualize plaques formation within the brain. Toward this scope, we first decided to develop Quantum Dot (QD)-loaded PEGylated poly(alkyl cyanoacrylate) nanoparticles as a tool for the identification of nanoparticles fate during biological studies. Several types of QDs have been encapsulated within the nanoparticles and visualized in vitro after interaction with BBB endothelial cells. Moreover, the encapsulation of QDs into fluorescent Rhodamine B-tagged nanoparticles (described in section 1) allowed the double labeling of the nanoparticles. To achieve in vivo visualization of the particles, near infrared emitting QDs has been also employed. 

Introduction

Nanotechnologies can be seen as a believable opportunity regarding various challenges encountered in the fields of materials science, drug delivery, supramolecular chemistry and other nanoscaled areas. The application of nanotechnologies to drug delivery, 1,2 often termed nanomedicine, [3][4][5] has witnessed a crucial impulse with the development of various types of drugcarrier nanodevices. Among suitable candidates for drug delivery purposes, nanoparticles (NPs)

based on biodegradable poly(alkyl cyanoacrylate) (PACA) hold great promise and have appeared as a well-established technology for colloidal nanomedicine. 6 PACA drug carriers have indeed demonstrated significant results in multiple pathologies such as cancer, 7 severe infections (viral, bacteriologic, parasite) 8 as well as in several metabolic and autoimmune diseases, 9 well-reviewed in the recent literature. [10][11][12][13] Noteworthy, when PACA nanoparticles were loaded with the anticancer drug doxorubicin, they were able to overcome multidrug resistance (MDR) of cancer cells 14 and their biodegradability and safety have allowed clinical trials (currently phase II/III) for the treatment of MDR resistant hepatocarcinoma. The survival of the patients treated with this nanomedicine has been importantly increased as compared to the standard treatment (arterial chemoembolization). 15 In the last 25 years, various types of PACA nanoparticles have been developed. 6,[16][17][18][19][20] One of the major improvement of PACA nanotechnology is undoubtedly their coating and stabilization by poly(ethylene glycol) (PEG), a nonionic, flexible and hydrophilic polymer. This approach, usually termed PEGylation resulted in nanoparticles able to partially escape from the immune system response, thus allowing an increased blood concentration even if, similarly to most of the other PEGylated colloids, these nanoparticles finally end-up into the liver tissue. 21,22 More recently, it has been demonstrated that after intravenous administration, a small fraction of the injected PEGylated nanoparticles composed of amphiphilic poly[hexadecyl cyanoacrylate -comethoxypoly(ethylene glycol) cyanoacrylate] (P(HDCA-co-MePEGCA)) 23 copolymer were able to cross the blood-brain-barrier (BBB), 11,24 as opposed to their non-PEGylated counterparts, thus opening the door to drug delivery into the central nervous system (CNS). In addition, it was recently discovered that these nanoparticles were able to bind the amyloid β-peptide, a biomarker for Alzheimer"s disease, and to influence its aggregation kinetics. 25 Quantum dots (QDs) are fluorescent nanocrystals that offer unique optical properties such as a wideband excitation, sharp symmetrical emission spectra, a long-term photostability, high quantum yields and size-dependant emission wavelengths. A great deal of work has focused on QD surface modification for enhanced water-solubility, (bio)conjugation and other applications in biological areas. 26,27 Encapsulation of QDs into polymer nanoparticles or micelles was also investigated, 28,39 but to the best of our knowledge, none of them reported QD loading into poly(alkyl cyanoacrylate) nanoparticles or into other PEGylated, biodegradable NPs.

Scheme 1 Preparation of quantum dots-loaded, fluorescent P(HDCA-co-MePEGCA) nanoparticles

for in vitro and in vivo imaging.

Herein, we reported a straightforward method to efficiently encapsulate QDs as fluorescent tags into PEGylated P(HDCA-co-MePEGCA) NPs (Scheme 1). Concomitant encapsulation of two kinds of QDs was also achieved as a step forward to "barcode" nanocarriers, which is of interest for multiplex detection and which is unprecedent in the field. We wished to take advantage of the BBB crossing ability of these NPs to monitor their in vitro uptake by hCMEC/D3 human brain endothelial cells. In addition, the in vivo fate of near-infrared fluorescent QDs-loaded nanoparticles was imaged noninvasively by fluorescence optical imaging.

Experimental part 2.1 Materials

Pluronic F-68 and poly(vinyl alcohol) (PVA, cell culture tested) were purchased from Fluka. All solvents were purchased at the highest grade from Carlo Erba. Rhodamine B cyanoacetate (RCA), rhodamine B-tagged P(MePEGCA-co-RCA-co-HDCA) and P(MePEGCAco-HDCA) copolymers were synthesized as described elsewhere. 40,41 Dulbecco"s phosphate buffer saline (DPBS) without CaCl 2 and MgCl 2 , and EMB-2 medium were purchased from Lonza.

Penicillin 10,000 units-Streptomycin 10,000 μg.mL -1 and Trypsin/EDTA were obtained from Invitrogen, Gibco. Hydrocortisone, human basic fibroblast growth factor (bFGF) cell culture tested and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 98%) were purchased from Sigma. HEPES 1 M was obtained from PAA -The Cell Culture Company. Fetal bovine serum was purchased from Eurobio. hCMEC/D3 human brain endothelial cell line was prepared as described elsewhere. 42-44

Synthesis of quantum dots (QDs)

Visible emitting CdSe/CdS/ZnS and near-infrared emitting CuInSe 2 /ZnS quantum dots were synthesized in organic solvents using previously published protocols. 45,46 These QDs were finally precipitated in ethanol and resuspended in chloroform before use.

Preparation of QDs-loaded, PEGylated nanoparticles

QDs were encapsulated into P(MePEGCA-co-HDCA) or into fluorescent P(MePEGCAco-RCA-co-HDCA) polymeric nanoparticles by the solvent emulsion/evaporation technique. 47 A typical formulation (N1, Table 1) is prepared as follows. 10 mg of P(MePEGCA-co-HDCA) copolymer and 100 µL of QD (λ em. = 590 nm, 10 µM) were dissolved in 0.9 mL of chloroform. To this organic phase was added 4 mL of an aqueous solution of PVA (0.25% w/w). The resulting emulsion was vortexed two times for 1 min at 3200 rpm and ultrasonicated on ice for 1 min at 300 W (40%) using a Vibracell sonicator. The solvent was then removed under reduced pressure to yield a stable suspension of QDs-loaded P(MePEGCA-co-HDCA) NPs. NPs were purified by filtration on 1 µm glass fiber membrane (Acrodisc, Pall) slide. These QD-loaded NPs were further purified by ultracentrifugation for 2 h in a 10-60% sucrose gradient at 50,000 rpm (MLS50 rotor;

Optimax ultracentrifuge, Beckman-Coulter). Proportions of QDs in the different bands were measured by dosing cadmium concentration by ICP-MS (Ascal, France) after dissolution in concentrated nitric acid. The same protocol was followed for the other formulations (Table 1).

When Pluronic was used, its concentration was 0.5% w/w.

Analytical techniques 3.1 Dynamic light scattering

The nanoparticle diameter (D z ) was measured by dynamic light scattering (DLS) with a NanoZS from Malvern (173° scattering angle) at 25°C. DLS measurements were used to monitor the nanoparticles stability as a function of time in solution. The nanoparticle surface charge was investigated by δ-potential measurement at 25°C after dilution with 1 mM NaCl solution applying the Smoluchowski equation and using the same apparatus.

Cryo-transmission electron microscopy (Cryo-TEM)

Thin liquid films of particle were flash frozen in liquid ethane and observed at -180°C on a JEOL JEM-2100 LaB6 electron microscope (Cs = 2.0 mm) operating at 200 kV under low-dose conditions (10 electron.Å -2 .s -1 ) at a nominal magnification of 20,000 to 40,000, with a -1.5 --2.0 μm defocus range. For negative staining, nanoparticles were stained, using a 2% uranyl acetate solution, and observed at -1.5 µm defocus under low electron dose conditions. Digital images were directly recorded on a Gatan Ultrascan 1000 CCD camera.

Fluorescence micro-spectroscopy

Fluorescence micro-spectroscopy was performed using a slit and an N-SF11 glass prism to provide spectral dispersion on a CCD camera at the output of an inverted fluorescence microscope (IX71, Olympus). 48 

Confocal laser scanning microscopy (CLSM)

In vitro imaging was performed on hCMEC/D3 human brain endothelial cell line incubated with rhodamine B-tagged nanoparticles containing QDs. Cells were seeded on glass disk (25 mm in diameter) at a concentration of 25,000 cells.cm -2 . After 2 days, an aqueous suspension of nanoparticles (25 μg.mL -1 ) was incubated with hCMEC/D3 cells. Following a 12 and 24 h incubation time, the cell monolayer was washed with fresh medium and then analyzed by confocal laser scanning microscopy equipped with a 1 mW helium-neon laser and a Plan-Apochromat 63 objective lens (numerical aperture/1.4, oil immersion). For QDs-loaded P(MePEGCA-co-HDCA) NPs (N2, Table 1), fluorescence was collected with long-pass 530 nm emission filter under 458 nm wavelength excitation. For QDs-loaded P(MePEGCA-co-RCA-co-HDCA) NPs (N5, Table 1), fluorescence was collected with long-pass 560 nm emission filter under 543 nm wavelength excitation (rhodamine B channel) and a band-pass 505-550 nm emission filter under 488 nm excitation (QDs channel). The pinhole size was set at 1.0 Airy unit (106 μm diameter) giving an optical section thickness of 0.8 μm.

Cytotoxicity studies

The cytotoxicity of QDs-loaded nanoparticles was investigated by MTT viability test on hCMEC/D3 human brain endothelial cell line. Cells were grown on 10 cm diameter plates in EBM-2 basal medium supplemented with fetal bovine serum 5%, hydrocortisone 1.4 μ M, basic fibroblast growth factor 1 ng.mL -1 , penicillin:streptomycin solution 1% and HEPES 10 mM.

Polystyrene 96 wells plates were used and cells were seeded in each well (15,000 cells per well) with the medium previously described. After a 1 day growth, an aqueous suspension of nanoparticles was incubated at four different concentrations: 10, 20, 30 and 500 μg.mL -1 . After 48 h of incubation at 37 °C in 5% CO 2 , the MTT reagent (at a final concentration of 0.05% in DPBS)

was added and 3 h later, the percentage of living cells was evaluated with a 96 wells plate absorbance reader at 570 nm. Cells treated with the same volume of water were used as negative controls.

In vivo visualization

For in vivo imaging, retro-orbital injections of 200 µL QDs-loaded nanoparticles (N0 and N5, Table 1) in 5% glucose were performed on female nude mice weighting approximately 23 g (injected dose of ~22 mg.kg -1 ) and housed under standard conditions with food and water ad libitum. After 24 h, the animals were anesthetized and imaged with the Fluobeam NIR imaging system (Fluoptics, Grenoble, France). The optical system consists of a 690 -nm laser (52 µW.mm - 2 ) and a pixelfly camera fitted with a high-pass RG 9 filter (Schott).

Results and discussion

P(HDCA-co-MePEGCA) nanoparticles are usually prepared by the nanoprecipitation technique. 6,49 However, we selected the solvent emulsion/evaporation method 50 as it involves chloroform (or dichloromethane) in which QDs were perfectly dispersed. Thus, the encapsulation method consisted in an organic phase, comprising the amphiphilic copolymer and the QDs, emulsified in an aqueous solution of surfactant (either Pluronic or PVA) and subsequently subjected to high shear by means of ultrasounds. The organic solvent was then removed under reduced pressure to yield a stable suspension of QDs-loaded P(HDCA-co-MePEGCA) nanoparticles.

A small library of QDs-loaded nanoparticles was obtained by varying the nature of the QDs, their initial amount and the nature of the surfactant (Table 1, N1-N4). In addition, a dual labeling was performed with the use of a rhodamine B-tagged P(HDCA-co-RCA-co-MePEGCA) copolymer (Table 1, expt. N5). In all cases, stable suspensions of QDs-loaded PACA nanoparticles were obtained.

Average diameters were in the 150-180 nm range with narrow particle size distributions (Table 1). Long-term stability of the QDs-loaded NPs was then assessed over a period of 9 days at 37 °C, a relevant temperature when biological applications are foreseen. Average diameters and particle size distributions were found to remain constant (Figure 1). δ-potential measurements showed negative values from -2.4 to -8.8 mV with the P(HDCA-co-MePEGCA) whereas a lower value of -16.0 mV was obtained when the P(HDCAco-RCA-co-MePEGCA) was used. This observation is in good agreement with lower δ-potential values of rhodamine B-tagged poly(alkyl cyanoacrylate) nanoparticles compared to unlabeled counterparts, 41 due to the positioning of rhodamine moieties at the nanoparticle surface.

Ultracentrifugation on sucrose gradient was performed and allowed QDs-loaded nanoparticles to be isolated from both empty nanoparticles and free QDs, as assessed by cryo-TEM images (Figure 2a and Figure S1). With normal contrast (N1), QDs were clearly seen as dark spots inside polymer nanoparticles which sizes were consistent with DLS measurements.

When a negative staining specific to PEG (constituting the NP shell) was applied ( N3), nanoparticles were surrounded by a dark coloration inside which QDs still appeared as dark spots (Figure 2b). This confirmed their successful encapsulation inside P(HDCA-co-MePEGCA)

nanoparticles. In addition, the higher loading targeted with QDs-loaded nanoparticles N3 compared to N1 was visually assessed by cryo-TEM. Quantum dot encapsulation yields of N1 and N3 batches were as high as 35% and 11%, respectively, as assessed by ICP-MS cadmium concentration measurements. [51][52][53] The rest of QDswere either aggregated outside the copolymer beads or encapsulated as a single QDs in small copolymer micelles. We then took advantage of the ease of encapsulating QDs into PACA nanocarriers by going a step further towards barcode nanoparticles. We performed a concomitant encapsulation of variable amounts of two batches of QDs emitting at 580 nm and 620 nm (N6 and N7, Table 1) and we investigated whether the initial stoichiometry (i.e., the initial intensity ratio betwe en the two QDs-loaded poly(alkyl cyanoacrylate) nanoparticles were then employed for in vitro imaging studies on hCMEC/D3 human brain endothelial cell line, which has been validated as a unique in vitro model of human BBB. 42 Prior to imaging studies, cell viability assays were performed by the MTT test in order to determine the cytotoxicity of QDs-loaded PACA nanoparticles on hCMEC/D3 cells. With QDs-loaded NPs N2 and N5, which exhibited among the highest QD loading, no statistical difference in cytotoxicity was observed up to a copolymer concentration of 0.1 mg.mL -1 (Figure 4). In vitro imaging studies after incubation of hCMEC/D3 cells with fluorescent QDs-loaded nanoparticles N2 were performed by confocal laser scanning microscopy (CLSM). After a 12 h incubation period, it was shown that: (i) Nomarsky contrast image exhibited a typical fibroblast shape for the cells with no morphological alteration which was in good agreement with cell viability assays and (ii) fluorescence image superimposed with Nomarski image highlighted intense and fine fluorescence spots mainly accumulated within the cells and especially around the nuclei (Figure 5). This observation is in good agreement with a previously reported endocytosis mechanism of similar nanoparticles in primary culture of rat brain endothelial cells. 54 Considering that poly(alkyl cyanoacrylate) nanoparticles are biodegraded enzymatically via hydrolysis of the ester functions, 6 it was important to assess that the fluorescence signal arising from CLSM images was assigned to QDs still encapsulated into PACA nanoparticles and not to free QDs that would have precociously leaked out of PACA nanocarriers. Therefore, greenemitting QDs (λ em. = 540 nm) were encapsulated into rhodamine B-tagged P(HDCA-co-RCA-co-MePEGCA) copolymer (Table 1, In addition, our approach is very versatile due to the wide range of QDs that can be encapsulated. This was illustrated with the loading of Cd-free near-infrared (NIR) emitting QDs inside P(HDCA-co-MePEGCA) nanoparticles (Table 1, N4), hence suitable for in vivo imaging purposes. Retro-orbital injections of nanoparticles were performed on nude mice and they were imaged non-invasively by fluorescence optical imaging after 24 h. Whereas only a faint autofluorescence signal was obtained with empty nanoparticles (Table 1, N0), used as a negative control, (Figure 7a), NIR QDs-loaded PACA nanoparticles led to a strong fluorescence signal emitted from the liver (Figure 7b). It is worth mentioning that although these nanoparticles were PEGylated, their accumulation in the liver was not surprising, somewhat expected, at a time interval as long as 24 h post-injection. 24,56 

Conclusions

For the first time, QDs were loaded into PEGylated and biodegradable nanoparticles. The strategy relied on the encapsulation of QDs upon self-assembly of amphiphilic P(HDCA-co-MePEGCA) copolymer. The resulting nanoparticles were very stable and were used for human brain endothelial cell in vitro imaging. The flexibility of this approach was then illustrated by the encapsulation of: (i) different kinds of QDs as a step towards barcode NPs for multiplex detection purposes and (ii) near-infrared QDs in order to noninvasively visualize in vivo nanoparticles by fluorescence optical imaging. These results are of importance as they lay down the foundations of a versatile fluorescent, nanoparticulate platform useful for biomedical applications. Since it was previously demonstrated that PACA nanoparticles are able to efficiently encapsulate a wide variety of drugs, the nanoconstructs described in the current study open the door to the so -called theranostic approach.

Acknowledgements

The 

Implications in the NAD project

Introduction

The application of nanotechnologies in medicine and biology for diagnostic or therapeutic purposes has gained great interest in the last decade leading to the birth of a new research field usually termed as Nanomedicine. 1 A consistent part of nanomedicine works are oriented toward the development of "magic bullets" able to selectively bring drugs to a damaged organ reducing their toxicity to periphery and the required dose. 2 The first application of nanomedicine concerns the treatment of cancer where the nanoparticles (NPs) allow to target and increase the drug concentration within tumor cells. 3 Among several nanoparticulate systems, NPs composed of biodegradable Poly(Alkyl Cyanoacrylate) (PACA), represent a well established technology for colloidal nanomedicine. They have been employed in several studies providing promising results against different pathological conditions such as cancer, infections etc. and leading to a phase II/III clinical trial against MDR resistant hepatocarcinoma. [4][5][6][7] A big challenge is represented by the delivery of drugs to the brain being protected by the Blood-Brain Barrier (BBB), a physiological wall essential for brain homeostasis preservation. [8][9][10] Indeed, it has a tremendous impact on the ability of exogenous molecules, drugs included, to reach the Central Nervous System (CNS). Only 2% of small molecules (<400 Da) can cross the BBB except for the receptor recognized ones. Nanomedicine can propose a solution for the treatment and diagnosis of CNS diseases such as neurodegenerative disorders. 11 To this purpose, NPs must be able carry loaded drug across the BBB, meaning that the transcytosis of NPs through this barrier is essential. Numerous in vivo studies have investigated the passage of labeled or drug loaded NPs through the BBB by measuring the tracking agent amount or directly the drug effect in animal brain but few ones have demonstrated the localization of intact NPs inside brain parenchyma. [12][13][14][15] The BBB is composed of 4 different cellular entities: i) astrocytes which the main role is to assure nutrition of endothelial cells, ii) pericytes playing as mechanical support for endothelial cells, iii) neurons that could be connected to the others cellular types and iv) the endothelial cells strongly connected by means of tight junctions composed of intracellular, transmembrane and extracellular proteins. The cross talk between these cells endows to the BBB a unique phenotype, comprising not only the morphological barrier of the inter-endothelial tight junctions, but also the enzymatic and metabolic barrier and the uptake and efflux transport. 9 The development of in vitro reconstituted models of the BBB from different mammalian species, employed since late 1970, allowed facilitating the study of the physiology and the pathophysiology of the BBB. Even if they do not completely mimic the in vivo environment, several models have been proposed, characterized and employed to identify the BBB permeability of drugs. 16 At the moment these models, even if intrinsically limited and not fully comparable between them, represent an essential tool for studying NP capacity to cross the barrier.

In vivo previous experiments on rat and mice have evidenced that PEGylation of PACA based nanocarriers allowed, after intravenous injection, a drastic increase of their bloodstream half-life and an interesting ability to cross the BBB, even if in small proportions. [12][13]17 In vitro experiments have been performed using a new rat BBB model based on primary culture of rat endothelial cells and astrocytes. 18 They permitted to finely elucidate the molecular mechanism governing the passage across the BBB: once in the bloodstream the PEGylated nanocarriers can adsorb, among other serum proteins, the Apolipoprotein E (Apo E) which can be recognized by Low Density Lipoprotein receptor (LDL-r) expressed from brain endothelial cells mediating the NPs endocytosis. [19][20][21][22] In this work, in order to anticipate the application of these NPs in clinic, a human BBB model has been chosen. This stable and fully characterized BBB model based on well-differentiated human brain microendothelial cell line (hCMEC/D3) has been recently developed and applied for several permeability studies. [23][24] In order to follow NPs uptake and intracellular distribution fluorescentlabeled NPs are usually employed. A commonly strategy used to prepare fluorescent NPs is based on the encapsulation of a lipophilic dye within the solid matrix or a liquid core. However several problems may occur following this procedure: i) the fluorescent dye can leak the nanoparticles leading to inappropriate evaluations, ii) adsorption of part of fluorescent dye at the surface of the nanoparticles which release may not correspond to the nanoparticles biodegradation. 25 To prevent interference from artifacts, we recently detailed the synthesis of a fluorescent polymer based on Poly(hexadecyl cyanoacrylate-co-Rhodamine cyanoacetate-co-methoxypoly (ethylene glycol)) (P(HDCA-co-RCA-co-MePEGCA)) able to self-assemble in nanoparticles. 23,26 Moreover the encapsulation of several types of quantum dots in these NPs (QD/P(HDCA-co-RCA-co-MePEGCA NPs) has been performed leading to a double fluorescently labeled NPs, a useful tool for studying the integrity of particles during BBB crossing process. 26 The aims of this work are i) to finely describe the P(HDCA-co-RCA-co-MePEGCA) NPs uptake kinetic by hCMEC/D3, ii) to compare the entry mechanism of these NPs between rat and human models and iii) to quantify the NPs transcytosis across the human model. The results would help to evaluate the ability of these NPs to reach the brain parenchyma in a particulate form.

Experimental section 2.1 Materials and chemicals

Poly[hexadecyl cyanoacrylate-co-rhodamine B cyanoacrylate-co-methoxypoly (ethylene glycol) cyanoacrylate] P(HDCA-co-RCA-co-MePEGCA) copolymers, poly[hexadecyl cyanoacrylateco-methoxypoly (ethylene glycol) cyanoacrylate] P(HDCA-co-MePEGCA) were obtained following previously reported procedures. Reagent ammoniun persulfate (APS), and ascorbic acid were purchased from Sigma-Aldrich.

Quantum Dots have been prepared as previously described. 26 Poly (vinylalcohol) (PVA, 30-70 kDa, cell culture tested) was purchased from Fluka. HEPES 1 M was obtained from PAA The Cell Culture Company. Fetal bovine serum was purchased from Eurobio. hCMEC/D3 human brain endothelial cell line was prepared as described elsewhere. 24 Collagen pre-coated Transweell ® (0.45µm porus, 24mm diameter) were purchased from Corning.

Amicon centrifugation filters (0.5mL, 30KDa) were purchased from Millipore. All solvents were purchased at the highest grade from Carlo Erba. 2-D uncontinous gel 7 cm, pH 3-10 (Immobilin™ Drystrip gels) was purchased from GE-Healthcare.

Nanoparticles preparation

Nanoparticles were prepared using P(HDCA-co-RCA-co-MePEGCA) according to a protocol previously published by our group: 10 mg of copolymer was dissolved in acetone (2 mL) and added dropwise to an aqueous solution 0.5 % (w/v) of Pluronic F-68 (4 mL) under vigorous mechanical stirring. A purple suspension was observed almost instantaneously. Acetone was then evaporated under reduced pressure and nanoparticles were purified by ultracentrifugation (150,000 g, 1 h, 4°C, Beckman Coulter, Inc.). The supernatant was discarded and the pellet was resuspended in the appropriate volume of nanopure water to yield a 2.5 mg.mL -1 nanoparticle suspension. Quantum dots loaded particles have been prepared and purified as previously described by our group. 26 

Nanoparticles characterization

The nanoparticle diameter (D z ) was measured by Dynamic Light Scattering (DLS) with a Nano ZS from Malvern (173° scattering angle) at 25 °C. The nanoparticle surface charge was investigated by δ-potential measurement at 25°C after dilution with 1 mM NaCl solution applying the Smoluchowski equation and using the same apparatus.

Cell culture protocols for NPs internalization by confocal microscopy

hCMEC/D3 cells were seeded on 12 mm diameter glass disks at a concentration of 50,000 cells.cm -2 using EBM-2 basal medium supplemented with fetal bovine serum 5%, hydrocortisone 1.4 μm, basic fibroblast growth factor 1 ng.mL -1 , penicillin:streptomycin solution 1%, HEPES 10 mM, ascorbic acid (5 µg.mL -1 ) and chemically defined lipid concentrate (1/100).

For experiments with confluent cells, after 3 days, medium was replaced with fresh one and at day 7 cells were treated with an aqueous solution of fluorescent NPs (30 µg.mL -1 ) for different times: 5 min, 20 min, 60 min, 6 h, 12 h and 24 h. Finally the cells were fixed using PFA 4% and different cellular regions were marked using the specific antibodies. Alexa Fluor 488 IgG was employed for fluorescence detection. Non treated cells were used as control. For experiments in non-confluent conditions, cells were seeded at 50,000 cells.cm -2 and treated with nanoparticles after 3 day of culture.

Observations were made by sequential acquisition with a Zeiss LSM-510 confocal scanning laser microscope equipped with a 30 mW argon laser and 1 mW helium neon laser, using a Plan-Apochromat 63X objective lens (NA 1.40, oil immersion). Red fluorescence was observed with a long-pass 560 nm emission filter and under a 543 nm laser illumination. Green fluorescence was observed with a band-pass 505 and 550 nm emission filter and under a 488 nm laser illumination. The pinhole diameter was set at 61 µm giving an optical section thickness of 0.6 µm. Stacks of images were collected every 0.3 µm along the z axis. 12 bit numerical images were acquired with LSM 510 software version 3.2.

NPs uptake experiments at 4°C by confocal microscopy

In order to assure that an endocytosis mechanism govern the up-take of nanoparticles within hCMEC/D3 cells, the confluent cells obtained according to the protocol described above (chap. 2.4) have been treated with fluorescent P(HDCA-co-RCA-co-MePEGCA) NPs for 20 min or 12 h at 4°C in order to block all energy-related cellular process, endocytosis included. Subsequently the cells have been fixed with PFA (4%) stored in dark at 4°C and analyzed by confocal laser scanning microscopy with a long-pass 560 nm emission filter and under a 543 nm laser illumination. Cells treated at 37°C

were employed as control.

NPs uptake experiments at 4 and 37°C by flow cytometry analysis

NPs uptake at different time points was quantified using a C6 Flow Cytometry system (Accuri Cytometers). Cells were seeded in a 24 wells plate at a concentration of 50,000 cells.cm -2 . After 7 days (confluence reached) cells were treated with an aqueous suspension of fluorescent nanoparticles (final concentration 30 µg.mL -1 ) for 5 min, 20 min, 60 min, 1 h, 6 h, 12 h and 24h at 37 or 4°C.

Subsequently the cells were extensively washed with PBS, dispersed by tripsination and fixed with PFA (1%). Resulting sample was analyzed by Flow cytometry using CFlow TM Software (Accuri Cytometers). During the experiments cell debris were excluded by setting an appropriate gate of sidescattered light (SSC) vs forward-scattered light (FSC). A total of 20,000 gated cells were analyzed.

The increase of fluorescence intensity in cells treated with nanoparticles was expressed as mean fluorescence increase relative to non-treated cells.

LDL-r expression from hCEMC/D3 cells

The expression of LDL-r was evaluated by immunoblotting analysis. Confluent cells were lysated and proteins were migrated on SDS-page electrophoresis gel (8% acrylammide). Bands were transferred on nylon membrane. Following incubation with specific anti-LDL receptor antibody (goat anti-human, Santa-Cruz Biotechnology INC.) and extensive washing with PBS containing 0.05%

Tween-20 (PBS-T), membranes were incubated with horseradish peroxidase-conjugated mouse antigoat IgG for 1 h at 37°C. Membranes were extensively washed with (PBS-T), and bands were visualized by enhanced chemioluminescence detection.

Apo E adsorption on nanoparticles

The adsorption of Apo E at the surface of these fluorescently labeled NPs was evaluated by immunblotting as previously described. 20 350 µL of nanoparticles suspension (20mg.mL -1 ) was incubated in 1.75 mL of Sprague-Dawley rat serum for 20 min at 37°C. Plasma proteins adsorbed onto the nanoparticles were separated from bulk serum by centrifugation (15,000g for 1.5 h at 4°C). The supernatant was discarded, and the pellet was washed by centrifugation (15,000g for 1.5 h at 4°C) to remove the excess of serum. After the centrifugation the NPs were resuspended in 100 µL of a solution containing 2.5% of SDS and 30 mM DTE, and incubated at 50°C for 2 h to detach the proteins from the NPs surface. The solution was then centrifuged (15,000g, 1 h at 4°C) to eliminate the NP. The supernatant was collected and migrated on SDS-page electrophoresis gel (12% acrylammide), the proteins were transferred on a nylon membrane. After extensively washing with PBS-T, Apo E was detected using a specific primary antibody and HRP-conjugated IgG. The bands were visualized by enhanced chemioluminescence detection.

2D-PAGE electrophoresis

The previously mentioned protein solution was applied to the gel as follows. For isoelectric focusing (IEF), 133 µg of adsorbed plasma protein dissolved in 125 µL of aqueous solubilization solution (7M Urea, 2 M Thiourea, 3% CHAPS, 10 nM DTT and 0.5% IPG Buffer) was loaded onto pH 3-11 nonlinear strips and leave rehydrated for 5 h at room temperature. IEF was carried out for about 40 000 V.h as follows: 50 V for 2 h (stable), 300 V for 1 h (gradient), 1000 V for 2 h (gradient), 5000 V for 4 h (gradient) and 5000 V for 3 h (stable). 

Cell culture protocols for NPs translocation

BBB in vitro model was prepared as previously described. 24 Briefly, hCMEC/D3 cells were seeded on 4.67 cm 2 diameter 0.45 µm pore size collagen pre-coated transwells at a concentration of 50,000 cells.cm -2 using the same medium described in previous paragraph both in apical i.e. upper chamber and basolateral i.e. under chamber compartments. At day 3 the medium was replaced with fresh one. At day 7 permeability experiments were performed.

In order to characterize the model, trans-endothelial electrical resistance (TEER) measurements were performed using EVOM apparatus (World Precision Instruments Inc.) starting from day 0 up to day 7.

Transwells without cells were employed as control.

Permeability studies on cell-covered transwells

[ 14 C]-Sucrose permeability was measured as previously described. 24 After 7 days of culture, sucrose was added to the upper chamber, the lower chamber was sampled after 0, 5, 20 and 60 minutes and the radioactivity that passed through the cell-covered transwells was determined by using βscintillation counter (Beckman Coulter LS6500). The clearance principle was used to obtain a concentration-independent transport parameter. Cleared volume, obtained as described by M.P.

Dehouch et al. 27 , was plotted against time and the slopes of the curves were employed to calculate the Permeability Coefficient (Pe) of the model:

Where me and mf are the slopes of the curve corresponding to BBB model and transwell only, respectively and s is the surface of the filter (cm 2 ). The same protocol, but using fluorescence detection, was employed in order to study the permeability of rhodamine B cyanoacetate, the fluorophore employed for NPs labeling.

Translocation of nanoparticles on cell-covered transwells

The translocation of fluorescently tagged nanoparticles was studied by following fluorescence signal across the cell-covered transwells. A medium containing a solution of NPs (final concentration 30 µg.mL -1 ) was deposed within the apical chamber, after different elapsed times, the apical and basolateral chambers media were withdrawed and the fluorescence was measured by using a Luminescence Spectrometer LS50B (Perkin Elmer) with excitation λ of 564 nm. Fluorescence signal was then employed to measure a permeability coefficient for the NPs across this human model by using the same formula previously described. NPs passage was evaluated also after longer incubation times: 6 h and 12 h.

1/Ps = 1/me -1/mf Pe=Ps/s
To assure the absence of topical effect of the employed nanoparticles on the cellular monolayer, sucrose permeability and TEER measurement were performed after treatment with the particles.

Nanoparticles identification after passage

To identify the nanoparticles within the receiving chamber, after setting-up of the model, nanoparticles were added within the donor chamber at 30 µg.mL -1 and leaved onto the cells for 12 h.

The medium within the basolateral chamber was collected and concentrated using a Micon Bioseparation (Microcon) 0.5 mL 30 kDa. The resulting sample is then observed using Transmission Electron Microscopy (Philips EM208). 5 µL of samples were deposed on a copper grid and leave dry at room temperature. The samples were then visualized by TEM operating at 60 kV at a nominal magnification of 20,000 to 90,000. The images were directly recorded with a AMT-40 CCD camera (Hamamatsu). The receptor chamber of a sample not treated with nanoparticles and concentrated in the same way was used as negative control. Moreover, a mere suspension of nanoparticles (30 µg.mL - 1

) in medium was concentrated in the same way and used as positive control.

Results and discussion

Fluorescently labeled NPs have been investigated to finely study their endocytosis, their intracellular localization and finally their transcytosis through hCMEC/D3 cells used as a human BBB model. hCMEC/D3 cells have been investigated according both protocols for internalization and translocation experiments. All the data have been compared with previous results obtained with a rat BBB model from primary cultures.

Nanoparticles characterization

The purified fluorescent nanoparticles were characterized by DLS and δ-potential measurements.

PEGylated nanoparticles, P(HDCA-co-RCA-co-MePEGCA) and QD/P(HDCA-co-RCA-co-MePEGCA) NPs, presented an average diameter in the 100-200 nm range (124 and 171 nm, respectively) with narrow particle size distribution (0.106 and 0.119, respectively) and exhibited a negative δ-potential (-35 and -16 mV, respectively). 26 The characteristics of these NPs are similar to the fluorescently and radio-labeled NPs used in previous studies with the rat BBB model. 18,21 The protocols described for the nanoparticles preparations provide stable colloidal suspensions of particles with absence of toxic effects on hCMEC/D3 cells according to previous MTT tests. 23,26 

NPs internalization and intracellular localization

During the evaluation of NPs internalization and intracellular localization, the hCMEC/D3 cells were seeded on glass disks or well plates for confocal laser microscopy or flow cytometry analyses, respectively.

NPs uptake in confluent cells

For these uptake experiments, hCMEC/D3 cells have been cultured at confluence (7 days culture) in order to better reproduce in vivo endothelial cells conditions and avoiding the influence of mitotic process on nanoparticles up-take (see chap. 3.2.2). Figure 1a Flow cytometry analyses were employed to identify and quantify the nanoparticles internalization within hCMEC/D3 cells. Figure 2 showed the normalized amount of NPs internalized within the cells as a function of incubation time. After 24 h at 37°C, a 400% increase on intracellular fluorescence was observed. The NPs internalization started suddenly after NPs interaction with the cells, describing a fast internalization process. To assure that an endocytic mechanism is governing the NPs internalization, the endothelial cells have been treated with fluorescent NPs at 4°C. Figure 2 shows the quasi-total absence of NPs internalization within cells stored at 4°C (the small increase observed would be due to the practical working-time at room temperature). Confocal microscopy experiments confirmed the difference of NPs internalization when the cells were stored at 4 or 37°C

(Figure 1). These results evidenced that these NPs are internalized in these cells by an endocytosis mechanism, as previously described with the rat BBB model. 21 So the entry process of these NPs seems identical in both BBB models. 

Cell division influence on nanoparticles up-take and intracellular trafficking

Experiments have been performed by confocal laser scanning microscopy using non-confluent cells (Figure 3). Several dividing cells were identified during the visualization of non-confluent cells treated with fluorescent particles underlining the normal activity of cell cycle in presence of nanoparticles. Interestingly a drastic increase of nanoparticles up-take from dividing cells and a specific intracellular trafficking during mitotic division were observed (Figure 3). So far, different contrasting theories have been proposed to describe the progress of endocytosis during mitotic event.

However, a recent work by Boucrot et al., demonstrated that during the mitosis the endocytosis process is kept constant while membrane recycling to the surface is strongly reduced in order to supply the cells of necessary materials for cell division. 29 At this reduced recycling we can more likely attribute the increase of the particles amount within the dividing cells.

Moreover, the vesicles containing the particles, placed at the extremity of the cells during the early stage of dividing cycle (Prophase/Metaphase), are trafficked to the midbody area of the dividing cells, where membrane material is required for the cytokinesis, tracing filamentous-like structures more likely highlithing the actin microtubules (Figure 3). 30 These results give clear information on the NPs trafficking once internalized within human brain endothelial cells confirming the endocytosis mechanism. 

Intracellular localization of nanoparticles in confluent cells

The intracellular localization of NPs was identified in confluent cells using specific antibodies (Ab) for Golgi apparatus, Endoplasmic Reticulum, Endosomes and Lysosomes. Once reached the confluence (7 days after seeding) cells were treated with fluorescent nanoparticles for different incubation times, fixed, treated with specific Abs and observed by confocal laser scanning microscopy.

No NPs were observed within Golgi apparatus or Endoplasmic Reticulum after all the analyzed incubation times (Figure 4), showing an expected time-independent non-involvement of these two cellular compartments in NPs up-take from cells.

On the contrary a large amount of red signal was observed within endosomal vesicles and, after longer incubation times, within the lysosomes (Figure 4). Interestingly some nanoparticles do not co-localize with these two compartments suggesting a double internalization mechanism or an escape of endosomes/lysosomes for some nanoparticles. 

NPs internalization mechanism

Previous works from our group showed the pivotal role of LDL-receptor on the NPs internalization process within rat brain endothelial cells. Indeed, these PEGylated nanoparticles can "capture" the ApolipoproteinE (Apo E) in (rat or human) serum which is recognized by LDL-r at the surface of brain endothelial cells and internalized. 21 Then, the expression of the receptor in the new human model was checked by WB using a specific HRP-conjugated Ab. The experiments clearly demonstrated the expression of the LDL-r by the hCMEC/D3 cells (Figure 5a). Again, to check that Apo E can adsorb on the Rhodamine tagged NPs as observed on non-labeled NPs used in previous studies, WB was performed in the same conditions using rat serum. 19 The experiments showed the presence of Apo E at the NPs surface once incubated in rat serum (Figure 5b). Moreover, a 2D electrophoresis was performed after NPs incubation in rat serum in order to check the total protein pattern adsorbed at the surface of the nanoparticles (Figure 6). The protein spots were identified by matching the gels to the rat serum 2D PAGE reference map. The same pattern of proteins obtained with non-labeled P(HDCA-co-MePEGCA) nanoparticles in rat serum 19 was obtained with these labeled nanoparticles suggesting rhodamine labeling has no influence on protein adsorption at the surface of NPs. It is to note that Apo E from human serum can also adsorb on non-labeled NPs according to previous work 19 suggesting that this adsorption can also occur on labeled NPs when incubated in human serum. 

NPs translocation

Translocation of fluorescent NPs has been performed using hCMEC/D3 cells seeded on transwell system.

Validation of the BBB model for NPs translocation experiments

The BBB model composed of hCMEC/D3 cells cultured on an insert system was first validated by measuring TEER and permeability of small hydrophilic marker as previously described. 24 TEER measurements on the monolayer of hCMEC/D3 cell line confirmed (Figure 7) the resistance values previously described for the employed model. 24 These values at the plateau are close to those observed with primary culture of rat endothelial cells. 18 Moreover this experiment evidenced the stabilization of TEER values after 7 days when the cells reach the confluence.

Figure 7. TEER measurements as function of time on hCMEC/D3 cells cultured on Transwell filters.

The quality of the monolayer formed by the hCMEC/D3 cells, grown to confluence on semipermeable Transwell filters, was also evaluated by their permeability to sucrose, a hydrophilic molecule routinely employed as paracellular permeability marker. As reported in table 1, the permeability of the model is around 2.5 x 10 -3 cm.min -1 , in the same magnitude of previous works on the model. 24 However the sucrose permeability with this model looks higher compared to value obtained from previously employed rat model 18 as expected when cell line is compared to primary culture.

NPs translocation experiments

The validated in vitro BBB model was employed to study the NPs transcytosis. Fluorescence intensity measurements were used to follow and quantify the fluorescent polymer across the model.

The same formula employed to calculate the sucrose permeability coefficient (Pe) was applied to measure the NPs permeability coefficient (Tab. 1). As a control the permeability of Rhodamine cyanoacetate was measured. The results showed a low permeability of free Rhodamine likely due to the expression of Multi Drug Resistance protein from the cells as previously reported. 24 Moreover the higher Pe value of Rhodamine tagged NPs, indicate an important ability of these NPs to cross the BBB, clearly evidencing that these particles increased the passage of Rhodamine Cyanoacetate, the marker used to label the particles.

Table 1. Permeability coefficients of hCMEC/D3 cells (n ≥ 3 except for rhodamine cyanoacetate)

Permeability Coefficient (Pe) (x 10 -3 cm.min -1 ) 14 C Sucrose 2.8 ±0.26 The kinetic of nanoparticles transcytosis was also evaluated in terms of percentage evolution as a function of time incubation (Figure 8). Important passage ability for these nanoparticles is observed. Up to 25% of fluorescence is recovered within the basolateral chamber after 6 h of incubation. An interesting difference was observed compared to rat model, where the passage was significantly slower. 18 By comparing this result and the intracellular localization experiment it"s interesting to observe that an appreciable amount of particles crosses the BBB model already after 1 h incubation and that at this time point any nanoparticle is observed within the lysosomes, confirming the presence of a receptor mediated transcytosis process able to bypass the lysosomes compartment.

NPs identification after passage

An essential information investigated by only a low amount of works remains the identification of a nanoparticulate system within the basolateral compartment. Indeed, the most of the works are just limited to quantification of the tracker (radiomarker or fluorescence) after passage. In order to evaluate the presence of nanoparticles in the receiving chamber, transmission electron microscopy (TEM) experiments were employed. The receiving medium was filtered and concentrated in order to retain the bigger entities. TEM images showed the presence of spherical objects of around 120 nm within the positive control and within the basolateral chamber of sample treated with NPs (Figures 9 a and b, respectively), whereas the same objects were not observed within the negative control (typical slat crystals were detected, Figure 9c). These results represent a preliminary proof of the passage of intact nanoparticles across this BBB model. Additional figures are given in Supporting Information. 

Conclusions

In this paper the internalization and the transcytosis of polymeric P(HDCA-co-RCA-co- Our experiments demonstrated an interesting influence of cell division onto the internalization process; indeed an increased up-take and a precise intracellular distribution are observed, and corroborated by theoretical hypothesis, in dividing cells. This highlights the importance of uniformity on the cell culture timetable for all the internalization/transcytosis experiments.

Moreover, the comparison of the results obtained using the hCMEC/D3 model showed a significant variation compared to previous described with primary rat model, especially in terms of internalization and transcytosis kinetics which are significantly faster using this human model. This allows stressing the difficulty of comparison between different cellular models.

A particular attention has been dedicated to the integrity of the particles once crossed the BBB model. A first proof of the integrity of these particles up to 24 h within the hCMEC/D3 cells has been reported in this paper by using TEM microscopy. Further experiments based on following the passage of double labeled (QD/Rhodamine) NPs will be performed to confirm the presence of intact particles within the basolateral medium.

All the data lead to propose a passage of these NPs through the human BBB model thanks to a receptor mediated endocytosis pathway allowing lysosome escape where an Apo E receptor such as LDL-r could be involved. To confirm this hypothesis, the specific transcytosis mechanism of these polymeric nanoparticles will be more precisely identified by using specific inhibitors for endocytosis mechanism such as sodium azyde, chloropromazine, receptor associated protein and others. The mitosis influence on nanoparticles could be in-depth studied by using cell division synchronising molecules. La deuxième section décrit une étude sur l"influence des caractéristiques colloïdales (taille, potentiel zeta etc…) des nanoparticules sur l"interaction avec le peptide amyloïde.

Conclusions et perspectives futures

La troisième section concerne l"utilisation de différentes techniques in vitro et in silico pour identifier le rôle important des chaines de PEG à la surface des nanoparticules dans l"interaction avec le peptide amyloïde.

La dernière section est dédiée au développement de nanoparticules fonctionnalisées avec une molécule ayant une importante affinité pour le peptide amyloïde (sélégiline) et leur capacité d"interaction avec ce dernier en solution.

This chapter describes the development of a novel methodology for the study of the interaction between nanoparticles and the amyloid β peptide (Aβ 1-42 ) and its application to different types of nanoparticles. It is composed of 4 sections in the form of articles:

The first one is dedicated to the design of a capillary electrophoresis protocol coupled with fluorescence detector (CE-LIF) to detect and follow, as a function of time, the interaction between nanoparticles and Aβ. The method has been validated by using complementary techniques routinely used such as the Thyoflavine spectroscopy, surface plasmon resonance et confocal laser scanning microscopy.

The second section reports a deeper investigation of the colloidal properties (size, ξ-potential, etc..) of the particles on the interaction with the amyloid peptide.

The third section concerns the employment of different in vitro and in silico techniques to identify the pivotal role of the PEG chains at the surface of the nanoparticles within the interaction with the amyloid peptide.

The last section describes the synthesis of nanoparticles functionalized with a molecule having a high affinity with the Aβ (selegiline) peptide and their ability to interact in solution.

Section 1 

Implications dans le projet NAD

Implications in the NAD project

The main goal of the NAD project was the development of nanoparticles able to sequester both the monomeric and the oligomeric forms of the Aβ 1-42 peptide, which are considered as the most toxic species and one of the factors triggering the neurodegeneration. In order to study in vitro the ability of the particles to interact with the peptide, the foremost employed technique is the surface plasmon resonance in which the peptide or the particles are fixed on the gold chip. Nevertheless, our aim was to develop a versatile method enabling to quantify this interaction in suspension and at low peptidic concentration, better representing the physiological conditions. For this purpose, the selected technique has been the Capillary Electrophoresis coupled with a Fluorescence detector (CE-LIF). For the first time this technique was employed to study the interaction between nanoparticles and macromolecules. The technique will be applied to study all the nanoparticles developed during the project.

A new method based on capillary electrophoresis with laser-induced fluorescence detection (CE-LIF) to monitor interaction between nanoparticles and the amyloid-β peptide Analytical Chemistry, 2010, 82 (24), 10083.
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Abstract

A novel analytical method based on capillary electrophoresis with laser-induced fluorescence detection (CE-LIF) was proposed to efficiently detect and monitor the interaction between polymeric nanoparticles and the β-Amyloid peptide (Aβ 1-42 ), a biomarker for Alzheimer"s Disease (AD), at concentrations close to physiological conditions. The CE-LIF method allowed the interaction between PEGylated poly(alkyl cyanoacrylate) nanoparticles (NPs) and the soluble Aβ 1-42 peptide monomers to be highlighted. These results were confirmed by surface plasmon resonance (SPR) and confocal laser scanning microscopy (CLSM). Whereas SPR showed an interaction between the NPs and the Aβ 1-42 peptide, CLSM allowed the formation of large aggregates/assemblies at high NP and peptide concentrations to be visualized. All these results suggested that these nanoparticles could bind the Aβ 1- 42 peptide and influence its aggregation kinetics. Interestingly, the non-PEGylated poly(alkyl cyanoacrylate) NPs did not alter the aggregation kinetics of the Aβ 1-42 peptide, thus emphasizing the high level of discrimination of the CE-LIF method with respect to NPs.

Introduction

The Alzheimer"s disease (AD) is a neurodegenerative disorder characterized by a progressive loss of cognitive functions and characteristic pathological changes in the brain. It is the most common elderly dementia, affecting 35 million people worldwide. 1 It is histopathologically characterized by two main hallmarks: (i) the extracellular deposition of amyloid plaques mainly composed of βamyloid peptides (Aβ) and (ii) intracellular neurofibrillar tangles composed of hyperphosphorylated Tau protein. 2,3 AD is a very complex disease which is likely the result of a multifactorial process strongly influenced by genetic and environmental components, but the mechanisms involved are not yet clearly understood and still under debate. 4,6 The treatment of AD represents a crucial challenge due to incomplete understanding of the etiology and the lack of diagnostic methods able to discriminate between AD and other neurological diseases. All currently approved therapies, such as the N-methyl-D-aspartate (NMDA) receptor antagonist [7][8][9] and the acetylcholinesterase (AchE) inhibitors, [10][11][12] are only directed toward the alleviation of AD symptoms and exhibit many side effects. 7 Among etiopathological hypothesises that have been proposed so far, the neuronal loss due to the toxicity of Aβ peptide aggregates, usually referred to as the "amyloid hypothesis", is one of the most widely-accepted. 13,14 Aβ peptide is produced by neurons through sequential proteolytic cleavage of the amyloid precursor protein (APP) by β-and γ-secretases, forming peptides with a variable number of amino-acids, usually from 39 to 42. 15,16 Among the different species, the Aβ peptide 1-42

(Aβ 1-42 ) is believed to be the most representative and the most toxic species in AD physiopathology due to its high tendency to spontaneously self-aggregate. 17,18 The aggregation kinetics of Aβ 1-42 peptide involves several steps and leads to the formation of species exhibiting variable sizes: typically small soluble oligomers, higher molar mass oligomers, larger protofibrils and eventually insoluble fibrils. This folding and assembly are governed by remarkably complex processes leading to multiple coexisting physical forms.

Even though it is well-known that the peptide adopts in vivo a helical conformation when it is part of the trans-membrane domain of APP, 19 spectroscopic studies have reported a random coil structure in aqueous media. 20 It may aggregate into multiple small oligomers (up to 6 peptides) which coalesce into intermediate assemblies. 21,22 The existence of a transitory conversion from the random coil to a helical structure upon oligomerization has been shown by NMR. 19 A further conformational change has been proposed, leading to soluble β-sheet aggregates and then to non-soluble fibrils. 20 Several therapeutic approaches targeting Aβ peptides are under investigation. Among them, one can find the design of β-and γ-secretase inhibitors 23 and monoamine oxidase inhibitors, [24][25][26][27] together with Aβ 1-42 passive and active immunization [28][29] and dual inhibitor [30][31][32] strategies. More recently, the development of small molecules based on methylene blue and curcumin derivatives, which can interfere with the aggregation kinetics, may also represent a promising therapeutic approach. 33,34 In this context, we are currently developing novel nanoparticulate systems to target and/or to influence the aggregation kinetics of the Aβ peptides. Among suitable nanocarriers, biodegradable PEGylated poly(alkyl cyanoacrylate) nanoparticles (NPs) were selected as a first candidate to investigate this new therapeutic approach due to their biodegradable properties and their wellestablished use for drug delivery purposes 35 as well as their in vivo ability to overpass the blood brain barrier (BBB). 36,37 To screen the ability of our NPs to efficiently bind Aβ 1-42 , we have developed a new method based on capillary electrophoresis (CE) coupled to laser-induced fluorescence (LIF) detection to analyse fluorescently-labelled Aβ. CE with UV detection has previously been used for the in vitro identification of small molecules as potential inhibitors of Aβ aggregation. 38,39 This innovative work, was however limited due to the high concentrations of peptide required for the screening, which were about 5 orders of magnitude higher than those found in vivo. More recently, Kato et al. 40 reported a CE-LIF method allowing the anti-aggregation features of molecules towards fibrils to be monitored.

However, those species are no longer considered to be the main toxic species for AD. [41][42][43] Consequently, a novel analytical method is required and must be adapted to Aβ monomers and resulting soluble oligomers.

Based on the work of De Lorenzi"s research group related to the screening of antifibrillogenic activity of small molecules, 39 we report herein an analytical method able to monitor in real time the binding of soluble Aβ 1-42 monomers to nanoparticles. Importantly, this is the first time that CE is developed to evaluate nanocarriers as potential therapeutic agents for AD treatment using in vitro conditions compatible with clinical application/trials. This analytical method was further associated to confocal laser scanning microscopy (CLSM) experiments which demonstrated a binding effect of the nanoparticles to the amyloid peptide, by influencing their aggregation kinetics. The physiological peptide concentration detectable with this method allowed nanoparticulate systems with potential binding feature to the amyloid peptide to be readily screened and quantitatively evaluated.

Experimental Section

Material and chemicals

Poly[hexadecyl cyanoacrylate-co-rhodamine B cyanoacrylate-co-methoxypoly(ethylene glycol) cyanoacrylate] P(MePEGCA-co-RCA-co-HDCA) copolymers, 44 poly[hexadecyl cyanoacrylate-co-methoxypoly(ethylene glycol) cyanoacrylate] P(MePEGCA-co-HDCA) copolymers 35 and poly(hexadecyl cyanoacrylate) P(HDCA) homopolymers 37 

Apparatus

Capillary electrophoresis

CE was performed on PA 800 instrument (Beckman Coulter, Roissy, France) using uncoated silica capillaries (Phymep, Paris) with an internal diameter of 50 µm and 50 cm total length (40 cm effective length was employed for the separation). All buffers were prepared with deionized water and were filtered through a 0.22 μm membrane (VWR) before use. Before analysis, the capillaries were preconditioned by the following rinsing sequence: 0.1 M NaOH for 5 min, 1 M NaOH for 5 min and then deionised water for 5 min. The in-between-runs rinsing cycles were carried out by pumping sequentially through the capillary: water for 5 min, 50 mM SDS for 2 min (to inhibit the aggregation and subsequent peptide adsorption on the capillary wall), 45 and 0.1 M NaOH for 5 min. The samples were introduced into the capillary by hydrodynamic injection under 3.4 kPa. The capillary was thermostated at 25°C and the samples were maintained at 37°C by the storage sample module of the PA 800 apparatus. The separations were carried out at 16 kV with positive polarity at the inlet using 80 mM phosphate buffer pH 7.4. The electrolyte was renewed after each run. The peptides were detected by a Laser-Induced Fluorescence (LIF) detection system equipped with 3.5 mW argon-ion laser with a wavelength excitation of 488 nm, the emission being collected through a 520 nm bandpass filter or by Diode-Array Detector (DAD) at 190 nm. Peak areas were estimated using the 32 Karat™ software (Beckman Coulter).

Confocal Laser Scanning Microscope

Observations were made by sequential acquisition with a Zeiss LSM-510 confocal scanning laser microscope equipped with a 30 mW argon laser and 1 mW helium neon laser, using a Plan-Apochromat 63X objective lens (NA 1.40, oil immersion). Red fluorescence was observed with a long-pass 560 nm emission filter and under a 543 nm laser illumination. Green fluorescence was observed with a band-pass 505 and 550 nm emission filter and under a 488 nm laser illumination. The pinhole diameter was set at 61 µm giving an optical section thickness of 0.6 µm. Stacks of images were collected every 0.3 µm along the z axis. 12 bit numerical images were acquired with LSM 510 software version 3.2.

SPR apparatus

ProteOn XPR36 (Biorad) apparatus, which has six parallel flow channels that can be used to uniformly immobilize strips of six ligands on the sensor surface, was employed. The fluidic system of Proteon XPR36 can automatically rotate 90° so that up to six different analytes (e.g. different nanoparticle preparations, or different concentrations of the same nanoparticle) can be injected simultaneously over all the different immobilized molecules. All the injections were carried out for 3 min at a flow rate of 30 L.min -1 at 30°C in PBST (Phosphate buffer saline + 0.005% Tween20, pH 7.4).

Methods

Nanoparticles preparation

Fluorescent and non-fluorescent nanoparticles were prepared using P(MePEGCA-co-RCA-co-HDCA), P(MePEGCA-co-HDCA) copolymers and P(HDCA) homopolymer according to protocols recently published by our group. 44 The (co)polymer (10 mg) was dissolved in acetone (2 mL) and this solution was added dropwise to an aqueous solution 0.5 % (w/v) of Pluronic F68 (4 mL) under vigorous mechanical stirring. A milky suspension was observed almost instantaneously. Acetone was then evaporated under reduced pressure and nanoparticles were purified by ultracentrifugation (150 resuspended in the appropriate volume of deionized water to yield a 2.5 mg.mL -1 nanoparticle suspension.

Nanoparticles characterization

The nanoparticle diameter (D z ) was measured by dynamic light scattering (DLS) with a Nano ZS from Malvern (173° scattering angle) at 25°C. DLS measurements were used to monitor the nanoparticles stability as a function of time upon their incubation at 37°C in the buffer employed for capillary electrophoresis experiments. The nanoparticle surface charge was investigated by δ-potential measurement at 25°C after dilution with 1 mM NaCl solution applying the Smoluchowski equation and using the same apparatus.

Peptide samples preparation and storage

Lyophilized Aβ 1-42 and HiLyte Fluor TM labeled Aβ 1-42 peptide were dissolved in 0.16% (m/V) ammonium hydroxide aqueous solution to reach a concentration of 2 mg.mL -1 . The fluorescent and non-labeled peptide solutions were then divided into aliquots individually stored at -20°C which were freshly defrosted prior analysis.

The Aβ 1-42 peptide used for SPR experiments was prepared from a depsi-Aβ 1-42 peptide synthesized as previously described. 46 This depsi-peptide is much more soluble than the native peptide and has also a much lower propensity to aggregate, thus preventing the spontaneous formation of "seeds" in solution. 46 The native Aβ 1-42 peptide was then obtained from the depsi-peptide by a "switching" procedure involving a change in pH. [46][47] The Aβ 1-42 peptide solution obtained immediately after switching was shown to be free of seed. The Aβ 1-42 peptide obtained by this procedure is therefore in its original state and, for the sake of simplicity; it will be referred here to as the "monomer".

The peptide concentration required for the different methods described below were not strictly the same as long as different detection thresholds had to be taken into account.

Capillary electrophoresis experiments

To study the interaction between the monomeric form of the Aβ 1-42 peptide and the nanoparticles, aliquots of HiLyte Fluor TM labeled Aβ 1-42 peptide stock solutions were diluted in 20 mM phosphate buffer (NaH 2 PO 4 ) at pH 7.4 containing a 20 µM P(MePEGCA-co-RCA-co-HDCA) nanoparticle suspension to obtain final peptide concentrations of 5, 1, 0.5 and 0.05 µM. The samples were then incubated at 37°C and analyzed by capillary electrophoresis every 2 h. The same protocol was followed with P(MePEGCA-co-RCA-co-HDCA) nanoparticle suspension or Aβ 1-42 peptide solution.

Similarly, a mixture of non-fluorescent P(MePEGCA-co-HDCA) or PHDCA nanoparticle suspensions (20 µM final concentration) and Aβ 1-42 at 10 µM were analyzed by CE using the DAD detector at 190 nm as control.

These experiments allowed the evolution of % monomer peak as a function of incubation time to be determined. % monomer peak is calculated as the ratio between the absolute peak area of the monomer observed at t = 0 and the one observed at each incubation time.

Surface Plasmon Resonance experiments

Aβ 1-42 monomers were immobilized in parallel-flow channels of a GLC sensor chip (Biorad) using amine-coupling chemistry. Briefly, after surface activation the peptide solutions (10 µM in acetate buffer pH 4.0) were injected for 5 min at a flow rate of 30 L.min -1 and the remaining activated groups were blocked with ethanolamine at pH 8.0. The final immobilization levels were about 2500 Resonance Units (1 RU = 1 pg protein.mm -2 ). Bovine serum albumin (BSA) was immobilized, in a parallel flow channel as a reference protein. Another reference surface was prepared in parallel using the same immobilization procedure but without addition of the peptide (naked surface). Before performing experiments with nanoparticles, we checked that Aβ species immobilized can bind with high affinity to the anti-Aβ antibody 6E10 (see Figure S6c). The suspension of P(MePEGCA-co-PHDCA) NPs was diluted at different concentrations (0.3 to 20 µM) and flowed into the machine simultaneously.

Confocal Laser Scanning Microscopy analysis

The interaction between the polymeric nanoparticles and the Aβ 1-42 peptide was investigated by confocal laser scanning microscopy (CLSM) using HiLyte Fluor TM labeled Aβ 1-42 peptide and rhodamine-labelled P(MePEGCA-co-RCA-co-HDCA) NPs.

The Aβ 1-42 peptide aliquots were defrost, immediately diluted with 20 mM phosphate buffer and incubated with 20 μM nanoparticle suspension to reach a final peptide concentration of 10, 1 or 0.05 μM. A 10 μL deposit of this final incubation sample on glass coverslips was immediately analyzed by CLSM. The remaining suspensions were incubated at 37°C and, after 12 h, another 10 μL was withdrawn from the suspension and analyzed in the same manner by CLSM.

Thioflavin T aggregation assay

Aβ 1-42 was dissolved in hexafluorisopropanol (HFIP) at a final concentration of 1 mg.mL -1 , sampled and allowed to evaporate. For co-aggregation experiments, the peptide film was first dissolved in DMSO and sonicated in a bath sonicator for 10 min. Subsequently, Aβ 1-42 was diluted in phosphate-buffer saline (PBS, 20 mM sodium phosphate buffer, pH 7.4, containing 137 mM NaCl) to a final concentration of 50 µM. This mixture was aggregated in the presence or absence of P(MePEGCA-co-HDCA) NPs for 24 h at 37ºC. Aggregated Aβ 1-42 was diluted to a final concentration of 5 µM into 50 mM glycine buffer at pH 7.4 containing 10 µM ThT. Fluorescence was measured in 96 well non-binding plates (Greiner Bio One, Frickenhausen, Germany) using a Fluostar Omega microplate reader at an excitation wavelength of 450 nm and emission at 485 nm.

Results and Discussion

The purified fluorescent and non-fluorescent nanoparticles prepared by nanoprecipitation were characterized by DLS and δ-potential measurements. PEGylated nanoparticles presented an average diameter in the 90-100 nm range with narrow particle size distribution, whereas non-PEGylated counterparts were centered around 160 nm (see Figure S1). Those nanoparticles exhibited a negative δ-potential (-30 ± 5 mV), which is in a suitable window for biomedical applications. Notably all kinds of nanoparticles showed good colloidal stability in the capillary electrophoresis buffer (i.e. phosphate buffer pH 7.4, 20 mM) as assessed by DLS measurement during 72 h (Figure S1).

The CE-LIF method described in this study was developed to investigate the interaction between rhodamine B-labeled nanoparticles and HiLyte Fluor TM labeled Aβ 1-42 . The LIF detection allowed a lower concentration of peptide to be used than with UV detection, in order to better fit with physiological processes and conditions. Indeed, Aβ peptide is found in biological fluids, such as the cerebro-spinal fluid (CSF), at nanomolar concentrations and therefore a sensitive and discriminative analytical method is required.

The CE-LIF analysis of a solution of the fluorescent Aβ 1-42 showed a single peak migrating at ~7.5 min and mainly constituted by the monomeric form. Interestingly, the electrophoretic profile of the peptide sample stayed constant over time up to 24 h (Figure 1.a), thus demonstrating an excellent stability of the fluorescent peptide in its monomeric form at this concentration in the buffer. Remarkably, when the same concentration of Aβ 1-42 peptide solution was incubated with 20 µM of fluorescent P(MePEGCA-co-RCA-co-HDCA) nanoparticle suspension, a gradual decrease of the monomeric peptide peak was observed (Figure 1b). These results indicate an interaction between the peptide and the nanoparticles. In order to validate this finding, the method was then applied to other NPs with different surface features; namely non-PEGylated poly(hexadecyl cyanoacrylate) (PHDCA) nanoparticles. Interestingly, no variation of the monomer peak was observed over time upon incubation with PHDCA NPs under the same experimental conditions as the PEGylated counterparts (Figure 1c). It is well-known that PEG chains can interplay with protein environment altering their solubility in aqueous media, 48 although the mechanism has not yet been fully elucidated. 49 In our case, it is believed that PEG chains locally modified the peptide solubility and thus triggered its uptake by the nanoparticles. Therefore, these results confirm that the analytical method presented in this study is able to efficiently discriminate nanoparticles with respect to their respective aptitude to bind Aβ 1-42 .

Similar experiments were then performed with non-fluorescent peptide and NPs to confirm the previous findings and check whether the fluorescent tags could have altered the binding behavior observed so far. To this purpose, CE with UV detection was employed for the monitoring and similar results were obtained than with fluorescent Aβ 1-42 and rhodamine B-tagged NPs (Figure 2). In addition, multiple spikes exhibiting migration times around 10-11 min appeared after a 6 h incubation time period on the corresponding profile (Figure 2b). These peaks, the intensity and number of which increased as a function of time, were assigned to the association between non-labeled peptide species and the nanoparticles. However, these peaks were not observed with the CE-LIF method likely due to optical features of the LIF detection. The CE-LIF method was also used to evaluate the kinetics of disappearance of the monomeric peptide as a function of the concentration ratio between P(MePEGCA-co-RCA-co-HDCA) NPs and Aβ 1-42 . As shown in Figure 3, whatever the concentration ratio, there is an uptake of peptide by the NPs (capture varying from 20 to 85%) and this process is strictly dependent on the peptide availability in solution.

The higher the initial peptide concentration, the faster and the higher the capture. Assuming in a first approach that the Aβ 1-42 -NPs interaction was governed by a first-order kinetic, we have estimated the affinity constant, k d , for this interaction to be 0.55 µM (see Figures S2 andS3). Interestingly, for the highest peptide concentrations, we observed a nonlinear disappearance of the monomeric peak over time suggesting the formation of peptide aggregates at the surface of the nanoparticles. Interestingly in the absence of nanoparticles, the peptide did not spontaneously form any aggregate in the concentration range (0.05-5µM) of this experiment. 

μM (), 1 μM (▼) or 5 μM (•)

To investigate whether the P(MePEGCA-co-HDCA) NPs could indeed influence the aggregation kinetics of Aβ 1-42 , we performed a Thioflavin T assay in the absence or in the presence of these NPs.

ThT experiments performed at high peptide concentration (50 µM), facilitating its aggregation, confirmed that the P(MePEGCA-co-HDCA) NPs strongly increase Aβ 1-42 aggregation (Figure S4).

Therefore, it is reasonable to assume that the aggregation of peptides is initiated by nanoparticle surfaces. This hypothesis is completely supported by previous computational work reported by Auer et al. 50 about the catalyzed/acceleration of peptide aggregation by nanoparticles.

CLSM was then employed for two main reasons: (i) to have a direct visualization of the binding process and thus to confirm previous results obtained by CE-LIF and (ii) to have a better insight into the nature of the aggregates that formed at the surface of the NPs. The P(MePEGCA-co-RCA-co-HDCA) nanoparticle suspension was added to fluorescent Aβ 1-42 solution at different ratios ([Aβ] 0 = 0.05-10 µM) and the resulting samples were observed immediately after mixing (time zero) and after a 12 h incubation time period at 37°C. At time zero, a faint colocalization was observed (Figure S5). After 12 h of incubation, a complete colocalization of green (fluorescent peptide) and red (rhodamine B-labeled nanoparticles) channels was observed (Figure 4) evidencing a strong NPpeptide interaction. Moreover, a proportional decrease of the size of these dual-fluorescent assemblies was noticed as a function of the [Aβ] 0 /[NPs] 0 ratio (Figure 4). For the lowest peptide concentration, no aggregate was formed (Figure 4e) suggesting the aggregation threshold was not reached.

According to the literature, peptide aggregation is concentration-dependent and the nucleation reaction is believed to be the rate limiting step. 51 It can be therefore hypothesized that, when there is an affinity between the peptide and some nanoparticles, the interaction of the peptide with the nanoparticle surface increases its local concentration, reaching the nucleation threshold which then triggers the aggregation process. 

RCA-co-HDCA) nanoparticles (20 μM).

At highest concentrations, the formation of aggregates and their modulation of size can be explained by a self-aggregation of PEGylated nanoparticles driven by the presence of monomeric and/or peptide oligomers on their surface and is thereby directly proportional to the amount of peptide available in solution. These microscopy observations fully support the CE results regarding the ability of PEGylated poly(alkyl cyanoacrylate) nanoparticles to bind the Aβ 1-42 monomer and to promote its aggregation at their surface, leading to large aggregate formation only at the highest concentrations of peptides. Moreover, due to the size of those assemblies, it is possible to envision that once the nucleation process is triggered at the nanoparticle surface, the aggregation takes place, creating also oligomer bridges between NPs.

To our knowledge, this is the first time that interaction between polymeric nanoparticles and Aβ 1-42 peptide in solution is experimentally monitored, described and quantified. dependent interaction between the PEGylated nanoparticles and the peptide immobilized onto the chip (Figure S6a). As a control, the same experiment was performed on a BSA-coated chip and revealed no interaction with the nanoparticles (Figure S6b). This is quite striking as long as BSA is usually considered as a "sticky" protein that binds many other proteins, surfaces and molecules. These SPR results confirmed the interaction between PEGylated NPs and the Aβ 1-42 peptide.

Conclusions

In this work a new method relying on CE-LIF was proposed to evidence the ability of polymeric nanoparticles to bind the Aβ 1-42 peptide, the main molecular species involved in the pathological process of neurodegeneration in AD.

To this end, we have highlighted an interaction between PEGylated poly(alkyl cyanoacrylate) nanoparticles and Aβ 1-42 . Importantly, combining these results with confocal microscopy and surface plasmon resonance allowed to demonstrate that these nanoparticles could bind Aβ 1-42 and thus to influence its aggregation kinetics. Further works are under progress in order to elucidate the the role of PEG chains in the binding mechanism with Aβ 1-42 . However, the difference observed between PEGylated and non-PEGylated nanoparticles underlined the utility of the CE-LIF technique.

The proposed method exhibits high sensitivity, rapid analysis and great ability to mimic in vivo conditions. In contrast, other techniques such as SPR and Thioflavine T assay required higher concentrations of peptide which do not match with physiological conditions. Therefore, CE-LIF Figure S2 shows the fitting curves employed to quantitatively analyze the binding phenomenon using the following considerations. We assumed that the A -nanoparticles interaction is governed by a firstorder kinetics (see supporting material of Bornhop et al.). 203 All the fitting reported in the figure were obtained using eq 1: max ( ) 100

obs k t CE t Y e (1)
The free parameter of the fit, k obs , has been extracted for different values of Aβ 1-42 concentration. k obs values have been plotted as a function of the peptide concentration (Figure S3). As shown in Figure S3, the evolution of k obs is linear as a function of the Aβ 1-42 concentration (C Abeta )

and can be described by eq 2:

1 2 obs Abeta k k C k (2)
Where k 1 represents the slope of the linear fit and k Section 2

Implications dans le projet NAD

Dans cette section du chapitre, est décrite la préparation d"une petite librairie de nanoparticules dans le but d"étudier l"influence des caractérisitiques physicochimiques des nanoparticules telles que la taille, la charge de surface ou la présence de molcules de tensioactif en surface sur l"interaction avec le peptide Aβ. Toutes les particules préparées ont été criblées par Electrophorèse Capillaire. Les résultats obtenus ont démontré que ces différentes caractéritiques des nanoparticules ont un rôle fondamental dans l"interaction avec le peptide.

Implications in the NAD project

In the section of this chapter is described a small library of polymeric nanoparticles which have been prepared in order to study the roles of the physicochemical characteristics such as the size, the surface charge or the presence of surfactant molecules in surface for the interaction with the peptide. The prepared nanoparticles have been screened by Capillary Electrophoresis. The results outlined that these different characteristics of nanoparticles have a fundamental role on the interaction with the peptide.

Colloidal properties of biodegradable nanoparticles influence interaction with amyloid-β peptide 

Abstract

Alzheimer"s Disease (AD) is a neurodegenerative disorder characterized by the extracellular deposition of amyloid-β peptides (Aβ). During the past few years, promising approaches based on nanotechnologies have emerged to alter Aβ aggregation and its related toxicity. This study aims to investigate the influence of the nanoparticle colloidal properties over the interaction with Aβ peptide 1-42 (Aβ 1-42 ). Using capillary electrophoresis with laser-induced fluorescence detection, it was shown that biodegradable poly(ethylene glycol)-block-polylactide (PEG-b-PLA) nanoparticles were able to interact with Aβ 1-42 peptide leading to its uptake in rather short time periods. In addition, we highlighted the crucial role of the nanocarrier colloidal properties on the uptake kinetics. Whereas nanoparticles stabilized by sodium cholate (lower size and higher negative surface charge) gave optimum uptake kinetics, nanoparticles stabilized with others surfactants presented lower interactions.

In contrast, PEG density seemed to have no influence on the interaction when sodium cholate was used for the preparation. This study intends to give new insights into Aβ 1-42 peptide interaction with nanoparticulate systems by helping to determine suitable nanoparticle characteristics regarding forthcoming therapeutic strategies against AD.

Introduction

Alzheimer"s Disease (AD) is a neurodegenerative disorder characterized by a progressive loss of cognitive functions and characteristic pathological changes in the brain. 1 It is histopathologically characterized by two main hallmarks: (i) the extracellular deposition of amyloid plaques, mainly composed of amyloid-β peptides (Aβ) and (ii) intracellular neurofibrillar tangles composed of hyperphosphorylated τ protein. 2,3 Among the different species, the Aβ peptide 1-42 (Aβ 1-42 ) is believed to be the most representative and the most toxic species in AD physiopathology due to its high tendency to spontaneously self-aggregate. 4 Despite all scientific efforts, efficient pharmacotherapeutic options for the prevention and the treatment of this disease are still lacking. 5 During the past few years, promising developments in relation to passive and active drug delivery to the brain using nanoparticles have been witnessed. 6 In parallel, remarkable approaches based on nanotechnologies that can alter Aβ aggregation both in the brain and in the peripheral circulation thus aiding experimental AD therapy have emerged. 7 In this view, a novel application of capillary electrophoresis with laser-induced fluorescence detection (CE-LIF) was recently proposed to efficiently detect and monitor interaction between polymeric nanoparticles and Aβ 1-42 peptide, at concentrations close to physiological conditions (Brambilla et al., 2010). It was demonstrated that PEGylated poly(alkyl cyanoacrylate) nanoparticles could bind the soluble Aβ 1-42 peptide monomers and influence its aggregation kinetics whereas non-PEGylated counterparts did not lead to detectable interaction, thus suggesting the crucial role of the colloidal properties of the nanoparticles employed.

Moreover, other experiments using surface plasmon resonance have evidenced a certain specificity of the interaction between PEGylated NPs and the Aβ peptide as long as no interaction was observed under identical experimental conditions between these NPs and BSA, a major serum protein. 7 Herein, we wish to go a step further by investigating: (i) whether this interaction could be obtained with another kind of PEGylated, biodegradable nanoparticles and (ii) the influence of the nanoparticle colloidal properties (size, charge and PEG density) over interaction with Aβ 1-42 peptide (Figure 1). To achieve this goal, we have selected poly(ethylene glycol)-block-polylactide (PEG-b-PLA) copolymer nanoparticles, which represent a widely-employed class of nanocarriers for biomedical purposes. 8 The colloidal features of the nanoparticles were modulated by playing with the nature of the surfactant, whereas the density of PEG chains displayed at the nanoparticle surface was finely tuned by using various PEG-b-PLA/PLA blend ratios during nanoparticle preparation.

Figure 1. Schematic representation of poly(ethylene glycol)-block-polylactide (PEG-b-PLA)

copolymer nanoparticles prepared with different surfactants and subsequent interaction with Aβ 1-42 peptide.

Results and Discussion

A small library of PEG-b-PLA nanoparticle suspensions (N1-N6) displaying various colloidal characteristics was prepared by the emulsion/evaporation procedure using three different surfactants and four different PEG contents (Table 1). Two neutral surfactants, poly(vinyl alcohol) and Pluronic F-68, together with sodium cholate as a negatively-charged surfactant, were used in order to cover a broad range of surface charges and properties. The density of PEG chains located at the surface of the particles was tuned by varying the PEG-b-PLA/PLA blend ratio upon nanoparticle preparation, as previously described by Gref et al. 9,10 In all cases, stable nanoparticles with relatively narrow particle size distributions were obtained, exhibiting average diameters in the 70-160 nm range depending on the surfactant used (N1-N6, Figure 2-a). In addition, zeta-potential (ξ) values were in good agreement with the nature of the surfactant (Figure 2-b). Indeed, PVA conducted to a nearly neutral surface charge (N1), Pluronic F-68 gave a slightly negative surface charge of about -15 mV (N2), close to literature data, 11 and sodium cholate yielded strongly negative ξ-potential values below -30 mV (N3-N6). However, by modifying the surface occupied by each PEG chain at the nanoparticle surface from 0 to 46.3 nm 2 (Table 1), no detectable changes in the colloidal characteristic of the nanoparticles were obtained (Figure 2-b). The Aβ 1-42 peptide was incubated with nanoparticles N1-N6 and its uptake by the colloidal nanocarriers was monitored via CE-LIF, 7 by following the disappearance of the fluorescently-labeled Aβ 1-42 peptide monomer peak with time (Figure 3). Importantly, we observed a dramatic influence of the nanoparticle colloidal properties over the uptake kinetics. Whereas sodium cholate-stabilized nanoparticles (N3), which exhibited the lowest mean diameter and the most negative charge, yielded the fastest Aβ 1-42 peptide uptake kinetics, nanoparticles stabilized by PVA (N1) and Pluronic F-68 (N2) exhibited slower kinetics. It is noteworthy that PVA-stabilized nanoparticles with the highest size and the lowest charge led to the slowest uptake kinetic. Interestingly, no significant difference was observed when varying the PEG density displayed at the surface of the sodium cholate-stabilized nanoparticles (N3-N6). In particular, the high peptide uptake of nanoparticles N6, which are non-PEGylated, suggested the major role of the surfactant in comparison with PEG density.

Therefore, it is clear that the colloidal properties of the nanoparticles played an important role during the interaction with the Aβ 1-42 peptide and that nanoparticle surface chemistry must be precisely tuned in order to achieve an efficient uptake. However, from our results, it seems that the surface chemistry deriving from the surfactant itself (functional groups, charge, etc) are likely to govern the uptake.

Moreover, the obtained results prompted a role for the nanoparticle average diameter (whereby the lower the average diameter, the higher the surface contact area) in the interaction with amyloid peptide. However, further analyses are under progress in order to establish the precise surface chemistry/interaction and average diameter/interaction relationships and will be the topic of a forthcoming paper. 

Conclusions

We have shown by CE-LIF that well-established, biodegradable PEG-b-PLA nanoparticles were able to interact with Aβ 1-42 peptide leading to its uptake in rather short time periods, thus broadening the range of potential nanodevices for AD treatment. In addition, we highlighted the crucial role of the colloidal properties of the employed nanocarriers on the uptake kinetics, where nanoparticles stabilized by sodium cholate gave optimum uptake kinetics. In contrast, the variation of the PEG density exposed at their surface did not lead to appreciable kinetic differences. This study intends to give new insights into Aβ 1-42 peptide interaction with nanoparticulate systems by helping to determine suitable nanoparticle characteristics for forthcoming therapeutic strategies against AD.

Section 3

Implications dans le projet NAD

Des études d"Electrophorèse Capillaire et de Résonance Plasmonique de Surface nous ont permis d"identifier le rôle majeur joué par les chaines PEG présentent à la surface de nanoparticules pour l"interaction de ces dernières avec le peptide Aβ 1-42 . Pendant cette étude, plusieurs expériences ont été réalisées pour mieux comprendre les mécanismes mis en jeux lors de cette interaction. Des études de modélisation moléculaire, entre autres, ont permis de mettre à jour le probable mécanisme moléculaire potentiel de l"interaction.

Implications in the NAD project

The Capillary Electrophoresis and Surface Plasmon Resonance experiments showed the major role of the PEG chains at the surface of the nanoparticles for their interaction with the Aβ 1-42 peptide.

During this study several experiments have been performed in order to better understand the mechanism of this interaction. Molecular modeling studies, among other ones, outlined the probable molecular mechanism of interaction. 

Resumé

Abstract

The mechanism by which the polyethylene glycol (PEG) corona at the surface of poly(alkyl cyanoacrylate) (PACA) nanoparticles interacts with the Aβ 1-42 peptide has been deeply investigated in order to design suitable and efficient nanomedicines against Alzheimer"s disease. To this purpose, the binding of these polymeric PEGylated PACA nanoparticles with different forms of Aβ 1-42 i.e. the monomeric peptide, soluble oligomers and fibrils, corresponding to different steps of its aggregation, has been examined through the combination of different techniques: capillary electrophoresis, surface plasmon resonance, thioflavine T assay, confocal microscopy and in silico experiments. The overall results evidenced that poly[hexadecyl cyanoacrylate-co-methoxypoly(ethylene glycol) cyanoacrylate] (P(HDCA-co-MePEGCA)) NPs interfere with the peptide aggregation kinetic via the uptake of its

Introduction

Alzheimer"s disease (AD) is the most common form of senile dementia affecting more than 35 million people worldwide. This neurodegenerative disorder, clinically characterized by a progressive loss of memory and other cognitive abilities, can be distinguished by different physiopathological hallmarks such as neuronal loss, glial proliferation, extracellular amyloid plaques deposition mainly composed of β-amyloid peptide (Aβ) and intracellular neurofibrillar tangles composed of hyperphosphorylated τ-protein. 1 AD is likely the result of a multifactorial process in which genetic and environmental factors are involved. Unfortunately the etiology of the disease is still under debate in the scientific community. [2][3][4] AD treatment constitutes a major challenge in medicine as all current therapies are just palliative and only oriented to AD symptoms alleviation.

Important evidences pointed out that progressive production, accumulation and aggregation of Aβ peptide, leading to the formation of amyloid plaques, were observed in patient"s brain. [5][6] Aβ peptides are produced by numerous cells such as neurons from the proteolysis of Amyloid Precursor Protein (APP). In AD patients, APP is preferentially but "pathologically" cleaved by βand γ-secretases forming Aβ peptides with varying number of amino-acids ranging from 39 to 42. [7][8] The origin of the Aβ peptide that accumulates in the brain is still unclear, 9 however, once released in the brain, the monomer can cross the blood-brain barrier (BBB) likely due to the lipoprotein receptor related protein (LRP) 10 and apolipoprotein E (Apo E), 11 reaching the bloodstream where it can be efficiently cleared.

Other pathways for Aβ peptide elimination, that avoid its accumulation in healthy brain, are also described in the literature. 12 Under pathological conditions, the clearance of Aβ peptide from the body seems dramatically decreased, thus leading to peptide accumulation in the brain that progressively aggregates in small oligomers, soluble β-sheet aggregates, fibrils and finally plaques. [13][14][15][16] Among these different species, the Aβ peptide 1-42 (Aβ 1-42 ) monomer is considered nowadays as the most toxic isoform due to its higher hydrophobic nature and tendency to aggregate [17][18] while plaques, fibrils and especially soluble Aβ 1-42 oligomers are known to be responsible of toxic effects on neurons. [19][20] Considering this, great efforts have been so far devoted to the development of new molecules which can interact with Aβ peptide at different steps of its aggregation pathway in order to favour its elimination and to reach the equilibrium between production and clearance or to slow down the fibrillogenesis process. 21 For many years, nanoparticles (NPs) composed of poly(alkyl cyanoacrylate) (PACA) (co)polymers have been used in various research groups, especially for their biocompatibility and biodegradability properties. 22 Thereby, these NPs have been used as potential carriers for drug targeting and nanomedicine purposes. PACA NPs are actually in phase III clinical trials for an application in the treatment of MDR hepatocarcinoma. 23 A milestone of these particles has been the synthesis of the PEGylated form of the polymer able to self assemble in stealth nanoparticles. 24 Indeed, the PEG shell drastically increases the blood half-life of the NPs by decreasing the opsonin adsorption and allowing the escape from the immune system. In the same time, the PEG outer shell favours the adsorption of Apo E, another serum (lipo)protein which has a relatively low plasmatic concentration. [24][25][26][27] These nanoparticles are finally degraded by serum esterases and eliminated by the liver and the spleen. Due to their relatively long blood circulation time, P(HDCA-co-MePEGCA) NPs appear as promising carriers to kidnap the circulating Aβ peptide.

Recently, a powerful application using capillary electrophoresis coupled to laser-induced fluorescence detection (CE-LIF) was proposed to efficiently monitor the interactions between nanoparticles and Aβ 1-42 monomers at concentrations close to physiological conditions. 28 The results suggested that P(HDCA-co-MePEGCA) nanoparticles can bind the peptide and that their non-PEGylated counterparts cannot, thus pointing out the essential role of PEG chains at the nanoparticle surface for this interaction.

In the present study, in vitro and in silico experiments were performed to investigate in details the mechanism by which the interaction between PEGylated nanoparticles and Aβ peptide originates from. For this purpose, the interplay of P(HDCA-co-MePEGCA) nanoparticles with Aβ 1-42 peptide at different steps of aggregation (i.e., monomeric peptide, small and soluble oligomers and fibrils) was studied by complementary analytical methods. Their non-PEGylated counterparts were used as negative control. The influence of either the nanoparticle core or the PEG outer shell regarding this binding was also carried out using CE-LIF by measuring the uptake of the monomeric peptide by methoxypoly(ethylene glycol-b-poly(lactic acid) (MePEG-b-PLA) vs. poly(lactic acid) (PLA) polymeric NPs and by free methoxypoly(ethylene glycol) (MePEG) having the same molecular weight than the one used to synthesize the polymers. To verify that this interaction originates from PEG chains, molecular modelling experiments were conducted. Finally, the complement activation and the Apo E adsorption by these NPs were studied in presence or absence of Aβ 1-42 peptide in order to anticipate in vivo ability of these NPs to increase peptide clearance in AD patient.

Results and discussion

The interaction of Aβ 

Monitoring of monomeric forms of Aβ 1-42 by CE-LIF

Previous studies have highlighted the ability of CE-LIF to monitor and quantify the interaction between a fluorescent Aβ 1-42 peptide and NPs. 28 The kinetic of Aβ 1-42 capture in aqueous buffer solution containing P(MePEGCA-co-HDCA) NPs evidenced that the peptide disappearance is directly correlated with its local surface adsorption onto NPs, involving the decrease of the concentration of its free form in solution.

Herein, this method has been adapted to the investigation of the kinetic of Aβ 1-42 disappearance in the buffer containing either free PEG or PEG covalently attached at the surface of two types of polymeric nanoparticles (PACA and PLA). The intensity of the monomeric Aβ 1-42 peptide peak was followed as a function of time by capillary electrophoresis and corresponding kinetics were compared. The figure 1 shows the Aβ 1-42 concentration variation (expressed as the % of the initial concentration) plots as a function of incubation time with the different nanoparticles. When alone, the peptide was maintained under its monomeric form, during the CE analysis, (Figure 1a) where no significant change of the monomer peak concentration was observed. Figure 1a, shows the percentage of monomeric Aβ 1-42 decrease upon incubation with free linear MePEG (MW 2 kDa) as compared to the control (peptide alone), suggesting either a simple affinity between the peptide and PEG or a tendency of the Aβ 1-42 to aggregate in presence of PEG. Then, the interaction between Aβ 1-42 and the different NPs was evaluated under the same CE-LIF conditions. The results obtained with the investigated P(MePEGCAco-RCA-co-HDCA) or unmodified P(HDCA) NPs and PEG-PLA or unmodified PLA NPs are showed in Figure 1b and Figure 1c, respectively. Whatever the nature of the polymeric core of NPs, higher decreases of the free monomer peak concentration were observed with PEGylated NPs even if the kinetics were different. Figure 1b showed that the incubation of P(MePEGCA-co-RCA-co-HDCA)

NPs with the monomeric peptide induced a dramatic decrease of the peak as a function of time whereas the amount of free monomer in the analysis buffer remained unchanged in presence of P(HDCA) NPs. The peptide uptake by the surface of P(MePEGCA-co-RCA-co-HDCA) NPs is probably the main reason of this feature with a first rapid stage and then a plateau after 6 h incubation, where only 20% of the initial peptide amount remains in solution. In the case of PLA NPs (Figure 1c), a decrease of the monomer peak was observed for both PEGylated and non-PEGylated nanoparticles.

In contrast to PHDCA NPs, PLA NPs were able to bind the peptide monomer according to a kinetic following three phases: 45% of peptide uptake in the first 6 h followed by 30% of binding in the 6 to 12 h incubation period and finally a slow uptake of 5% during the last 4 h of the analysis. PEG-PLA NPs were more efficient than PLA ones to interact with the monomer and exhibited also a "three steps kinetic": a high decrease around 75% of monomer peak in the first 6 h, an intermediate phase (around 10% of uptake in 5/6 h) and a final phase marked by a very slow decrease 12 hours after the beginning of the analysis.

All the tested samples, excepted for P(HDCA) NPs, presented an affinity for the monomeric peptide but with different kinetics (Figure 1). Thus, this result could provide an efficient tool to screen in vitro and predict the potential of NPs to interact with Aβ peptide in vivo. Considering that these NPs have different plasmatic circulation times: 0.3 and 30% of injected dose were found in plasma 6 h after intravenous injection for PHDCA and P(MePEGCA-co-RCA-co-HDCA) NPs respectively, 24 the first 6-7 hours of incubation is the key period to evaluate their respective binding efficacy. During this incubation time, the Aβ 1-42 monomer uptake was classified as follows: P(MePEGCA-co-RCA-co-HDCA) NPs > PEG-PLA NPs > PEG alone > PLA NPs, highlighting the pivotal role of PEG on this binding. The faster kinetic of peptide uptake with PEGylated NPs than with free PEG (used at the same concentration than the polymers) can be attributed to multiple interactions of the peptide monomer that take place with numerous PEG chains and, to an increase of local concentration of peptide at the NPs surface. CE experiments also evidenced an increased binding on P(MePEGCA-co-RCA-co-HDCA) NPs compared to that observed on PEG-PLA NPs even if the PEG density was lower at the surface of the former NPs (Tab. 1). Previous experiments have highlighted that the size, the surface charge and the nature of the surfactant used for nanoparticle preparation can have a strong influence on their affinity for the peptide monomer. 29 In the present study, the lower zeta potential value of P(MePEGCA-co-RCA-co-HDCA) NPs, due to the presence of rhodamine B labelling, 30 (Tab.

1) could also explain their higher affinity for the peptide. Previous studies, comparing PEG-PLA, PEG-PLGA and PEG-PCL nanoparticles with similar coating surface thickness, demonstrated that these NPs have adsorbed proteins to a different extent demonstrating that the nature of the core plays also an important role regarding the plasma protein adsorption onto the NPs surface. [31][32] In this work, interestingly, PLA NPs had a certain affinity for Aβ 1-42 peptide in opposition with PHDCA NPs which exhibit a lower zeta potential but a higher mean diameter. This evidences that the PLA core can favour the peptide affinity. However, after PEGylation, PHDCA NPs were more efficient to bind the peptide than NPs composed of a PLA core. Our data suggest that the adsorption of Aβ 1-42 peptide on PEGylated NPs is principally driven by the PEG interactions that can mask the core effect but it is also influenced by parameters such as the nanoparticulate colloidal features (size and surface charge).

Finally among all the investigated NPs, P(MePEGCA-co-RCA-co-HDCA) ones appear as the most promising nanocarriers for potential treatment in AD pathology due to its high propensity to capture the peptide monomer. 

Binding experiments with monomers and fibrils of Aβ 1-42 by SPR

To further investigate the behaviour of P(MePEGCA-co-HDCA) NPs toward the Aβ 1-42 peptide, the binding properties of PEGylated and non PEGylated PACA NPs with monomers and fibrils of Aβ 1-42 were evaluated by SPR analyses. The figures 3a and c show good affinities of circulating P(MePEGCA-co-HDCA) NPs for both the peptide monomers and fibrils (immobilized on the chip), respectively at concentrations greater than 3 µM. On the contrary, no binding was observed between PHDCA NPs and the peptide under both isoforms even at higher NPs concentrations (20 µM, Figure 3b andd). Moreover, control experiments with BSA immobilized on the chip revealed the absence of signal upon injection of NPs suspension at the highest concentration (20 µM, data not shown). In addition, the k d values determined by SPR for the peptide monomer are higher than the ones calculated from previous CE-LIF experiments (0.55 µM), 28 likely due to the intrinsic differences between the two techniques due to the fixation of the peptide in SPR experiments.

Binding experiments with Aβ 1-42 by thioflavine T assay and CLSM

To confirm these results, a thioflavin T (ThT) assay was performed to detect the Aβ 1-42 aggregation (through β-sheet formation pathway). Aβ 1-42 peptide was incubated with or without P(MePEGCA-co-HDCA) and P(HDCA) NPs. The peptide/NP molar ratio was tuned from 1/0 to 1/4 and the fluorescence intensity, arising from thioflavin T but in direct correlation with the Aβ peptide β-sheet amount in the sample, was measured at different incubation times (from 0.5 to 24 h) (Figure 3). ThT experiments were performed at higher peptide concentration (50 µM) than for CE experiments using monomer solution in order to favor the peptide aggregation. This aggregation can be observed in the control experiment containing the peptide alone through an increase of the fluorescence intensity Previous experiments by confocal microscopy have also evidenced the ability of the peptide to adsorb and aggregate at the surface of PEGylated NPs when high peptide (10 µM) and NPs (20 µM) concentrations are used. 28 In this study, CLSM experiments were performed under the same conditions on non-PEGylated NPs, evidencing neither interaction between PHDCA NPs and the peptide nor peptide aggregation (Figure S2). Therefore, it is reasonable to assume that the peptide aggregation, which was observed with both techniques, was initiated or increased after the capture of the peptide by the PEGylated outer shell of the NPs and this occurred only on these surfaces.

NPs influence on Aβ 1-42 aggregation by CE

In order to have a better insight on the influence of PEGylated NPs on the peptide aggregation, a CE protocol was developed. Prior to the analysis in presence of NPs, thioflavin T analysis was employed to confirm the formation of β-sheet in solution during the CE protocol. An aggregating solution (50 µM) of non-labelled Aβ 1-42 , obtained by adapting a protocol previously described, 33 was doped with thioflavin and the sample was analyzed by CE-LIF as a function of incubation time at 37°C. The fluorescence detector allowed observing the formation and accumulation of fluorescent species in the sample (retention time ~ 11 min, with glycine/NaOH containing buffer) as a function of time, thus confirming the formation of typical amyloid soluble oligomers (Figure S3).

Then, NPs were added to the aggregating solution of Aβ 1-42 peptide and the formation/disappearance of every amyloid monomer and soluble oligomers were closely followed and quantified by CE coupled to UV detection. Mere peptide solution was employed as the control experiment. The analysis of this control showed a reduction of monomeric forms concomitant with an increase of oligomeric form as a function of incubation time, well in accordance with the peptide aggregation (Figure 4a). Interestingly, when NPs are added to the sample, three main differences were observed when compared to the peptide alone: (i) a faster decrease of the monomer peak, (ii) a decrease of oligomer species present at the beginning of the experiments and (iii) the formation "spike-shape" peaks probably due to bigger aggregates formation in complex with the NPs (Figure 4b). The results indicate an ability of the PEGylated NPs to capture the peptide monomer and soluble oligomers in solution. The NPs seem to inhibit the formation of new soluble peptide oligomers: 75% of the pre-existing soluble oligomers were no more detectable in the solution after 28 h of incubation whereas, in absence of NPs, an 80% increase of peptide oligomers quantity was observed after 28 h (Figure 5). These results confirm the interaction between the NPs and the peptide and, more importantly, underline the ability of these particles to inhibit the oligomers formation in solution.

Molecular modelling experiments

In order to study the nature of the interactions between the PEG chains and the Aβ 1-42 monomer and their consequences on the conformation of the peptide, molecular modelling experiments have been performed (Figure 6 and7). As a comparison, the dynamics of the polyethylene (PE) chain, which is exclusively hydrophobic, was also docked in the presence of the peptide.

The docking calculations were performed (i) to build a starting geometry of the model nanoparticlepeptide complexes; (ii) to analyze interactions between the polymeric PEG (or PE) unit and aminoacid residues of the peptide. The structural analysis of docked poses of the PEG chain at Aβ 1-42 indicated that the polymeric fragment was capable to bind to the peptide in a non-specific manner (Figure 6a). It wound around the helix (1-25) of the peptide, preferably to the sequence between the His13 and Gly25 residues. In Figure 6b 7a). In opposite, in the presence of the hydrophobic PE chain, the region of the α-helix (15-25) was maintained in its initial conformation (Figure 7b). The other α-helix (31-39) was disrupted at the beginning of the simulation and again restored at the end. It seems that in the presence of the hydrophobic PE chain, the peptide maintains more its helical character and is more resistant to conformational changes because the helical structures of the peptide are transformed into smaller helical fragments separated by turns and coils. The most intensive conformational changes of Aβ 1-42 in the presence of the PEG chain are evident from the calculated root-mean-square deviation (RMSD) of the Cα carbons of the backbone of Aβ 1-42 during the simulations (Figure S4). The RMSD for the system with the PEG chain is higher compared to that with the PE chain. Conformational changes of Aβ 1-42 produce the conversion of the starting L-like shape structure of the peptide to V-like, U-like shapes or even more complex conformations. The main feature of the conformational interconversion of Aβ 1-42 is a permanent interaction with the PEG chain. The permanent interaction of the peptide with the polymeric chain was also observed for the system with PE chain; however, this interaction slowed down conformational In this work, the same Western blotting experiment has been performed by incubating NPs in rat serum supplemented with Aβ 1-42 peptide (Figure 9). The results showed the presence of Apo E at the surface of NPs even in presence of Aβ 1-42 peptide suggesting that the binding of Aβ peptide does not suppress the adsorption of serum proteins like Apo E at the surface of these NPs. Therefore, we can hypothesize that our NPs could act as LDL-like particles which can increase in vivo the clearance of Aβ peptide from the biological fluids by capturing its soluble forms. Taking into consideration a recent study that evidenced the crucial role of blood peptide clearance in the decreasing of the peptide toxicity in the brain (the so-called "sink effect"), 9 this feature could prevent from the β-amyloid aggregation process and from its subsequent toxic effects on neuronal cells. [34][35] In this context, these PEGylated NPs, which probably act toward the amyloid peptide through this "sink effect" mechanism, appear as a suitable and promising nanomedicine for AD treatment. 

Conclusions

Herein, we have demonstrated that PEGylated NPs and especially P(MePEGCA-co-HDCA)

NPs have a good affinity for different Aβ 1-42 peptide isoforms such as monomers, oligomers and fibrils corresponding to different steps of the peptide oligomerization process.

CE and Thioflavin spectroscopy analyses showed the ability of these particles to interact with the peptide aggregation kinetic by reducing the formation of soluble oligomers which are the most toxic forms of Aβ. SPR experiments evidenced a higher affinity constant of these NPs for fibrils than for monomers. Interestingly all the experiments showed the pivotal role of the PEG chains at the surface of the particles for this interaction.

Targeted in silico experiments showed that the PEG chains likely interact with both hydrophobic and hydrophilic residues of the peptide and form a spiral-like 3D structure. The simulation confirmed a permanent, even if non-specific, interaction of the peptide with the PEG chain, leading to its conformational change. These results proposed an interaction mechanism between the PEG chains and the Aβ 1-42 peptide that explains the conformation change of the peptide (bound at the surface of the NPs) observed during Thioflavine T assay and confocal microscopy experiments. Even if the nature of the nanoparticulate system is a parameter to take into consideration, PEG chains, especially when organized at the NP surface, appear to be critical feature to ensure an efficient capture of the free amyloid peptide in solution. We can speculate that the increased affinity between PEGylated NPs and amyloid peptide, compared to molecular PEG can be related to an increase of local peptide concentration at the surface of the nanoparticles acting as aggregation initiator.

To anticipate the potential of P(MePEGCA-co-HDCA) NPs in vivo, in vitro complement activation and Apo E adsorption experiments provide similar features after adsorption of Aβ surface. Then, it can be hypothesized that after intravenous injection, long circulating P(MePEGCAco-HDCA) NPs, which can mimic LDL particles, would be able to capture Aβ peptide soluble forms in blood prior to their degradation and elimination, allowing an increase of the peptide clearance in the bloodstream and thus in the brain through a "sink effect" (Scheme 1).

In vivo experiments will be undertaken to confirm the ability of P(MePEGCA-co-HDCA) NPs to undergo this so-called "sink effect" and in order to extrapolate if (P(HDCA-co-MePEGCA))

nanoparticles can be a promising candidate for Alzheimer"s disease treatment.

The peptides were detected by a Laser-Induced Fluorescence (LIF) detection system equipped with 3.5 mW argon-ion laser with a wavelength excitation of 488 nm, the emission being collected through a 520 nm band-pass filter or by Diode-Array Detector (DAD) at 190 nm. Peak areas were estimated using the 32 Karat™ software (Beckman Coulter).

Lyophilized Aβ 1-42 and HiLyte Fluor TM labeled Aβ 1-42 peptide (ANASPEC, Le Perray en Yvelines, France) were dissolved in 0.16% (m/V) ammonium hydroxide aqueous solution to reach a concentration of 0.5 and 2 mg.mL -1 respectively. The fluorescent and non-labeled peptide solutions were then divided into aliquots individually stored at -20°C which were freshly defrosted prior analysis.

To evaluate the interaction between the monomeric form of the Aβ The samples were then incubated at 37°C and analyzed by capillary electrophoresis several time as a function of time. The same protocol was followed with Aβ 1-42 peptide solution alone as a control.

A protocol to study the influence of Polymeric NPs to the peptide aggregation kinetic was developed.

An aggregating peptide solution was obtained as previously described. 33 Monomeric peptide was solubilized with final concentration of 50 µM in phosphate buffer 20 mM (NaH 2 PO 4 ), freeze dried and centrifuged 6,000 g for 20 min at room temperature. To assure the aggregating behavior of the solution, ThT was employed. Under CE-LIF detection conditions, the anisotropic effect allowed a fluorescence emission from ThT when these molecules are exclusively linked to β-sheet structures.

According the studies of Kato et al, 39 only the soluble oligomeric forms of the Aβ 1-42 peptide contain βsheet structure are susceptible to interact with ThT which are subsequently detected with CE-LIF method. An alkaline buffer (pH 9.5; 0.2 M) of glycine/NaOH containg 10 µM of ThT were prepared, stored in the dark at 4 °C and then used as migration buffer. The samples were incubated at 4 °C and subsequent separations were performed at 16 kV. The monomer form was not detected under these conditions.

To study the influence of Polymeric NPs on this peptide aggregation kinetic, the same protocol to have an aggregating solution was followed. The obtained solution was analyzed by capillary electrophoresis with DAD detector in 20mM phosphate buffer (NaH 2 PO 4 ) pH 7.4 in presence of 20 µM polymeric P(MePEGCA-co-HDCA) nanoparticles. Control experiments were performed without adding nanoparticles to the aggregating peptide solution.

These experiments allowed the quantification of the evolution of monomer or oligomer peak as a function of incubation time to be determined. % monomer or oligomer peaks were calculated as the ratio between the absolute peak area of the monomer or oligomer observed at t = 0 and the one observed at each incubation time.

Surface Plasmon Resonance experiments

The Aβ 1-42 peptide used for SPR experiments was prepared from a depsi-Aβ 1-42 peptide synthesized as previously described. 40 This depsi-peptide is much more soluble than the native peptide and has also a much lower propensity to aggregate, thus preventing the spontaneous formation of "seeds" in solution. 40 The native Aβ 1-42 peptide was then obtained from the depsi-peptide by a "switching" procedure involving a change in pH. 40 The Aβ 1-42 peptide solution obtained immediately after switching was shown to be free of seed. The Aβ 1-42 peptide obtained by this procedure is therefore in its original state and, for the sake of simplicity; it will be referred here to as the "monomer". Further characterizations, carried out by Gobbi"s group, indicated that the Aβ "monomer" used for the present study gave no ThT signal and was unstructured as observed by circular dichroism. 41 For binding studies was used the ProteOn XPR36 (Biorad) apparatus, which has six parallel flow channels that can be used to uniformly immobilize strips of six ligands on the sensor surface. 

Thioflavin T aggregation assay

Aβ 1-42 was dissolved in hexafluorisopropanol (HFIP) at a final concentration of 1 mg.mL -1 , sampled and allowed to evaporate. For co-aggregation experiments, the peptide film was first dissolved in DMSO and sonicated in a bath sonicator for 10 min. Subsequently, Aβ 

Molecular modeling experiments

For the docking calculations we used a polymeric chain with the 16 PEG (polyethylene glycol) units (it is the maximum length of the PEG chain allowable for the flexible docking calculations, i.e. a maximum 50 rotatable bonds) and 24 PE (polyethylene) units as ligands and a solution structures (PDB ID: 1IYT) 14 of the Aβ 1-42 peptide as a receptor. For the docking calculations default values of parameters were used by means of the GLIDE [42][43] program of the Schrödinger package. 44 The receptor box for the docking conformational search was centered at the receptor with a size of 50×50×50 Å using partial atomic charges for the receptor and ligand from the OPLS2005 force field. [45][46] The grid maps were created with no Van der Waals radius and charge scaling for the atoms of the receptor.

Flexible docking in standard (SP) and extra (XP) precision was used for the PEG and PE ligands. The potential for nonpolar parts of the ligands was softened by scaling the Van der Waals radii by a factor of 1.0 for atoms of the ligands with partial atomic charges less than specified cutoff of 0.15. The 5000 poses were kept per ligand for the initial docking stage with scoring window of 100 kcal mol-1 for keeping initial poses; and the best 400 poses were kept per ligand for energy minimization. The ligand poses with RMS deviations less than 0.5 Å and maximum atomic displacement less than 1.3 Å were discarded as duplicates. For 50 ligand poses with the best docking score post-docking minimizations were performed. Subsequent structural analyses were done using the MAESTRO viewer of the Schrödinger package. 47 For molecular dynamics simulations, the Aβ 1-42 -PEG (or PE) systems were solvated by more than 4800 TIP3P 48 water molecules in a box (82 × 68 × 96 Å) using the LEAP 49 program of the Amber 10 program package. 50 The Aβ 1-42 peptide was treated with the standard AMBER 99 force field with the "Stony Brook" (SB) modification to ff99 backbone torsions, and for the PEG and PE chains the parameters were derived from the GAFF force field. The ionization states of the ionizing residues of Aβ 1-42 were predicted by the PropKa program, [51][52] considering an in vivo pH of 7. Terminal and side-chain ionizing groups (amino and carboxyl) of Aβ 1-42 were treated in their ionized configurations (as -NH3+ or -COO -) in all MD simulations. The Berendsen algorithm 53 for the temperature and pressure coupling, with coupling constants of t = 1.0 ps and p = 1.0 ps, were used at a constant temperature (300 K) and pressure (101.325 kPa) employing the PMEMD module. Periodic boundary conditions were used together with the particle-mesh Ewald (PME) 50 method for treating long-range electrostatics. A time step of 1.0 fs, with the SHAKE algorithm 54 to constrain bonds involving hydrogens, was used along simulations with a 10 Å nonbonded cut-off, and the nonbonded pairlist was updated every 20 time steps. The simulations, preceded by initial minimizations (300 steps) were carried out over 20 ns and coordinates were saved for analysis every 1 ps. The MD trajectories were analyzed by the VMD package 55 and the DSSP program. 56

Complement activation analyses

First P(HDCA-co-MePEGCA) nanoparticles (64 µg) were incubated with the Aβ 1-42 peptide (4.9 µg) in a total volume of 1 mL saline for 24 h at 37 °C. Aβ -bound nanoparticles were pelleted by centrifugation at 100,000 g for 1h at 4°C. After removing the supernatant the pellet was washed with deionized water and concentrated by centrifugation. Finally, the pellet was re-suspended in an appropriated volume of physiological saline and used immediately for complement activation testing.

(P(HDCA-co-MePEGCA))-containing sample without Aβ peptide was used as control and it was processed as above where Aβ peptide was replaced with an equal volume of deionized water.

Blood was drawn from healthy volunteers according to approved local protocols (Moghimi"s group, University of Copenhagen). Blood was allowed to clot at room temperature and serum was prepared, aliquoted and stored at -80 °C. Serum samples were thawed and kept at 4 °C before incubation with test reagents.

To measure complement activation in vitro, we compared Aβ bound (P(HDCA-co-MePEGCA))-and unbound (P(HDCA-co-MePEGCA))-induced rise of serum complement activation products Bb, C4d, C5a and SC5b-9 using respective Quidel"s ELISA kits according to the manufacturer"s protocols, as described previously. [57][58][59] The reaction was started by adding the required 

Apo E adsorption on the NPs

A total of 350 µl of P(MePEGCA-co-HDCA) nanoparticle suspension (20 mg.mL -1 ) was incubated in 1.75 mL of Sprague-Dawley rat serum (Charles River Laboratories) for 20 min at 37°C

with or without Aβ 1-42 . Plasma proteins adsorbed onto the nanoparticles were separated from bulk serum by centrifugation at 15,000g for 1.5 h at 4 °C. The supernatant serum was discarded, and the pellet was extensively washed with water by centrifugation (15,000g for 1.5 h at 4 °C) to remove the excess serum. After the centrifugation the plasma protein adsorbed nanoparticles were resuspended in 100 µL of solution containing 2.5 % sodium dodecyl sulfate (SDS) and 30 mM 1,4-dithioerythritol (DTE). The suspension were incubated at 50 °C for 2 h to detach the adsorbed proteins from the nanoparticles. 60 After centrifugation at 15,000g for 1 h at 4 °C, Bradford assay was applied to quantify the amount proteins in the final supernatant. A total of 40 µg of proteins was migrated on a 12 % SDS polyacrylamide gel and electrophoretically transferred to a nitrocellulose membrane. Blots were blocked with BSA 5 % (w/v) in tris buffer saline. Then the blots were extensively washed and incubated with an apolipoprotein specific antibody overnight at 4 °C, followed by a peroxidiseconjugated anti-goat IgG as a secondary antibody. The immunoreactive bands were visualized by an enhanced chemoluminescence system (Amersham Bioscience).
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Implications in the NAD project

Recently, several polyphenols such as Thioflavin T, Curcumine and Congo red, have shown the ability to target with a good affinity the Aβ 1-42 peptide. Thus, we focused our attention on Selegiline, an aromatic molecule that is employed to slow down the progression of Parkinson"s disease, but also exhibited a certain affinity for the Aβ 1-42 peptide. In this study, we presented the synthesis of selegiline-functionalized nanoparticles as devices for Aβ capturing in biological fluids.

Selegiline has been attached by the so called click-chemistry at the extremity of the PEG chains that surround the nanoparticles. CE-LIF protocol was employed to study the ability of these nanoparticles to interact with the peptide. The results evidenced a significant nanoparticles surface reorganization limiting the interation of the selegiline with the peptide.

Résumé

La 

Abstract

Alzheimer"s disease (AD) is a neurodegenerative disorder for which the research of new treatments is highly challenging. Since the fibrillogenesis of amyloid-peptide 1-42 (Aβ 1-42 ) peptide is considered as a major cause of neuronal degeneration, specific interest has been focused on aromatic

Introduction

Alzheimer"s disease (AD) is a severe neurodegenerative illness affecting more and more aging population over the world. AD represents the most common cause of dementia and is characterized by a progressive, but irreversible deterioration of cognitive functions and a loss of memory. 1 Although the mechanisms leading to these dysfunctions are still unclear and under debate, [2][3][4] the disease is physiologically characterized by two main pathological features. These hallmarks are: the intracellular accumulation of the hyperphosphorylated tau protein in the neurons and (ii) the progressive production and aggregation of β-amyloid peptide (Aβ), 5,6 the latter being considered as the main cause of AD. 7 Neurons produce Aβ peptides with a variable number of amino-acids and the Aβ peptide 1-42 (Aβ 1-42 ) is believed to be the most representative and the most toxic species in AD physiopathology due to its high tendency to spontaneously self-aggregate. 8,9 In the last decades, the pharmaceutical companies have only attempted to combat clinical manifestations of AD. In particular, acetylcholinesterase (AchE) inhibitors [10][11][12] and N-methyl-Daspartate (NMDA) receptor antagonists [13][14][15] have been widely used but without significant success.

Unfortunately, no efficient treatment aiming at the eradication of AD has been proposed so far.

Recently, different studies promoted the utilization of small aromatic molecules for targeting the Aβ 1-42 peptide, such as curcumine [16][17][18] and its derivatives, 19 Thioflavine T, 20 Congo red [21][22][23] and their analogues such as Chrysamine G 22,24,25 and X34. 26,27 These molecules have shown a certain efficiency to hinder, or even to stop, the oligomerization of the Aβ 1-42 peptide and thus the production of oligomers and/or fibrils, which are commonly considered as the toxic species for neuronal cells. These ligands have also been extensively used as tracers of the presence of senile plaques in the brain due to their fluorescent properties. Moreover, they can be modified with radiolabeled elements for diagnostic purposes. [28][29][30][31][32] Unfortunately, these compounds do not overpass the blood-brain barrier (BBB). To circumvent this crucial problem, researchers have developed three main strategies: (i) the chemical modification of ligands to make them able to cross the BBB (ii) their encapsulation into nanoparticles (NPs) and (iii) their ligation to NPs. 19,33 Among the pool of efficient ligands discovered so far, we have focused our attention on selegiline, an aromatic molecule that has been employed to slow down the progression of the Parkinson"s disease, 34 but that has been more importantly used as monoamine oxidase-B inhibitor for the treatment of AD. [35][36][37] Selegiline also exhibited a certain affinity for the Aβ 1-42 peptide. 38 In this study, we presented the synthesis of selegiline-functionalized and fluorescent poly(alkyl cyanoacrylate) nanoparticles for Aβ 1-42 peptide targeting and anti-fibrillogenesis purposes. By capturing monomeric peptide at the surface of these nanoparticles, we aim to inhibit its fibrillogenesis.

The synthesis strategy relied on the dual modification of poly[methoxypoly(ethylene glycol) cyanoacrylate)-co-poly(hexadecyl cyanoacrylate)] (P(MePEGCA-co-HDCA)) copolymers 39,40 to introduce: (i) selegiline moieties at the extremity of PEG chains and (ii) rhodamine B probes within the copolymer structure. The P(MePEGCA-co-HDCA) copolymer scaffold has been selected due to its successful ability to cross the BBB. [41][42][43] Moreover, we took advantage of a recent study that demonstrated the efficient derivatization of such copolymers with azido-functional groups allowing subsequent reaction with alkyne-containing ligands through copper-catalyzed azide-alkyne cycloaddition (CuAAC). 44 Functionalization was undertaken with selegiline by CuAAC via its native alkyne group. NPs were obtained from the self-assembly of different ratios of selegiline-functionalized and rhodamine B-tagged copolymers in order to tune the amount of selegiline moieties displayed at their surface (Figure 1). The resulting functionalized nanoparticles, obtained by the nanoprecipitation technique, were characterized by dynamic light scattering (DLS) and zeta potential (δ) measurements.

Finally, we used capillary electrophoresis (CE) to monitor the interaction of the selegilinefunctionalized NPs with the Aβ 1-42 peptide. 45 

Materials and Methods

Analytical techniques

1 H NMR Spectroscopy

All 1 H NMR spectra were performed in deuterated solvents (CDCl 3 or d 6 -DMSO) at ambient temperature on a Bruker Avance 300 MHz spectrometer.

Mean average diameter and zeta potential measurements

Nanoparticles average diameter (D z ) was measured by dynamic light scattering (DLS) with a Nano ZS from Malvern (173° scattering angle) at a temperature of 25 °C. Colloidal stability was evaluated as a function of time in different buffers (cell culture medium, phosphate buffer saline) at 25°C. The zeta potential ( ) was calculated with the same apparatus from the electrophoretic mobility (u) using the Smoluchowsky relationship = ε.u/ .f( a), where it is assumed that .a >> 1, where ε is the solution viscosity, is the dielectric constant of the medium, and and a are the Debye-Hückel parameter and the particle radius, respectively, f( a) is the Henry"s function and its value is 1.5 (Smoluchowski approximation) when the electrophoretic determinations of zeta potential are made in aqueous media and moderate electrolyte concentration. -potential measurements of nanoparticle dilute aqueous solutions were carried out at 25 °C in 10 -3 M KCl.

Selegiline-poly(ethylene glycol) (SelPEG)

Selegiline-poly(ethylene glycol) was obtained by click chemistry. 47 In a 10 mL round bottom flask, azidopoly(ethylene glycol) (200 mg, 0.1 mmol) and neutralized selegiline (37.5 mg, 0.2 mmol)

were dissolved in 2 mL of a 1:1 t BuOH/deionized water mixture. The solution was bubbled for 10 min with nitrogen at room temperature. Then, CuSO 4 •5H 2 O (2.5 mg, 0.01 mmol) and (+)-sodium Lascorbate (4.0 mg, 0.02 mmol) were dissolved in 1 mL of deionized water and the resulting solution was immediately added to the reaction mixture, followed by nitrogen bubbling for another 20 min and finally stirred overnight at room temperature under nitrogen atmosphere. 

Synthesis of selegiline-poly(ethylene glycol) cyanoacetate (SelPEGCA)

In a 10 mL round bottom flask containing the selegiline-poly(ethylene glycol) (150 mg, 68 μmol) and cyanoacetic acid (11.5 mg, 136 μmol), were added 2 mL of DCM and 1 mL of ethylacetate.

The resulting solution was cooled down with ice and placed under nitrogen atmosphere. DCC (21 mg, 102 μmol) and a catalytic amount of DMAP were dissolved in 1 mL of DCM and added dropwise. The reaction mixture was stirred at room temperature overnight under nitrogen atmosphere. After filtration to discard the insoluble dicyclohexylurea (DCU), the solvents were removed under reduced pressure and the resulting residue was dissolved in a minimum of DCM and precipitated in cold diethyl ether to give the pure product as a slightly brown powder with 86% yield. 

Synthesis of selegiline-functionalized copolymer

The procedure for the synthesis of 10% selegiline-functionalized copolymer (P(MePEGCAco-SelPEGCA-co-HDCA)) is as follows. In a 10 mL round bottom flask were introduced HDCA (120 mg, 0.38 mmol), MePEGCA (180 mg, 0.864 mmol) and SelPEGCA (22 mg, 0.096 mmol) in 2 mL of DCM and 1 mL of EtOH. To this solution were consecutively added dropwise formalin (0.2 mL, 4.43 mmol) and pyrrolidine (10 µL, 0.122 mmol). The reaction was stirred overnight under nitrogen

Results and discussion

As previously mentioned, the "amyloid hypothesis" (i.e. the hypothesis that the amyloid fibrils formed by oligomerization of Aβ peptides and especially of the Aβ 1-42 peptide are the major causes of the neuronal degeneration), is so far considered by researchers as the most probable cause of AD.

Consequently, more and more research groups have focused their efforts on the inhibition of this fibrillogenesis with suitable compounds/ligands. Among these ligands, selegiline has been chosen due of its terminal alkyne functionality that allowed for further covalent linkage on azide-containing copolymers/nanoparticles via CuAAC reaction. The synthesis of selegiline-functionalized poly(alkyl cyanoacrylate) nanoparticles was therefore undertaken.

Synthesis and characterization of selegiline-functionalized copolymers

Prior functionalization of PEGCA with selegiline, its hydrochloric salt was turned into its neutral form using Na 2 CO 3 in order to avoid any alteration of the copper catalyst involved in the CuAAC. Indeed, some preliminary studies (data not shown) yielded no coupling when selegiline, hydrochloric salt was used under standard click conditions. Neutral selegiline was obtained quantitatively as confirmed by 1 H NMR spectroscopy that displayed all protons accounting for the molecule (see experimental part).

We took advantage of a recent study which demonstrated the covalent linkage of model ligands, either at the surface of azido-functionalized nanoparticles or directly to the corresponding copolymer. 44 However, in the present study, a slightly different approach was used whereby a functionalized poly(ethylene glycol) cyanoacetate was first prepared prior synthesis of the corresponding copolymer. Selegiline-poly(ethylene glycol) cyanoacetate (SelPEGCA) was copolymerized with HDCA and MePEGCA in the presence of ethanol, formalin and pyrrolidin to give the selegiline-functionalized P(MePEGCA-co-SelPEGCA-co-HDCA) copolymer. It was characterized by 1 H NMR spectroscopy which confirmed the presence of selegiline moieties within the copolymer structure, via its aromatic protons (see experimental part).

Formation and characterization of selegiline-functionalized nanoparticles

The ability of the selegiline-functionalized poly(alkyl cyanoacrylate) copolymers to form nanoparticles by self-assembly was assessed and the suspensions of nanoparticles were then characterized by DLS and zeta potential measurements as stability studies.

P(MePEGCA-co-SelPEGCA-co-HDCA) nanoparticles N1 and N2 containing respectively 10 or 50% SelPEGCA (with respect to the overall PEGCA content of the copolymer) were prepared by the nanoprecipitation technique. Their characterization revealed that nanoparticles N2 obtained by including 50% SelPEGCA exhibited a poor colloidal stability. Indeed, several minutes after their formation, the average diameter dramatically increased from approximately 150 to 200 nm, together with an increase of the particle size distribution (PSD) from less than 0.2 to 0.4. The nanoparticles N1 synthesized with only 10% SelPEGCA displayed a mean average diameter of around 100 nm (PSD ~0.2). But, within 2 days, their size also increased significantly together with an increase of their particle size distribution above 0.3. Even after some efforts to change the nanoprecipitation parameters (such as the organic phase/aqueous phase ratio or the percentage of Pluronic F-68 surfactant added to the aqueous solution), the poor P(MePEGCA-co-SelPEGCA-co-HDCA) nanoparticle stability remained unchanged. Therefore, a co-nanoprecipitation approach with P(MePEGCA-co-SelPEGCAco-HDCA) (C1) and P(MePEGCA-co-RCA-co-HDCA) (C2) copolymers was investigated. Indeed, P(MePEGCA-co-RCA-co-HDCA) copolymer C2 exhibited a great colloidal stability over time and a rather low zeta potential value (around -40.6 ± 0.3 mV). 46 Variable blends of these two copolymers C1 and C2 were tested (see Table 1).

These new formulations of selegiline-functionalized nanoparticles N3 to N8, incorporating from 0.2 to 9% selegiline PEGCA, respectively, were characterized by DLS and zeta potential measurement (Table 1). These nanoparticles displayed average diameters in the 90-120 nm range with narrow particle size distribution (PSD < 0.2), together with zeta potential values varying from 10 to -15 mV. It was observed that the more selegiline-functionalized copolymer incorporated in the formulation, the higher the zeta potential. This demonstrated the presence of the selegiline ligands at the surface of the nanoparticles, rendering their surface more positively charged than the nonfunctionalized ones. The NPs were then subjected to DLS measurements over a period of 8 days in deionized water at 25°C (Figure 2). It was shown that the mean average diameter remained rather stable (the variation observed for N6 at day 7 should not be considered relevant). However, as shown in Figure 3, the zeta potential values of nanoparticles N3 to N8 dramatically decreased within 1 or 2 days, whereas it remained rather constant for rhodamine Blabelled P(MePEGCA-co-RCA-co-HDCA) NPs as previously published. 46 Indeed, an average drop of The stability of these NPs was also assessed in phosphate buffer saline (pH 7.4) used in CE analysis and in cell culture medium. As observed in Figure 4, the average diameter of the nanoparticles remained rather stable up to one week with a particle size distribution below 0.3 in both buffers. The decrease in zeta potential was observed in both media, still confirming the surface charge evolution of the nanoparticles with time (data not shown). However, this good stability of the average diameter for nanoparticles N3 to N8 in phosphate buffer allowed further studies of their interactions with the Aβ 1-42 peptide by CE. 

Interaction of the nanoparticles with the Aβ 1-42 peptide

CE is an analytical technique that has been recently used for the screening and identification of efficient ligands towards their inhibition properties against Aβ 1-42 peptide aggregation. [48][49][50] Thereby, we recently developed an innovative protocol based on capillary electrophoresis coupled to laserinduced fluorescence (CE-LIF) detection to monitor the interactions of P(MePEGCA-co-RCA-co-HDCA) nanoparticles with the Aβ 1-42 peptide. 45 Interestingly, it was demonstrated that the P(MePEGCA-co-RCA-co-HDCA) nanoparticles were able to bind the Aβ 1-42 peptide under its socalled "monomeric" form. We claimed that this protocol could be relevant to screen NPs for Aβ 1-42 targeting and to discover suitable candidates.

Herein, we investigated the interaction of such a functionalization of a similar polymeric scaffold with selegiline, with the Aβ 1-42 peptide using CE coupled to LIF detection. Samples of fluorescently-tagged Aβ 1-42 peptide incubated with nanoparticles N3 and N8 were analyzed every 2 h using a LIF detection system that allowed monitoring the relative concentration of the peptide.

P(MePEGCA-co-RCA-co-HDCA) nanoparticles dramatically decrease the area under the curve (AUC) of the Aβ 1-42 peptide monomeric peak (from 100 to 20% after 6 hours) whereas this value remained unchanged in the absence of any polymeric nanocarrier (control experiment, AUC ~100 % after 14 hours) as observed in Figure 5. These data combined with other results have been related to the adsorption of the peptide at the surface of P(MePEGCA-co-RCA-co-HDCA) nanoparticles. 45 Regarding Aβ peptide affinity, the role of PEG and rhodamine are still unclear but are under investigation. However, under identical experimental conditions, no important decrease of the Aβ 1-42 peptide monomer peak was observed in the case of selegiline-functionalized nanoparticles (N3 and N8) when compared to their non-functionalized counterparts (Figure 5). The effect was even lower, which confirmed an important evolution of the positioning of the ligand at the surface of the P(MePEGCAco-SelPEGCA-co-HDCA) nanoparticles. This inefficiency of selegiline-functionalized nanoparticles towards binding to the Aβ 1-42 peptide clearly demonstrated that the ligand was not well exposed and probably inaccessible for efficient interaction with Aβ 1-42 peptide which thus confirmed the hypothesis postulated earlier in this study.

Indeed, taken together with previous zeta potential measurements, these data indicate that, after a certain time, selegiline ligands which were initially exposed at the surface of the nanoparticles became not accessible anymore, likely due to rearrangement of the SelPEG chains. The hydrophobic nature of selegiline and/or possible hydrophobic interaction between selegiline moieties could conduct to PEG loops with selegiline extremities, either buried in the hydrophobic PHDCA core and/or stuck to each other by hydrophobic interactions (Figure 6). This would conduct to a drastic change in the linear PEG density at the surface of the NPs, which is believed to be an important parameter regarding their binding to the Aβ 1-42 peptide. 45 This may certainly explain why selegiline-functionalized NPs exhibited less binding activity towards Aβ 1-42 peptide than non-functionalized, PEGylated NPs. In addition, the higher the selegiline amount in the NPs, the lower the binding efficiency towards the Aβ 1- 42 peptide which is in good agreement with the expected decrease of the linear PEG chain density (in contrast to PEG loops) at the surface of the NPs for higher selegiline content (Figure 6). The activity of nanoparticles N8 is negligible if one considers the dramatic decrease of the Aβ monomer peak (within 3 h) in the case of non-functionalized NPs. This weak activity is probably more related to remaining MePEG chains at the surface of the NPs than to selegiline-PEG chains. We believe that if there were some specific interactions in-between the peptide and the exposed ligand, the variation of the peptide monomer peak would have been more intense. 

Conclusion

This study investigated the potential binding activity of polymeric selegiline-functionalized, PEGylated poly(alkyl cyanoacrylate) nanoparticles to the Aβ 1-42 peptide, a biomarker of the Alzheimer"s disease. Whereas a poor colloidal stability was obtained with the pure selegilinefunctionalized copolymer, best stability conditions were obtained after simultaneous nanoprecipitation of this polymer with the rhodamine-labelled, PEGylated poly(alkyl cyanoacrylate) copolymer species in variable ratios. It allowed the amount of selegiline moieties initially displayed at the surface of the NPs to be finely tuned. Although the size of the selegiline-functionalized NPs remained constant with time, the value of the zeta potential drastically decreased. This was confirmed by capillary electrophoresis which showed a lower interaction of selegiline decorated nanoparticles towards Aβ 1-42 comparatively to the non-functionalized nanoparticles. A possible explanation was proposed and relied on a rearrangement of functionalized selegiline chains at the surface of the NPs leading to their complete inaccessibility towards Aβ 1-42 . More importantly, this study points out the importance of the hydrophobicity/hydrophilicity of the selected ligand displayed at the surface of polymeric NPs. 

Conclusions et perspectives futures

Conclusions and future perspectives

In this second part of the work we have described the development of a novel protocol to follow and quantify the interaction between polymeric nanoparticles and the Aβ 1-42 . Routinely employed techniques have been used to validate our method and several types of particles have been designed and screened. Convergent results suggested a pivotal role of PEG at the surface of the nanocarriers in the interaction with the peptide and in silico experiments clarify the molecular basis of this interplay. A first example of nanoparticle functionalized with a molecule with high affinity for the Aβ peptide have been performed and characterized.

The next step will be the evaluation of the ability to kidnap the peptide by nanoparticles functionalized with other molecules with high affinity for the peptide and, in particular, a monoclonal antibody directed against the peptide and synthesized by a partner of the European consortium. Finally, the best particles will be selected and employed for in vivo experiments.

Several hypotheses for the etiology of Alzheimer"s disease have been proposed so far. The neuronal loss due to the toxicity of Amyloid β peptide aggregates, usually refereed as the "amyloid hypothesis", remains one of the most widely accepted. [1][2] Aβ peptide is produced through sequential proteolytic cleavages of the amyloid precursor protein (APP) by βand γ-secretases, forming peptides with a variable length, usually from 39 to 42 amino acids. 3 Among the different species, the Aβ peptide 1-42 (Aβ 1-42 ) is believed to play a pivotal role in AD physiopathology due to its high tendency to spontaneously self-aggregate. [4][5] Yet, a main limitation for the development of active drugs against AD, and other brain-related diseases, is due to the presence of the Blood-Brain Barrier (BBB), a physiological "wall" which keeps 

Nanoparticles design 1.1 Rhodamine B tagged nanoparticles

Poly(alkyl cyanoacrylate) nanoparticles were chosen as a well-established technology for colloidal nanomedicine developed in our laboratory for several years. 6 Previous works on these nanoparticles provided significant achievements in multiple pathologies such as cancer, severe infections and metabolic diseases, well-reviewed in recent literature. [7][8] It has been recently demonstrated that after intravenous administration, a small fraction of the injected PEGylated nanoparticles composed of amphiphilic poly[hexadecyl cyanoacrylate-comethoxypoly(ethylene glycol) cyanoacrylate] (P(HDCA-co-MePEGCA)) copolymer were able to cross the BBB, as opposed to their non-PEGylated counterparts, thus opening the door to drug delivery into the Central Nervous System (CNS). [9][10] Fluorescence was chosen as tracking tool during the in vitro and in vivo experiments in this work. So far, the elected strategy to prepare fluorescent nanoparticles was to encapsulate a lipophilic dye during the self-assembly process of the corresponding amphiphilic copolymer. However, to circumvent the drawbacks due to dye leakage or burst release during the imaging studies our strategy was to incorporate the dye during the synthesis of an amphiphilic PEGylated PACA copolymer (Figure 1a).

Different copolymers were synthesized by tuning the initial amount and the nature of the dye (Rhodamine B and Dansyl). The resulting structures have been thoroughly characterized by means of complementary techniques. Stable and well-defined nanoparticles with a 100 nm average diameter and narrow particle size distribution were formed by self-assembly in aqueous medium (Figure 1b), ξpotential measurements showed a partial surface organization of the dye. Fluorescent properties of the materials were then thoroughly studied by fluorescence spectroscopy and a linear evolution of the fluorescence intensity vs concentration was observed up to rather high concentrations, a useful property for future nanoparticle quantification in biologic media (Figure 1c).

Quantum Dots loaded nanoparticles design

The unique optical properties offered by Quantum dots (QD) make them as a useful tool for bio-imaging studies. A great deal of work has focused on QD surface modification for enhanced water-solubility, (bio)conjugation and other applications in biological field. [11][12] We decided to encapsulate different types of QDs into PEGylated PACA nanoparticles and to create double-tagged entities by using the previously described dye-labeled copolymer nanoparticles, for in vitro and in vivo imaging purposes.

By varying the nature of the QDs, a small library of nanoparticles was obtained. All the preparations resulted in a stable suspension of nanoparticles with an average diameter of 160 nm with a narrow particle size distribution (Figure 1b). Transmission Electron Microscopy, used after sucrose gradient purification, showed the presence of QDs within the core of well defined particles with a certain distribution at the periphery of the polymeric matrix (Figure 1d). A pretty good encapsulation yield, from 11 to 35%, was obtained. "Barcode" nanoparticles were also prepared by a concomitant encapsulation of two different types of QDs and, interestingly, Fluorescence Micro-Spectroscopy showed that the initial stoichiometry (i.e. the initial ratio between the two populations of QDs) was maintained individually in each nanoparticle. These latter results showed the flexibility of our approach and propose it as a versatile fluorescent nanoparticulate platform useful for biomedical applications. 

Nanoparticles and cells

Internalization of NPs within hCMEC/D3 cells

The above mentioned nanoparticles were employed for in vitro imaging studies on the hCMEC/D3 brain cell line, a recently developed human BBB model. 13 Prior to imaging studies, the cytotoxicity of the empty rhodamine labeled nanoparticles (P(HDCA-co-RCA-co-MePEGCA)) and QDs loaded counterpart was evaluated showing no significant cytotoxic effect. By Flow cytometry analyses a fluorescence increase of 400% after 24h incubation of rhodamine tagged nanoparticles with cells was quantified; the NPs internalization starts suddenly after NPs interaction with the cells, describing a fast internalization process. Moreover, the absence of internalization at 4°C suggests that an active endocytosis mechanism governs the NPs internalization (Figure 2a).

Several dividing cells were identified during the visualization on non-confluent cells treated with fluorescent particles and, interestingly, a drastic increase of nanoparticles uptake was observed in those cells. The cause of this difference might likely be that during the mitosis the endocytosis process is kept constant while membrane recycling to the surface is strongly reduced to supply the cells of necessary materials for cell division. 14 At this reduced recycling we can more likely attribute the increase of the particles amount within the dividing cells.

Moreover, a specific intracellular trafficking during mitotic division was observed: the particles, placed at the extremity of the cells during the early stage of dividing cycle (Prophase/Metaphase), are trafficked to the midbody area of the dividing cells, where membrane material is needed for the cytokinesis, tracing filamentous-like structures more likely highlighting the actin microtubules. 15 These results underline the ability of these particles to provide extremely precise details on intracellular mechanisms and give clear information on their trafficking once internalized within human brain endothelial cells (Figure 2b).

To identify the intracellular localization of these NPs, once reached the confluence cells were treated with fluorescent nanoparticles for different incubation times, the main cellular regions were visualized with specific antibodies and observed with CLSM. No NPs were observed within Golgi apparatus or Endoplasmic Reticulum after all the analyzed incubation times, showing an expected time-independent non-involvement of these two cellular compartments in NPs uptake from cells.

On the contrary a large amount of red signal was observed within endosomal vesicles and, after longer incubation times, within the lysosomes. Interestingly some nanoparticles do not co-localize with these two compartments suggesting a double internalization mechanism or an escape from endosomes/lysosomes for a nanoparticles part.

Previous works from our group showed the pivotal role of LDL-receptor on the NPs internalization process within rat brain endothelial cells. Indeed, these PEGylated nanoparticles can "capture" the Apolipoprotein E (Apo E) in serum which is recognized by LDL-r at the surface of brain endothelial cells and internalized. 16 Hence, the expression of the receptor in this human model and the adsorption of ApoE from Rhodamine tagged particles were confirmed by Western Blot. The internalization of NPs into the human brain endothelial cells via Apo E adsorption and recognition of LDL-r expressed at the surface of the cells remain a probable hypothesis. Further experiments are needed to confirm this mechanism.

Translocation of nanoparticles in human BBB in vitro model

For translocation experiments, the BBB in vitro model was prepared by seeding hCMEC/D3 cells on 0.45µm pore size collagen pre-coated transwells. After 7 days of culture, permeability experiments were performed. TEER and 14 C-Sucrose permeability measurements were employed to characterize the cellular monolayer and results confirm the values previously described for this model. 13 The NPs passage across the model was studied by adding the fluorescently-tagged particles within the apical medium and by recovering the fluorescent signal within the basolateral compartment at increasing time points. An interesting difference was observed compared to rat model, where the passage was significantly slower. 17 By comparing transcytosis results and the intracellular localization experiment it"s interesting to observe that an appreciable amount of particles crosses the BBB model already after 1h incubation and that at this time point any nanoparticle is observed within the lysosomes, confirming the presence of a receptor mediated transcytosis process able to bypass the lysosomes compartment.

Since numerous in vitro and in vivo studies have investigated the passage of labeled or drug loaded NPs through the BBB by measuring the label amount or directly the drug effect in animal brain but few ones have demonstrated the localization of intact NPs inside brain parenchyma, a particular attention was dedicated to the identification of intact nanoparticles within the basolateral compartment. The receiving medium was filtered and concentrated in order to retain the bigger entities and observed with TEM. The images, showed the presence of spherical objects of around 120 nm within the basolateral chamber of sample treated with NPs, whereas the same objects were not observed within a sample non-treated with nanoparticles suggesting the passage of intact particles across the BBB. Further other experimental approaches are now running to clearly confirm the hypothesis.

Visualisation of nanoparticles in vivo

A preliminary in vivo visualization of the QD-loaded NPs was obtained by loading Cd-free near-infrared (NIR) QDs within the polymeric nanoparticles. Nanoparticles were administrated by retro-orbital injection in nude mice and imaged noninvasively by fluorescence optical imaging after 24h. NIR QD-loaded nanoparticles were easily visualized in in vivo conditions, and a big amount of the fluorescence was identified within the liver (Figure 2c). A liver accumulation was not surprising, even somewhat expected, at a time interval as long as 24h post-injection. 10 However, the result represents the proof of concept of the usefulness of these particles as in vivo imaging system for the future purpose of designing NPs for diagnosis of AD. Indeed, specific polymers with increased ability to reach the CNS are now under construction in the project. 

Nanoparticles and Aβ 1-42 peptide

The aggregation kinetics of Aβ 1-42 peptide involves several steps and leads to the formation of species exhibiting variable sizes: typically small soluble oligomers, higher molar mass oligomers, larger protofibrils and eventually insoluble fibrils. This folding and assembly are governed by remarkably complex processes leading to multiple coexisting physical forms. Recently, the development of small molecules based on methylene blue, curcumin and derivatives and others, which can interfere with the aggregation kinetics, were proposed as a promising therapeutic approach. 18 Other few works devoted their attention to the influence of nanoparticulate systems on the Aβ peptide aggregation and toxicity. [19][20][21] In this context we are currently developing novel biodegradable nanoparticulate systems to target and/or influence the aggregation kinetics of the Aβ 1-42 peptide and to reduce its toxicity.

A method to monitor nanoparticles and Aβ 1-42 interaction

Up to now, two main techniques were employed to study the interaction and the aggregation influence of molecules/nanoparticles on the Aβ peptide. Surface Plasmon Resonance is based on the fixation of the peptide (or the molecules/nanoparticles) on a gold chip and the flowing of the counterpart over the chip. The interaction between the two species is evaluated as a modification of the refractive index on the sensor surface. Its main limitation is the "fixed nature" of one of the species, limiting a space-free interaction. [21][22] Thioflavine spectroscopy is based on its enhanced fluorescent and red-shifting once inserted within β-sheets formed during the aggregation process of the amyloid β peptides. It allows the study of the aggregation kinetics in presence of anti-aggregating candidates. 21 In this case the main limitation is the relatively high peptide concentration required.

Additionally to these techniques is worth to mention others such as Isotermal Titration Calorimetry, in silico studies, Nuclear Magnetic Resonance and Circular Dichroism. 23 However, the poor stability of the peptide and the high concentration needed for these techniques strongly limit their applicability at physiological conditions.

To screen the ability of nanoparticles to efficiently bind Aβ 1-42 , we decided to develop a protocol based on Capillary Electrophoresis coupled to Laser Induced Fluorescence (CE-LIF) able to analyse very low concentrations of peptide close of physiological conditions (nM range). The previously described Rhodamine B-tagged nanoparticles were used as model to validate the protocol.

Briefly, the monomeric fluorescent Hilyte Fluor labeled Aβ 1-42 peptide was mixed with the nanoparticles and incubated at 37°C. The samples were then analyzed by capillary electrophoresis after increasing elapsed times. The CE-LIF analysis of a solution of the fluorescent peptide alone, showed a single peak mainly constituted by the monomeric form, stable as a function of time.

Remarkably, when the same concentration of Aβ 1-42 peptide solution was incubated with fluorescent P(HDCA-co-RCA-co-MePEGCA) nanoparticle suspension, a gradual decrease of the monomeric peptide peak was observed and could be interpreted as the capture of the peptide by the particles (Figure 3a). results. This experiment also showed an aggregation of the peptide at the surface of the NPs leading to the formation of mixed peptide/NP aggregates. Moreover, the CE-LIF method was also used to evaluate the kinetics of disappearance of the monomeric peptide as a function of the concentration ratio between nanoparticles and peptide. Whatever the concentration ratio, there is an uptake of peptide by the NPs and this process is strictly dependent on the peptide availability in solution. The higher is the initial peptide concentration, the faster and the higher is the capture. Assuming in a first approach that the Aβ 1-42 -NPs interaction was governed by a first-order kinetic, we have estimated the affinity constant, kd, for this interaction to be 0.55 µM. Interestingly, for the highest peptide concentrations, we observed a nonlinear disappearance of the monomeric peak over time suggesting the formation of peptide aggregates at the surface of the nanoparticles.

By CLSM a proportional decrease of the size of these dual-fluorescent assemblies was noticed as a function of the [Aβ]/[NPs] ratio. For the lowest peptide concentration, no aggregate was formed (Figure 4e) suggesting the aggregation threshold was not reached. According to the literature, peptide aggregation is concentration-dependent and the nucleation reaction is believed to be the rate limiting step. 19 It can be therefore hypothesized that, when there is an affinity between the peptide and some nanoparticles, the interaction of the peptide with the nanoparticle surface increases its local concentration, reaching the nucleation threshold which then triggers the aggregation process.

This technique highlighted the importance of the colloidal properties of the nanoparticles such as the surface charge or the size of the nanoparticles on the interaction with the Amyloid peptide.

Influence of PEG on Aβ 1-42 -NPs interaction

Interestingly, when non-PEGylated P(HDCA) nanoparticles were employed, no variation of the monomeric peak was observed over time by CE-LIF. To ascertain a role to the PEG chains, nanoparticles of a different polymeric core (PLA) were used. Also in this case, the PEGylated PLA nanoparticles showed an increased ability to interact with the peptide compared to the non PEGylated counterpart confirming the results obtained with the PACA nanoparticles.

To better understand the role of PEG chains onto the nanoparticles surface, other more routinely employed techniques such as Surface Plasmon Resonance (SPR), Confocal Microscopy and Thioflavine spectroscopy were performed. Interestingly, all the techniques outlined an ability to capture the peptide only with PEGylated PACA nanoparticles, confirming the CE-LIF results.

It is well know that PEG chains can interplay with protein environment altering their solubility in aqueous media, however, the mechanism has not yet been fully elucidated. To get better inside on this interaction, molecular modeling was employed. Docking calculations showed that PEG chains wound around the 1-25 helix of the peptide through hydrogen bonds, π-stack and Van der Walls interactions forming an unspecific but permanent binding. A pivotal role of PEG oxygen atoms on binding was obtained by docking the alkyl PE chain to the peptide that was not capable to wind around the helix and did not showed a permanent binding. Moreover, molecular dynamic simulations showed that PEG promotes permanent conformational changes of Aβ 1-42 from starting L-like shape structure to V-like, U-like shapes or even more complex conformations. The main feature of the conformational interconversion of Aβ 1-42 is a permanent interaction with the PEG chain.

To take a step forward, the ability of the PEGylated PACA nanoparticles to influence the aggregation kinetics of Aβ 1-42 was studied by CE-UV protocol. NPs were added to the aggregating solution of Aβ 1-42 peptide and the formation/disappearance of every amyloid isoforms (monomer and soluble oligomer) was closely followed and quantified by CE coupled to UV detection. The results indicate an ability of the PEGylated NPs to capture the peptide monomer and soluble oligomers in solution. Additionally, the NPs seem to inhibit the formation of new soluble peptide oligomers: most of the pre-existing soluble oligomers were no more detectable in the solution after 28 h of incubation whereas, in absence of NPs, an 80% increase of peptide oligomers quantity was observed after 28 h.

These results confirm the interaction between the NPs and the peptide, also in soluble oligomeric form and, more importantly, underline the ability of these nanoparticles to inhibit the formation of new oligomers. Noteworthy, oligomers are now considered as the most toxic species of the peptide, underlining the interest of these particles. The high blood half-life of these PEGylated polymeric nanoparticles, elect them as a potential therapeutic agent through the so called "sink effect": during the last years the hypothesis of the existence of an osmotic equilibrium of Aβ peptide between the blood and brain compartments has taken importance and credit in the scientific community. 24 Hence, a particle able to kidnap the peptide within the blood flow might move the equilibrium and promote the brain-to-blood transfer of peptide reducing its concentration and toxicity in CNS (Scheme 2). Scheme 2. Aβ peptide "sink effect" across the BBB: the reduction of peptide within the blood might move the equilibrium from the brain to the blood and reduce the aggregation and related toxicity of the peptide in the brain.

Functionalization of NPs for increasing interaction with Aβ 1-42 peptide.

Although PEGylated nanoparticles showed interesting properties regarding the capture of soluble peptide, a great deal of work has been focused on the functionalization of PEGylated PACA nanoparticles with molecules presenting an endogenous high affinity for the peptide. Recently, different studies proposed the utilization of small polyphenols for targeting the Aβ 1-42 peptide, such as curcumine and its derivatives, Thioflavine T, Congo red and their analogues such as Chrysamine G and X34. [25][26][27][28][29] These molecules have shown a certain efficiency to hinder, or even to stop, the oligomerization of the Aβ 1-42 peptide and thus the production of oligomers and/or fibrils. Among the pool of efficient ligands discovered so far, we have focused our attention on Selegiline, an aromatic molecule that has been employed to slow down the progression of the Parkinson"s disease, but also exhibited a certain affinity for the Aβ 1-42 peptide. 30 We synthesized selegiline-functionalized and fluorescent poly(alkyl cyanoacrylate) nanoparticles for Aβ 1-42 peptide kidnapping and antifibrillogenesis purposes.

Functionalization was undertaken with selegiline by copper-catalyzed azide-alkyne cycloaddition (CuAAC) via its native alkyne group. Stable NPs suspensions with mean diameter of 100 nm and low PDI values, were obtained from the self-assembly of different ratios of selegiline-functionalized and rhodamine B-tagged copolymers in order to tune the amount of selegiline moieties displayed at their surface. The ability of these particles to interact with the peptide was studied by CE-LIF.

Unfortunately, no important decrease of Aβ 1-42 peptide monomer peak was observed in the presence of selegiline functionalized nanoparticles when compared to non-funtionalized counterparts. This lower effect on kidnapping the peptide has been related to an important evolution of the positioning of the ligand at the surface of the nanoparticles confirmed by ξ-potential measurements; selegiline ligands which were initially exposed at the surface of the nanoparticles became not accessible anymore, likely due to rearrangement of the SelPEG chains. This work has been performed within a large European project (NAD) aiming to the development of an original nanoparticulate system for the diagnostic and the treatment of Alzheimer"s disease. A consistent part of the results have been obtained thanks to fruitful collaborations with numerous partners within the European consortium.

In this view, we have designed a novel fluorescently-tagged PEGylated polymer able to selfassemble in biodegradable nanoparticles. The chemical and physic-chemical properties of these nanoparticles were studied in details leading to their employment for internalization and transcytosis studies using an innovative in vitro Blood-Brain Barrier (BBB) human model. Preliminary bioimaging in vivo results were also obtained using Quantum Dot-loaded nanoparticles. These achievements represent important advances and lay down the foundations of the screening of polymeric nanoparticles ability to cross the BBB.

In addition, we challenged to develop a nanoparticulate system acting as "Aβ kidnapper" once in biological fluids. As first step, an original methodology based on capillary electrophoresis allowed us to study the "in solution" interaction of nanoparticules and the Aβ 1-42 peptide close to physiological conditions. The protocol has been successfully employed with different types of nanoparticles leading to the discovery of an interesting interplay of PEG, a macromolecule largely employed in drug delivery, and the amyloidogenic peptide. The creation of a first example of polymeric nanoparticles functionalized with molecules with endogenous high affinity for the peptide (i.e. Selegiline), has been described and discussed. Other functionalization strategies (i.e. with a monoclonal antibody anti Aβ are still under progress). This work opens the route to the development of a nanoparticulate approach for AD.

The main goals for the remaining two years of our group in the framework of the NAD project are: (i) the design and evaluation of fluorescent nanoparticles functionalized with an antibody against the transferrin receptor able to better cross the BBB in vitro and in vivo, using QDs and radiolabelling as tracking strategy and (ii) the study of non-functionalized PEGylated nanoparticles and functionalized nanoparticles (with curcumine and antibody anti-Aβ 1-42 ) directed towards the capture of the peptide in vitro and in vivo.

Finally, the best multifuntionalized nanoparticles both able to cross the BBB and to efficiently "capture" the peptide from biological fluids will be selected and tested in vivo against AD models. 
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Partie 1 :

 1 Etude bibliographique Part 1: Bibliographic study Nanotechnologies for Alzheimer"s disease: diagnosis, therapy and safety issues Nanomedicine: Nanotechnology, Biology and Medicine, 2011, 7(5), 521.
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  Centre for Pharmaceutical Nanotechnology and Nanotoxicology, Department of Pharmaceutics and Analytical Chemistry, University of Copenhagen, Universitetsparken 2, DK-2100 Copenhagen, Denmark.

Figure 3 .

 3 Figure 3. (A)MMPs functionalized with mAbs recognize and bind ADDLs. The ADDLs are then sandwiched with an NP probe, modified with double-stranded DNA and an anti-ADDL pAb. After repeated washing while using a magnet to immobilize the MMPs, a dehybridization step releases hundreds of barcode DNA strands for each antigen-binding event. (B) Schematic representation of scanometric detection. The method is based on capturing the barcode DNA on a microarray with spots of oligonucleotides that are complementary to half of the barcode DNA sequence. NPs with oligonucleotides that are complementary to the other half of the barcode DNA are hybridized to the captured barcode strands. The signal is enhanced by using silver amplification.
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Figure 4 .

 4 Figure 4. STM topography and current profile of biosurface (A): bare Au (a), 100 pg.mL -1 Aβ 1-42 (b) and 1 μg.mL -1 Aβ 1-42 (c). (B) Power spectra of the current profiles acquired in STM images: bare Au
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Figure 5 .

 5 Figure 5. (a) Schematic representation of the synthesis of monoclonal anti-τ antibody-conjugated gold nanoparticles and subsequent formation of anti-τ antibody-conjugated gold nanoparticle based sensing of τ protein. (b) TEM image of anti-τ antibod-conjugated gold nanoparticles before addition of τ protein. (c) TEM image of anti-τ antibod-conjugated gold nanoparticles after addition of 20 ng.mL -1 τ protein. Adapted from Neely et al.,29 with permission of ACS publications.

Figure 6 .

 6 Figure 6. Schematic representation of nanocarriers as "Trojan systems" to transport active molecules to the brain by crossing the Blood-Brain Barrier.

Figure 7 .

 7 Figure 7. Examples of bioactive molecules encapsulated into nanocarriers or covalently attached to their surface for potential AD treatement.

Figure 9 .

 9 Figure 9. Cytotoxicity of Aβ, Nano-N2PY and Aβ/Nano-N2PY (compared with control) when incubated with neuron cells as measured by LDH cytotoxicity detection assay. Absorbance wavelength measured in this experiment was 490 nm with a reference at 630 nm. Values were represented as mean ± standard errors (n = 5, significantly different from the Aβ at p < 0.05). Reprinted from Liu et al., 69 with permission of Elsevier.

  ), is one of the most important intracellular antioxidants. It can protect cells from oxidative stress by scavenging singlet oxygen ( 1 O 2 ), hydroxyl radicals (HO • ) and superoxide radicals (O 2 -•

Figure 10 .

 10 Figure 10. Schematic representation of the two proposed physical approaches to reduce Aβ toxicity within the AD brain.

Figure 11 .

 11 Figure 11. CE-LIF analysis highligthing the interaction between Aβ 1-42 and PEGylated poly(alkyl cyanoacrylate) nanoparticles. Electrophoretic profile as a function of time at 37°C of a 5 µM Hilyte Fluor TM Aβ 1-42 solution alone (a) and in the presence of a 20 μM P(MePEGCA-co-HDCA) nanoparticle suspension (b). A decrease of the peak assigned to Aβ 1-42 peptide was observed in thepresence of NPs suggesting its adsorption at their surface. Reprinted from Brambilla et al.,[START_REF] Brambilla | New method based on capillary electrophoresis with laser-induced fluorescence detection (ce-lif) to monitor interaction between nanoparticles and the amyloid-β peptide[END_REF] with permission of ACS Publications.

Figure 12 .

 12 Figure 12. Effect of PEGylated phospholipid micelles on Aβ 1-42 induced cytotoxicity. A significant reduction in Aβ 1-42 induced cytotoxicity is observed in cells treated with PEGylated lipid associated Aβ 1-42 (n = 3, p < 0.05 compared respective § without micelle treatment). Error bars represent standard deviation. Reprinted from Pai et al., 104 with permission of Elsevier.

Figure 13 .

 13 Figure 13. Self-assembly of cholesterol-bearing pullulan (CHP) by hydrophobic interactions into nanogels (a). Rescue from Aβ-mediated diminution of MTT reduction in N9 microglial cells (left) and in primary cortical cells in the presence of nanogels (right). Cells were treated for 24 h with either 12 nM CHP or CHPNH 2 followed by oligomeric Aβ 1-42 (1 µM; Aβ olig ). Mean values and standarderror of the means for triplicate measurements from 3 independent experiments (n = 9) are shown.

  under grant agreement n o 212043 for financial support. The French ministry of research and CNRS are also warmly acknowledged for the financial support. SMM further acknowledges financial support from Danish Agency for Science, Technology and Innovation (Det Strategiske Forskningsråd, reference 09-065746/DSF) and Lundbeck S/A. Partie 2: Travail expérimental Part 2: Experimental work Chapitre 1: Nanoparticules polymériques et barrière hématoencéphalique Chapter 1: Polymeric nanoparticles and bloodbrain barrier Ce premier chapitre décrit le développement de nanoparticules fluorescentes et leur internalisation dans des cellules endothéliales de capillaires cérébraux humains capables de s"organiser en formant un modèle in vitro de BHE (hCMEC/D3). Il est composé de 3 sections sous la forme d'articles: Le premier article est dédié à la conception de polymères fluorescents de poly(cyanoacrylate d'alkyle) capables de s'auto-assembler sous la forme de nanoparticules. Ces dernières ont été finement caractérisées et utilisées dans le cadre d"une étude préliminaire d"internalisation au sein des cellules hCMEC/D3. La deuxième section concerne l'encapsulation de Quantum Dots dans les nanoparticules mentionnées précédemment et leur visualisation in vitro et in vivo. La dernière section décrit quant à elle une étude plus approfondie du devenir des nanoparticules dans les cellules endothéliales. Leur internalisation, leur distribution et leur transcytose à travers le modèle in vitro de BHE ont été étudiées en détails et les résultats obtenus à ce jour sont présentés sous la forme d"un article en préparation. This chapter describes the development of fluorescent nanoparticles and their interplay with human brain capillary endothelial cells able to form an in vitro BBB model (hCMEC/D3). It is composed of 3 sections in the form of articles:
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  Inserm, U567, Paris, France.

Scheme 1 .

 1 Scheme 1. Design of fluorescent P(HDCA-co-RCA-co-MePEGCA) copolymers (Ci) and nanoparticles (Ni) for cell imaging (i = 1-3). Reagents and conditions: a) [HDCA]0/[MePEGCA]0 = 4:1, [RCA]0 = 4.1, 0.85 or 0.16 mol.%, formaldehyde, pyrrolidine, EtOH/CH2Cl2, 25 °C, 24 h; b) acetone/H2O; c) incubation with hCMEC/D3 cells.

Figure 1 .

 1 Figure 1. Fluorescence emission spectra of P(HDCA-co-RCA-co-MePEGCA) copolymer solutions in CHCl3 at 0.1 mg.mL-1 (a) and of resulting nanoparticle suspensions in water at 0.1 mg.mL-1 (b). Insert: pictures of copolymer solutions (left) and nanoparticles suspensions (right) under visible light or under U.V. excitation at 365 nm.

Figure 2 .

 2 Figure 2. hCMEC/D3 Human brain endothelial cells Nomarski image (a), confocal microscopy image (b) and fluorescence image superimposed on hCMEC/D3 human brain endothelial cell Nomarski image after incubation with fluorescent P(HDCA-co-RCA-co-MePEGCA) nanoparticles N1 for 12 h and subsequent washing of the medium (c). Enlarged picture (d). Scale bars = 20 m.

Figure 3 .

 3 Figure 3. Fluorescence images (red) superimposed with hCMEC/D3 human brain endothelial cells Nomarski images viewed from the top cell surface recorded at various time after incubation with fluorescent P(HDCA-co-RCA-co-MePEGCA) nanoparticles (N1): 8.5 min (a) and 18 min (b). Scale bars = 20 µm.

  2 and MgCl 2 and EMB-2 medium were purchased from Lonza. Penicillin 10000 units-Streptomycin 10000 μg.mL -1 and Trypsin/EDTA were obtained from Invitrogen, Gibco. Hydrocortisone, human basic fibroblast growth factor (bFGF) cell culture tested and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 98 %) were purchased from Sigma. HEPES 1 M was purchased from PAA -The Cell Culture Company. Fetal bovine serum was purchased from Eurobio. Rat tail collagen type I was purchased from Becton-Dickinson. Fisher rat plasma was purchased from Charles River Laboratories.

  Scheme S1. Synthesis of rhodamine B cyanoacetate (RCA).

8. 4

 4 10 -4 mol), DCA (15.97 mg, 4.4 10 -5 mol, 4.08 mol.% in the initial cyanoacetate mixture), EtOH (4 mL) and DCM (8 mL) under magnetic stirring, was sequentially introduced dropwise by a syringe over ca. 20 min, formaldehyde (0.4 mL, 5.3 10 -3 mol) and pyrrolidine (20 µL, 2.4 10 -4 

1 H and 13 C

 113 NMR spectra were performed in deuterated chloroform (CDCl 3 ) or in dimethyl sulfoxide (DMSO) at ambient temperature on a Bruker Avance (300 MHz and 75 MHz, respectively).IR spectra were obtained on a Fourier Transform Bruker Vector 22 spectrometer. Size exclusion chromatography (SEC) was performed at 30 °C with two columns from Polymer Laboratories (PL-gel MIXED-D; 300 7.5 mm; bead diameter: 5 m; linear part: 400 -4 10 5 g.mol -1 ) and a differential refractive index detector (Spectrasystem RI-150 from Thermo Electron Corp.). The eluent was chloroform (CHCl 3 ) at a flow rate of 1 mL.min -1 and toluene was used as a flow-rate marker. The calibration curve was based on poly(methyl methacrylate) (PMMA) standards (peak molar masses, M p = 625 -625 500 g.mol -1 ) from Polymer Laboratories. This technique allowed M n (the number-average molar mass), M w (the weight-average molar mass) and M w /M n (the polydispersity index, PDI) to be determined. Nanoparticles diameter (D z ) was measured by dynamic light scattering (DLS) with a Nano ZS from Malvern (173° scattering angle) at a temperature of 25 °C. The particle size distribution is generally considered as narrow when below 0.10. The surface charge of nanoparticles was investigated by δ-potential (mV) measurement at 25 °C after dilution with NaCl 1 mM and using the Smoluchowski equation. DLS and δ-potential measurements were used to study nanoparticles stability as a function of time at 37 °C. Fluorescence spectroscopy (Perkin-Elmer LS50B) with 10 mm optical quartz cuvette (Hellma 101-QS Suprasil) was used to evaluate the fluorescence properties of RCA, DCA, P(HDCA-co-RCA-co-MePEGCA) and P(HDCA-co-DCA-co-MePEGCA) copolymers as well as associated nanoparticles. Maximum emission (λ ex. ) and maximum excitation (λ em. ) wavelengths were determined as well as the maximum intensity of fluorescence (in a.u.) at different concentrations. The same procedure was followed for nanoparticles (N1, N2, N3 and N4) in aqueous solution. In vitro imaging experiments were performed with a confocal laser scanning microscope LSM 510 META (Zeiss, Germany) equipped with a 1 mW Helium Neon laser and a Plan-Apochromat 63X objective lens (Numerical Aperture / 1.4, oil immersion). Fluorescence was collected with long-pass 560 nm emission filter under 543 nm wavelength excitation. To specifically consider intracellular nanoparticles localization, acquisitions were made at the median plane of the cell monolayer. The pinhole size was set at 1.0 Airy unit (106 µm diameter) giving an optical section thickness of 0.8 µm.

Figure S1 300

 300 Figure S1 300 MHz 1 H NMR of the fluorescent P(HDCA-co-RCA-co-MePEGCA) copolymer C1 in CDCl 3 . Insert: enlarged area in the 6.6-7.6 ppm region. Quantification of RCA in the copolymers was not undertaken due to its very low percentage, which would have led to strong inaccuracies.

Figure S2 .Figure S3 .

 S2S3 Figure S2. Evolution of average diameters and particle size distribution (a) and δ-potential values (b) of P(HDCA-co-RCA-co-MePEGCA) nanoparticles (N1, N2 and N3) in water at 37 °C as a function of time.

Figure S4 .

 S4 Figure S4. Fluorescence emission spectra of P(HDCA-co-RCA-co-MePEGCA) copolymer solutions in CHCl 3 at 0.1 mg.mL -1 (a) and of P(HDCA-co-RCA-co-MePEGCA) nanoparticle suspensions in water at 0.1 mg.mL -1 (b).

Figure S5 .

 S5 Figure S5. Emission spectra in CHCl 3 of P(HDCA-co-RCA-co-MePEGCA) copolymer C3 (a), C2 (b) and C1 (c) as the function of the copolymer concentration.

Figure S6 .

 S6 Figure S6. Emission spectra in water of P(HDCA-co-RCA-co-MePEGCA) nanoparticle suspensions N3 (a), N2 (b) and N1 (c) as the function of the nanoparticle concentration.

Figure S7 .

 S7 Figure S7. Evolution of fluorescence intensity as a function of P(HDCA-co-RCA-co-MePEGCA) copolymer concentration (a) and P(HDCA-co-RCA-co-MePEGCA) nanoparticles concentration (b).

Figure S8 .

 S8 Figure S8. Normalized excitation (blue line) and emission (red line) spectra of dansyl cyanoacetate (DCA) in acetone (a), P(HDCA-co-DCA-co-MePEGCA) copolymer C4 in acetone (b) and P(HDCAco-DCA-co-MePEGCA) nanoparticles N4 in water (c).

Figure S9 .Figure S10 .

 S9S10 Figure S9. Emission spectra of dansyl cyanoacetate (DCA) in acetone (a), P(HDCA-co-DCA-co-MePEGCA) copolymer C4 in acetone (b) and P(HDCA-co-DCA-co-MePEGCA) nanoparticles N4 in water (c) as the function of the concentration.

Figure S11 .

 S11 Figure S11. Confocal microscopy images of fluorescently tagged nanoparticles (N1). Scale bar = 25 µm; Laser illumination: 543 nm; detection gain: 494; laser power: 100 %.

Figure S12 .

 S12 Figure S12. In vitro biodegradation profile of fluorescent P(HDCA-co-RCA-co-MePEGCA)nanoparticles (N2) at 0.5 mg.mL -1 () or 0.3 mg.mL -1 () in Fischer rat plasma at 37 °C.

Figure S13 . 2

 S132 Figure S13. Fluorescence images (red) superimposed with hCMEC/D3 human brain endothelial cells Nomarski images viewed from the top cell surface after incubation with fluorescent P(HDCA-co-RCAco-MePEGCA) nanoparticles for 12 h and subsequent washing of the medium. (a): N1; (b): N2; (c): N3 and (d) N3 with increased gain and laser power. The arrows indicate faint fluorescence areas. Scale bars = 20 m.
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  Institut de minéralogie et de physique des milieux condensés, Université Pierre et Marie Curie, Université Paris Diderot, CNRS UMR 7590, 4 place Jussieu, 75005 Paris.RésuméDes Quantum Dots (QDs), émettant dans l"UV-Visible et dans le proche infrarouge, ont été encapsulés, avec des rendements élevés, à l"intérieur de nanoparticules (NPs) PEGylées de poly(cyanoacrylate d'alkyle) par auto-assemblage en solution aqueuse. Les NPs chargées en QDs ainsi obtenues ont été purifiées et caractérisées par microscopie électronique en transmission, diffusion de lumière, mesures de potentiel zêta ainsi que par des études de stabilité et des tests de viabilité cellulaire. La co-encapsulation de différents types de QDs a conduit à des NPs code-barres. Elles ont ensuite été utilisées pour l'imagerie de cellules endothéliales humaines permettant d"étudier leur capture. Enfin, le devenir in vivo des NPs contenant des QDs émettant dans le proche infrarouge a été visualisé de façon non invasive par imagerie optique de fluorescence.AbstractVisible-light and near infrared-emitting quantum-dots (QDs) were readily encapsulated with high yields into PEGylated poly(alkyl cyanoacrylate) nanoparticles (NPs) by self-assembly in aqueous solution. The resulting QDs-loaded NPs were efficiently purified and characterized by transmission electron microscopy, dynamic light scattering and zeta-potential measurements as well as by stability studies and cell viability assays. Concomitant encapsulation of different kinds of QDs led to barcode NPs. They were then used for human brain endothelial cell imaging allowing their uptake to be monitored. Finally, the in vivo fate of near-infrared fluorescent NPs was visualized noninvasively by fluorescence optical imaging.

Figure 1 .

 1 Figure 1. Evolution of the average diameter and the particle size distribution of QDs-loaded poly(alkyl cyanoacrylate) nanoparticles in water at 37°C as a function of time. ▲ (N1), ♦ (N2), • (N3), ▼ (N4), ■ (N5).

Figure 2 .

 2 Figure 2. Cryo-transmission electron microscopy of QD-loaded P(HDCA-co-MePEGCA) nanoparticles N1 (a) and N3 with negative staining (b). Scale bars = 100 nm.

  populations of QDs) was maintained individually in each nanoparticle. Considering the fluorescence intensity of each kind of QDs, the initial average intensity ratios of QDs utilized for the preparation of nanoparticles N6 and N7 were 0.53 and 0.69, respectively. These NPs were prepared following the same protocol and their individual emission spectra were measured by fluorescence micro-spectroscopy (n = 40 beads) after purification. As shown in Figure3, the emission spectra of individual nanoparticles correlated well with the initial blend of the two populations of QDs. Average final ratios were 0.42 ± 0.11 for N6 and 0.65 ± 0.07 for N7.

Figure 3 .

 3 Figure 3. Typical fluorescence emission spectra (a) and fluorescence intensity distribution, I QD620 /(I QD620 +I QD580 ), of individual nanoparticles N6 (dashed line) and N7 (solid line) (b).

Figure 4 .

 4 Figure 4. Cell viability (MTT assay) after 48 h incubation of hCMEC/D3 human brain endothelial cell line with QD-loaded P(HDCA-co-MePEGCA) (N2) and P(HDCA-co-RCA-co-MePEGCA) (N5) nanoparticles as a function of the nanoparticle concentration. Each experiment was repeated 3 times from 8 independent incubation preparations. Results were expressed as percentages of absorption of treated cells ( SD) in comparison with the values obtained from untreated control cells.

Figure 5 .

 5 Figure 5. Superimposed confocal fluorescence and Nomarski images of hCMEC/D3 human brain endothelial cells viewed from the top cell surface after incubation with QD-loaded fluorescent P(HDCA-co-MePEGCA) nanoparticles N2 for 12 h. Scale bar = 20 µm.

  N5) in order to separately visualize fluorescent signals coming from the QDs and from the rhodamine B tag by CLSM. After a 24 h incubation period, nanoparticles N5 were observed to be taken up by hCMEC/D3 cells and CLSM allowed fluorescence signals from QDs and from the fluorescent copolymer to be independently detected (Figure 6b-c). More importantly, it can be seen on Figure 6d that an almost perfect co-localization of both signals was obtained which led us to conclude that CLSM fluorescence signal can be safely assigned to the presence of encapsulated QDs into poly(alkyl cyanoacrylate) nanopa rticles.This new fluorescently-labeled PEGylated nanoparticles are therefore adapted to in vitro imaging. Moreover, it is believed that these nanoconstructs are a suitable alternative to the usual pathway consisting in the encapsulation of organic fluorochromes which exhibit a severe tendency to leak out from nanoparticles and therefore to lead to misinterpretation of CLSM images.55 

Figure 6 .

 6 Figure 6. hCMEC/D3 human brain endothelial cells Nomarski image (a) and confocal microscopy images [red fluorescence image (b); green fluorescence image (c); merge of red and green fluorescence images (d)] viewed from the top cell surface after incubation with QD-loaded fluorescent P(HDCA-co-RCA-co-MePEGCA) nanoparticles N5 for 24 h. Scale bars = 10 µm.

Figure 7 .

 7 Figure 7. 2D-fluorescence optical imaging of mice performed 24 h after retro-orbital injection of (a) empty P(HDCA-co-MePEGCA) NPs (N0) and (b) QDs-loaded P(HDCA-co-MePEGCA) NPs (N4).

A 1 and Karine Andrieux 1 1

 11 novel human BBB in-vitro model has been gently provided by Dr. P.-O. Couraud from the UMR CNRS 8104 unit (Institut Cochin, Paris). These cells have been previously thoroughly characterized for morphological and biochemical aspects. The aim of this part of the project was first, to validate the model and secondly, to study the trancytosis across the cells of the previously described fluorescent P(MePEGCA-co-RCA-co-PHDCA) nanoparticles. The final aim will be the evaluation of different types of nanoparticle functionalization supposed to increase their BBB permeability. Protocols of several complementary techniques, such as confocal laser scanning microscopy and flow cytometry, have been optimized to finely explore the nanoparticles interaction with these cells. Some experiments such as ones with nanoparticles functionalized with molecules able to promote BBB crossing are now running. Fine evaluation of polymeric nanoparticles endocytosis and transcytosis across a human Blood-Brain Barrier in vitro model Paper in preparation Davide Brambilla, 1 Benjamin Le Droumaguet, 1 Julien Nicolas, 1 Valérie Nicolas, 2 Patrick Couvreur, Laboratoire de Physico-Chimie, Pharmacotechnie et Biopharmacie, UMR CNRS 8612, Univ Paris-Sud 11, Faculté de Pharmacie, 5 rue Jean-Baptiste Clément, F-92296 Chatenay-Malabry, France; 2 Institut d"Innovation Thérapeutique (IFR141 ITFM), Univ Paris-Sud, Faculté de Pharmacie, 5 rue Jean-Baptiste Clément, F-92296 Châtenay-Malabry, France; Résumé La nanomédecine peut constituer une stratégie originale pour la déliverance cérébrale de principes actifs pour le traitement des maladies du système nerveux central. Dans ce but, les systèmes nanoparticulaires doivent démontrer leur capacité à franchir la barrière hématoencéphalique (BHE). A ce jour, peu de publications ont étudié l"intégrité des nanoparticules (NPs) après le passage de la BHE. Dans ce papier, nous proposons d"évaluer l"internalisation mais aussi la transcytose de nanoparticules polymériques à travers un modèle de BHE humaine composée de cellules hCMEC/D3 immortalisées. Des NPs fluorescentes grâce au greffage covalent de la rhodamine ont été incubées avec des cellules confluentes on non et leur internalisation, leur trafic intacellulaire et leur transcytose ont été analysées par microscopie confocale à balayage laser, cytométrie de flux et microscopie électronique à transmission. Ces résultats ont été comparés avec ceux précédemment obtenus avec un modèle de BHE de rat à partir de culture primaire soulignant les différences entre les modèles. Toutes les données conduisent à proposer un passage des NPs à travers le modèle humain de BHE grâce à un mécanisme d"endocytose médiée par un récepteur permettant d"échapper aux lysosomes, où un récepteur à l"Apo E tel que le récepteur aux LDL serait impliqué. Des expériences ultérieures permettront de confirmer ce mécanisme et l"intégrité des NPs après leur passage de la BHE.AbstractNanomedicine can propose an original strategy for drug delivery to the brain for the treatment of central nervous system diseases. With this aim, nanoparticulate systems must demonstrate their ability to translocate through the Blood-Brain Barrier (BBB). Up to now, a low number of publications have studied the integrity of nanoparticles (NPs) after BBB crossing. In this paper, we propose to evaluate the internalization but also transcystosis of polymeric nanoparticles through a novel human BBB model composed of immortalized hCMEC/D3 cells. Rhodamine labelled fluorescent NPs have been incubated with confluent and non confluent cells and their internalisation, intracellular trafficking and transcytosis have been analysed by confocal laser scanning microscopy, flow cytometry and transmission electronic microscopy. The results are compared with the previously obtained with a rat BBB model from primary culture, underlying the differences between models. All the data suggest a passage of these NPs through the human BBB model thanks to a receptor mediated endocytosis pathway allowing lysosome escape where an Apo E receptor such as LDL-r could be involved. Further experiments will be performed to confirm this mechanism and the NPs integrity after their BBB passage.

  Sprague-Dawley rat serum was purchased from Charles-River Laboratories. Mouse anti-human Lysosomes Associated Membrane Protein 2 (LAMP-2) polyclonal antibody, mouse anti-human 58K Golgi protein (Clone, 58K-9) monoclonal antibody, mouse anti-human Protein Disulphide Isomerase of Endoplasmic Reticulum (Clone, RL90) monoclonal antibody and rabbit anti-human early-endosomes (EEA1) polyclonal antibody were purchased from Abcam. Alexa Fluor 488 anti-mouse and Alexa-Fluor 488 anti-rabbit were purchased from Molecular Probes. Goat anti-human Low Density Lipoprotein Receptor (LDL-r) monoclonal antibody, goat anti-rat ApolipoproteinE polyclonal antibody and HRP mouse anti-goat were purchased from Santa-Cruz Biotechnology. Vectashield mounting medium was purchased from Vector. 13mm diameter glass disks (0.7mm thickness) were purchased from Thermo Scientific.

  , b showed a clearly uptake of fluorescent NPs by cells. The punctuated localization of red fluorescence in cells suggested the presence of NPs into vesicles and an entry mechanism by endocytosis. The covalent linkage of fluorescent dye topolymer matrix allows us to avoid all the artifacts due to dye leakage from the particles in medium and to get highly resolute images. Previous results revealed only 11-14 % of fluorescence loss due to polymer degradation after 8 h incubation of these fluorescent nanoparticles at different concentrations with Fischer rat plasma at 37°C suggesting a very low release in cell culture medium composed of only 10% of serum.23 Since rhodamine is a substrate of P-gp pump which are expressed from this model line,28 the presence of the dye within the cells confirms the absence of its leakage from the particles before their cell penetration. Another proof of NPs internalization has been previously published using double fluorescent labeled QD/P(HDCA-co-RCA-co-MePEGCA) NPs.26 These data have shown a colocalization of the fluorescences from rhodamine and quantum dots inside hCMEC/D3 cells by confocal microscopy evidencing the integrity of the NPs which have been uptaken by the BBB cells.

Figure 1 .

 1 Figure 1. Confocal microscopy of hCMEC/D3 cells treated with fluorescent P(HDCA-co-RCA-co-MePEGCA) nanoparticles for 20 min at 37°C (a) or 4°C (c) and for 1 h at 37°C (b) or 4°C (d).

Figure 2 .

 2 Figure 2. Flow Cytometry experiments of rhodamine labeled NPs internalization within hCMEC/D3 cells at 37 (•) and 4°C (▼).

Figure 3 .

 3 Figure 3. Sequential contrast images merged with red fluorescence signals of hCMEC/D3 cells treated with fluorescent P(HDCA-co-RCA-co-MePEGCA) nanoparticles 30 µg.mL-1. (time = 0-9 min). (Inlet) Zoom of mitotic cell.

Figure 4 .

 4 Figure 4. Confocal microscopy pictures of hCMEC/D3 cells treated with fluorescent P(HDCA-co-RCA-co-MePEGCA) (red signal) nanoparticles for increasing elapsed times. Visualization of different intracellular compartments using specific antibodies (green signal): (a) anti-Early Endosomes, (b) Endoplasmic Reticulum, (c) Golgi apparatus, (d) Late endosomes/Lysosomes. Scale bar = 50 µm.

Figure 5 .

 5 Figure 5. Expression of LDL-r from hCMEC/D3 cells (a) and adsorption of Apo E at the surface of the Rhodamine labeled nanoparticles (b).

Figure 6 .

 6 Figure 6. Sypro ruby stained 2-D page gels of adsorbed proteins on the P(HDCA-co-RCA-co-MePEGCA) nanoparticles after 20 min incubation in rat serum. Indicated spots: Apo E identified by the rat serum 2D PAGE reference map.31 

14 C

 14 Sucrose + P(MePEGCA-co-RCA-co-HDCA) NPs 2-co-RCA-co-HDCA) NPs 1.8 ± 0.50 The co-incubation of sucrose and NPs do not modify the Pe of sucrose evidencing the absence of any toxic effect of NPs on cells such as tight junction opening. Moreover TEER values measured after NPs incubation during 12 h were not modified. These points evidenced the passage of the NPs by a transcellular pathway.

Figure 8 .

 8 Figure 8. Translocation kinetic as a function of time of rhodamine labeled P(MePEGCA-co-RCA-co-HDCA) nanoparticles across hCMEC/D3 cells after 7 days in culture.

Figure 9 .

 9 Figure 9. Representative TEM images of: cell culture medium doped with P(MePEGCA-co-RCA-co-HDCA) nanoparticles (a), basolateral chamber of BBB in vitro model after 12 h treatment with P(MePEGCA-co-RCA-co-HDCA) nanoparticles (b) and basolateral chamber of BBB in vitro model non treated with nanoparticles (c). Scale bars = 100nm.

MePEGCA) nanoparticles within

  a novel human BBB in-vitro model has been studied in details. A recently designed fluorescent polymer has been employed to build the nanoparticles and to assure the absence of fluorescence leakage phenomenon during all the experiments. Once incubated with the hCMEC/D3 cells, fast and strong nanoparticles internalization was observed with an increase of fluorescence up to 400% after 24 h of incubation. The same experiments performed at 4°C showed the absence of NPs internalization indicating an active internalization process.

42 Chapter 2 :

 422 Dans cette partie, la conception et la caractérisation de nouvelles nanoparticules polymériques fluorescentes ont été décrites. L'internalisation cellulaire de ces particules et leur aptitude à traverser un nouveau modèle humaine de BHE ont été étudiées en détails. L"étape suivante de la première partie du projet porte sur l'utilisation de nanoparticules fonctionnalisées avec des anticorps monoclonaux dirigés contre le récepteur de la transferrine (CD-71) et l'évaluation de leur internalisation et transcystose à travers le modèle de BHE. Les nanoparticules chargées avec des QDs seront utilisées afin d'étudier leur capacité à atteindre le système nerveux central (SNC) in vivo and in vitro. Par ailleurs, le double marquage (Rhodamine B et QD) sera un avantageux outil pour étudier l'intégrité des particules après avoir traversé la monocouche cellulaire. Conclusions and future perspectives During this part of the work the design and the characterization of novel fluorescently-tagged polymeric nanoparticles have been described. The internalization of the particles and their ability to cross a novel human BBB model has been studied in details. The next step for this part of the project will be use of NPs functionalized with anti-tranferrin receptor monoclonal antibody (CD-71) and evaluation of their internalization and transcystosis across the model. QD-loaded NPs will be employed in order to study the ability of the particles to reach the CNS in vitro and in vivo. Moreover, the double labelling (Rhodammine B and QD) will be a useful tool to study the particles integrity after crossing the cell monolayer. Chapitre 2 : Interaction de nanoparticules polymériques avec le peptide Aβ 1-Polymeric nanoparticle interaction with Aβ 1-42 peptide Ce deuxième chapitre décrit le développement d"une nouvelle méthodologie permettant l"étude de l"interaction entre des nanoparticules et le peptide amyloïde (Aβ 1-42 ) et son application à différents types de nanoparticules. Il est composé de 4 sections sous la forme d'articles : La première partie est dédiée à la conception d"un protocole d"électrophorèse capillaire couplé avec un détecteur laser (CE-LIF) pour détecter et suivre en fonction du temps l"interaction entre les nanoparticules et le peptide Aβ 1-42 . La méthode a été validée en utilisant d"autres techniques complémentaires déjà utilisées en routine comme la spectroscopie de la Thyoflavine, la résonance plasmonique de surface et la microscopie confocale.

Figure 1 .

 1 Figure 1. (a) Evolution of the electrophoretic profile as a function of time at 37°C of a 5 µM Hilyte Fluor TM Aβ 1-42 solution alone and (b) in the presence of a 20 μM P(MePEGCA-co-RCA-co-HDCA) nanoparticle suspension and (c) in the presence of a 20 μM PHDCA nanoparticle suspension.

Figure 2 .

 2 Figure 2. Evolution of the electrophoretic profile as a function of time at 37°C of (a) a 10 µM Aβ 1-42 solution alone and (b) a 10 μM Aβ 1-42 solution incubated with a 20 μM P(MePEGCA-co-HDCA) nanoparticle suspension.

Figure 3 .

 3 Figure 3. Aβ 1-42 monomer peak intensity as a function of time upon incubation of Aβ 1-42 in the presence of fluorescent P(MePEGCA-co-RCA-co-PHDCA) NPs at 20 µM. The concentration of Aβ 1-42 was 0.05 μM (♦), 0.5 μM (), 1 μM (▼) or 5 μM (•)

Figure 4 :

 4 Figure 4: Confocal microscopy images showing colocalization of Hilyte Fluor TM Aβ 1-42 and P(MePEGCA-co-RCA-co-HDCA) nanoparticle suspension after their incubation for 12 h. (a) Aβ 1-42 peptide (10 μM) (green channel) (b) P(MePEGCA-co-RCA-co-HDCA) nanoparticles (20 μM) (red channel) (c) merge of (a) and (b). Effect of the peptide concentration on the size of the assemblies: (d) solution of Hilyte Fluor TM Aβ 1-42 (1 μM) and P(MePEGCA-co-RCA-co-HDCA) nanoparticles (20 μM); (e) solution of Hilyte Fluor TM Aβ 1-42 (50 nM) and P(MePEGCA-co-RCA-co-HDCA) nanoparticles (20 μM). Control experiments: (f) solution of Hilyte Fluor TM Aβ 1-42 (10 µM) and (g) P(MePEGCA-co-

  Finally the nanoparticle ability to interact with the Aβ 1-42 peptide, highlighted by CE and confocal microscopy was evaluated by SPR experiments used as a complementary method. Increasing concentrations (0.3, 3 and 20 μM) of a suspension of P(MePEGCA-co-RCA-co-HDCA) NPs were flowed over a chip coated with the monomeric Aβ 1-42 for 3 min. The resulting sensorgrams clearly showed a concentration-

  Figure S1: : Evolution of average diameters and particle size distributions of P(MePEGCA-co-HDCA), P(MePEGCA-co-RCA-co-HDCA) and PHDCA nanoparticles in capillary electrophoresis buffer (NaH 2 PO 4 /Na 2 HPO 4 ) at 37 °C as a function of time.

Figure S2 :

 S2 Figure S2: Fitting of plot describing the Aβ 1-42 monomer disappearance as function of time in the presence of P(MePEGCA-co-RCA-co-HDCA) nanoparticles.

Figure S3 :

 S3 Figure S3: k obs vs peptide concentration plots deriving from eq 1, which describes the Aβ 1-42 monomer disappearance as function of time in the presence of P(MePEGCA-co-RCA-co-HDCA) nanoparticles.

  2 its intercept. According to the equilibrium dissociation constant, k d = k 2 /k 1 . By a linear fit of k obs vs C Abeta plot, we extracted the values of the free parameters k 1 = 0.14 M -1 and k 2 = 0.078. As consequence, the binding constant was estimated to k d = 0.55 M.

Figure S4 .

 S4 Figure S4. Aβ 1-42 (50µM) was incubated in the presence of P(MePEGCA-co-HDCA) NPs for 24h at 37 ºC. At the indicated time points aliquots were taken to analyze the β-sheet content by the ThT assay. Each bar represents the absolute change in fluorescence for the different time slots. The graph represents the mean ± SD (n=3) from one experiment. Results shown are representative of three independent experiments.

Figure S5 .

 S5 Figure S5. CLSM images obtained immediately after mixing of P(MePEGCA-co-RCA-co-HDCA) NPs with Hilyte Fluo TM Aβ 1-42 (10 μM). Visualization of (a) Aβ peptide (10 μM) (green channel), (b) P(MePEGCA-co-RCA-co-HDCA) nanoparticles (20 μM) (red channel) and (c) colocalization (merge of a and b).

Figure S6 .

 S6 Figure S6. Sensorgrams of (a) P(MePEGCA-co-HDCA) NPs flowed onto a Aβ 1-42 immobilized gold chip and (b) P(MePEGCA-co-HDCA) NPs flowed onto an BSA immobilized gold chip; (c) Binding of the anti-Aβ antibody 6E10 (100 nM) injected onto chip surface immobilizing Aβ 1-42 monomers.

5. 5 h

 5 . The toluene was removed under reduced pressure and the obtained product was dissolved into a minimum amount of THF and further precipitated twice in water and subsequently freeze-dried overnight to yield a white powder (conversion = 93%, m = 1.7 g, M n , NMR = 12200 g.mol -1 , M n,SEC = 12400 g.mol -1 ; M w /M n = 1.12). b M n ~ 23000 g.mol -1 (Boehringer-Ingelheim, Germany). c Nanoparticle suspensions (N1-N6) were prepared by the emulsion/evaporation procedure. 10 mg of PLA-b-PEG copolymer were dissolved in 4 mL of dichloromethane (ethyl acetate for N2) and added to a 10 mL aqueous solution of surfactant (1 wt.%). The resulting sample was vortexed two times for 1 min at 3200 rpm and ultrasonicated on ice for 1 min at 300 W (40%) using a Vibral-cell sonicator. The organic solvent was evaporated at atmospheric (reduced for N2) pressure and room temperature under magnetic stirring. The resulting nanoparticles were purified from free surfactant by ultracentrifugation (21000 g, 20 min, 4 °C) and resuspended in deionized water.d The surface (S) available for each PEG chain at the nanoparticle surface (also called ρPEG) is described by S = (6.M n,PEG )/(d.N A .f.ρ), with d the nanoparticle mean diameter, N A the Avogadro number (6.022 × 10 23 mol -1 ), M n,PEG the number-average molar mass of PEG (2000 g.mol -1 ), f the PEG weight fraction in the PEG-b-PLA/PLA blend and ρ the density of the nanoparticles (1,27 g.cm-3 ). e PEG distance represents the spatial gap between each PEG chain at the surface, calculated as √S.

Figure 2 .

 2 Figure 2. Evolution of average diameters and particle size distribution in 20 mM NaH 2 PO 4 buffer (a) and ζ-potential measured in a 1 mM KCl solution (b) of PLA-b-PEG nanoparticles (N1-N6) at 37°C as a function of time. Nanoparticle average diameter was measured by dynamic light scattering (DLS) with a Nano ZS from Malvern (173° scattering angle) at a temperature of 37 °C. Thepotential was calculated with the same apparatus.

Figure 3 .

 3 Figure 3. Corrected areas of the Aβ -42 monomer peak as a function of time upon incubation in the presence of different surface-coated nanoparticles. The nanoparticles (20 µM) were incubated with the Hilyte Fluor TM labeled Aβ 1-42 peptide (5 µM) in phosphate buffer (NaH 2 PO 4 , 20 mM), stored at 37°C and analyzed every 2 h by CE-LIF as previously described.

  Le mécanisme par lequel la couronne de polyéthylène glycol (PEG) à la surface des nanoparticules de poly(cyanoacrylate d"alkyl) (PACA) interagit avec le peptide Aβ 1-42 a été largement étudié dans le but de concevoir des nanomédicaments efficaces contre la maladie d"Alzheimer. Pour atteindre cet objectif, l"interaction des nanoparticules PACA PEGylées avec différentes formes du peptide Aβ 1-42 (c'est à dire le peptide monomère, les oligomères solubles et les fibriles), correspondants aux différentes étapes de son agrégation, a été étudiée par l"utilisation d"une combinaison de plusieurs techniques : l"électrophorèse capillaire, la résonance plasmonique de surface, l"analyse à la thioflavine T, la microscopie confocale et les expériences in silico. L"ensemble des résultats ont montré que les nanoparticules de poly[hexadécyl cyanoacrylate-cométhoxypoly(éthylène glycol) cyanoacrylate] (P(HDCA-co-MePEGCA)) interagissent avec la cinétique d"agrégation du peptide via la capture de sa ses formes les plus toxiques et ont mis en évidence le rôle clé des chaines de PEG dans cette interaction. Les expériences in silico ont démontré que le PEG, largement utilisé pour couvrir les nanovecteurs, pouvait interagir avec les résidus hydrophobes et hydrophiles du peptide et ainsi induire un changement de conformation, ce ce qui déclencherait son agrégation à la surface des nanoparticules. L"activation du complément et l"adsorption de l"Apo E par ces NPs quand le peptide Aβ 1-42 y a été pré-adsorbé ne sont modifiés. Cela suggère que ces NPs, agissant comme des particules LDL, pourrait capturer le peptide sous ses formes solubles dans le sang et augmenter son élimination du sang et du cerveau grâce à ce qu"on appelle l"« effet sink ». Tous les résultats suggèrent que les NPs de P(HDCA-co-MePEGCA) sont un nanomédicament prometteur contre la maladie d"Alzheimer.

Figure 1 .

 1 Figure 1. CE-LIF experiments. Evolution of the monomer peak intensity as a function of time at 37°C of (a) 5 µM Hilyte Fluor TM Aβ 1-42 solution alone (•) and in the presence of 20 μM of free 2KDa MePEG (), (b) 5 µM Hilyte Fluor TM Aβ 1-42 in the presence of 20 μM P(MePEGCA-co-RCA-co-HDCA) () or PHDCA nanoparticle suspension (•) and (c) 5 µM Hilyte Fluor TM Aβ 1-42 in presence of PEG-PLA() or PLA (•) nanoparticle suspension.

Figure 2 .

 2 Figure 2. Surface Plasmon Resonance experiments. Sensorgrams of (a, c) P(MePEGCA-co-HDCA) NPs and (b, d) PHDCA NPs suspensions at 1, 3 and 20 µM flowed onto a Aβ 1-42 monomers (a, b) or fibrils (c, d) immobilized gold chip.

Figure 3 .

 3 Figure 3. ThT assay. Aβ 1-42 (50 µM) was incubated in the presence of P(MePEGCA-co-HDCA) or PHDCA NPs at different peptide/NP molar ratios for 24 h at 37ºC. At the indicated time points aliquots were taken to analyze the β-sheet content by the ThT assay. Each bar represents the absolute change in fluorescence for the different time slots. The graph represents the mean ± SD (n=3) from one experiment. Results shown are representative of three independent experiments.

Figure 4 .

 4 Figure 4. CE-UV experiments. Evolution of the oligomer peak intensity as a function of time at 37°C of a 50 µM Aβ 1-42 solution alone (a) and in the presence of a 20 μM P(MePEGCA-co-HDCA) nanoparticles (b).

Figure 5 .

 5 Figure 5. Quantification of oligomer peak as function of time at 37°C of 50 µM Aβ 1-42 solution alone and in the presence of 20 μM P(MePEGCA-co-HDCA) nanoparticle suspension.

  , 50 poses of the docked PEG chain with the best docking score are visualized. As can be seen from the Figure, the PEG was preferably wound around the helix (1-25)(yellow) and interacted partially with the helix (26-42) (blue) at the turn between the helices. It interacted by the glycol oxygens either with polar (or basic) side chains of His13, Lys28, Lys16, Gln15 (hydrogen bonds) or with hydrophobic chains of Phe19, Phe20 (π-stack interactions), and Val24, Ile31, Leu34, Met35 (van der Waals interactions). To evaluate the role of PEG oxygen atoms on binding with the peptide, the alkyl PE chain was also docked to the peptide (Figure6c) for a comparison. The alkyl chain was not capable to wind around the helix (1-25) (yellow), and interacted only with terminal parts of both helices(1-25) and(26-42). The very weak binding of the alkyl chain to the peptide was also supported by a docking score, which was in a range (-1.51) -(+0.98) kcal.mol -1 going from the best pose to the 50th pose of the ligand. For a comparison, the docking score of the PEG chain ranged from (-3.68) -(-0.24) kcal.mol -1 . This clearly indicates the importance of the glycol oxygen atoms of the PEG chain for the interactions of the Aβ 1-42 peptide to the PEG chains onto the nanoparticles.

Figure 6 .

 6 Figure 6. Docking experiments. (a) The PEG chain (vdw) docked to Aβ 1-42 (surfaces). The chain interacts with both hydrophobic as well as hydrophilic residues of the peptide and forms a spiral structure. (b) The best 50 poses of the PEG chain (purple) docked to Aβ 1-42 (orange). (c) The alkyl PE chain (purple) docked to Aβ 1-42 (orange).

  changes and stabilized the peptide in its α-helical conformation. Both PEG and PE chains showed high flexibility during the simulations changing their shapes from several linear conformations wound around Aβ 1-42 into partially packed structures of different shapes resided inside the U-like or more complex shapes of Aβ 1-42 .

Figure 7 . 2 . 6 .

 726 Figure 7. Molecular dynamic simulation experiments. Changes of the secondary structure of Aβ 1-42 for the complexes (a) PEG -Aβ 1-42 and (b) PE -Aβ 1-42 during 20 ns of simulation.

Figure 8 .

 8 Figure 8. Complement activation. Quantification of complement activation products, (a) C4d, (b) Bb, (c) C5a and (d) SC5b-9, in healthy human serum after incubation of P(MePEGCA-co-HDCA) nanoparticles with or without Aβ 1-42 peptide preadsorption step. Background and positive control (Aggregated IgG or Zymosan) are presented for each product.

2. 7 .

 7 Apo E adsorption on NPs in presence of Aβ 1-42 peptideAnother point to anticipate NP behaviour after IV injection to AD patient concerns the competition between amyloid peptide and serum proteins for binding to NPs surface. Previous experiments using 2D-PAGE analysis and Western blotting evidenced the adsorption of Apo E at the surface of P(MePEGCA-co-HDCA) NPs after 20 min incubation of NPs in rat serum(Kim et al. 2007 biomacromolecules). Because Apo E is known to interact with the Aβ 1-42 peptide in vivo, its adsorption on NPs if conserved in presence of Aβ 1-42 peptide in blood could increase the peptide affinity for NPs.

Figure 9 .

 9 Figure 9. Western blot image using anti-Apo E antibody of the adsorbed plasma proteins after 20 min incubation of P(MePEGCA-co-HDCA) nanoparticles in rat serum supplemented (b) or not (a) with Aβ 1-42 peptide. The antibody recognizes specifically rat Apo E.

Aβ 1 -

 1 42 monomers and fibrils were immobilized in parallel-flow channels of a GLC sensor chip (Biorad) using amine-coupling chemistry. Briefly, after surface activation the peptide solutions (10 µM in acetate buffer pH 4.0) were injected for 5 min at a flow rate of 30 µL.min -1 , and the remaining activated groups were blocked with ethanolamine, pH 8.0. The final immobilization levels were similar, about 2500 and 3000 Resonance Units (1 RU = 1 pg protein/mm 2 ) for fibrils and monomers, respectively. Bovine serum albumin (BSA) was immobilized too, in a parallel flow channel, as a reference protein. Another reference surface was prepared in parallel using the same immobilization procedure but without addition of the peptide (naked surface). Before performing experiments with nanoparticles, we previously checked that Aβ species immobilized were binding with high affinity the anti-Aβ antibody 6E10 (data not shown). PHDCA and (P(HDCA-co-MePEGCA)) NPs were then injected at different concentrations (0.3 to 20 µM), and flowed onto the chip surfaces for 3 min at a flow rate of 30 µL/min at 30°C in PBST (Phosphate buffer saline + 0.005% Tween 20, pH 7.4). A second set of experiments (2000 RU both for fibrils and monomers) were performed using (P(HDCAco-MePEGCA)) and P(MePEGCA-co-RCA-co-HDCA) with increased contact time (10 min) to evaluate the influence of fluorescent dye on the interaction and to calculate the affinity constants.

4. 7 .

 7 Confocal Laser Scanning Microscopy experimentsObservations were made by sequential acquisition with a Zeiss LSM-510 confocal scanning laser microscope equipped with a 30 mW argon laser and 1 mW helium neon laser, using a Plan-Apochromat 63X objective lens (NA 1.40, oil immersion). Red fluorescence was observed with a long-pass 560 nm emission filter and under a 543 nm laser illumination. Green fluorescence was observed with a band-pass 505 and 550 nm emission filter and under a 488 nm laser illumination. The pinhole diameter was set at 61 µm giving an optical section thickness of 0.6 µm. Stacks of images were collected every 0.3 µm along the z axis. 12 bit numerical images were acquired with LSM 510 software version 3.2.The interaction between the polymeric nanoparticles and the Aβ 1-42 peptide was investigated by confocal laser scanning microscopy (CLSM) using HiLyte Fluor TM labeled Aβ 1-42 peptide and rhodamine-labelled P(MePEGCA-co-RCA-co-HDCA) and P(HDCA-co-RCA) NPs. The Aβ 1-42 peptide aliquots were defrost, immediately diluted with 20 mM phosphate buffer and incubated with 20 μM nanoparticle suspension to reach a final peptide concentration of 10 μM. After 12 h of incubation at 37°C, a 10 μL deposit of the sample on glass coverslips was analyzed by CLSM.

  amount of Aβ bound (P(HDCA-co-MePEGCA)) or unbound (P(HDCA-co-MePEGCA)) to undiluted serum (NPs : serum volume ratio, 1:4) in Eppendorf tubes (in triplicate) in a shaking water bath at 37 °C for 30 min. The final concentration of (P(HDCA-co-MePEGCA)) was 0.4 mg/mL of serum.Reactions were terminated by 20-fold dilution with "sample diluents" provided with assay kit supplemented with 25 mM EDTA for Bb, C4d and SC5b-9 detection, whereas a 200-fold dilution was made prior to C5a measurement. Control serum incubations contained saline (the same volume as nanoparticles) for assessing background levels of complement activation products. Zymosan (1 mg/mL, final concentration) and heat aggregated-IgG (5 mg/mL, final concentration) were used as positive controls for alternative and calcium-sensitive pathways, respectively. The level of the complement activation products was then measured by the respective ELISA kits and compared with control incubations in the absence of nanoparticles. For quantification of complement activation products, standards curves were constructed using the assigned concentration of each respective standard supplied by the manufacturer and validated. The slope, intercept and correlation coefficient of the derived best-fit line for Bb, C4d, C5a and SC5b-9 standard curves were within the manufacturer"s specified range. The efficacy of Aβ bound (P(HDCA-co-MePEGCA)) and unbound (P(HDCA-co-MePEGCA)) was established by comparison with baseline levels using paired t-test, correlations between two variables were analyzed by linear regression. The result of a typical experiment from one blood donor is presented.

  research leading to these results has received funding from the European Community"s Seventh Framework Programme (FP7/2007-2013) under agreement n°212043. The CNRS and the French Ministry of Research are also warmly acknowledged for financial support. J.K. and I.T. also acknowledge financial support from the Scientific Grant Agency of the Ministry of Education of Slovak Republic and Slovak Academy of Sciences (the project VEGA-02/0176/09).

Figure S3 .

 S3 Figure S3. CE-LIF experiments. Aggregating Aβ 1-42 peptide (50 µM) added of Thioflavin (10 µM) analyzed as a function of elapsed time.

Figure S4 . 4

 S44 Figure S4. Root-mean-square deviation (RMSD) of the Cα carbons of the Aβ 1-42 backbone between the crystal structure (PDB ID: 1IYT) and the solution structure with the PEG (red) and PE (blue) chains.

Figure 1 .

 1 Figure 1. General approach for the synthesis of selegiline-functionalized, PEGylated poly(alkyl cyanoacrylate) nanoparticles and their possible interaction with the HiLyte Fluor TM 488 labelled amyloid-β 1-42 (Aβ 1-42 ) peptide.

Figure 2 .

 2 Figure 2. Evolution with time of the average diameter and of the particle size distribution (PSD) in deionized water at 25°C of the selegiline-functionalized nanoparticles as a function of the selegiline 5 %); ■, N5 (1 %); +, N6 (5 %); ◊, N7

  ~15 mV was observed, indicating a change in the physico-chemical properties at the surface of the nanoparticles. Following this marked decrease, the zeta potential remained stable, close to values usually observed for P(MePEGCA-co-RCA-co-HDCA) nanoparticles.46 

Figure 3 .

 3 Figure 3. Evolution with time of the δ-potential values in deionized water at 25°C of selegilinefunctionalized nanoparticles as a function of the selegiline content within t ◊, N7 (7 %); x, N8 (9 %).

Figure 4 .

 4 Figure 4. Evolution of the average diameter and of the particle size distribution of selegilinefunctionalized nanoparticles N3 (•, 0.2% SelPEGCA) and N8 (x , 9% SelPEGCA) at 25°C in (A) cell culture medium and in (B) phosphate buffer saline pH 7.4 as a function of time.

Figure 5 .

 5 Figure 5. Comparative evolution of area under curve of HiLyte Fluor TM 488 labelled Aβ 1-42 peptide monomeric peak alone (blank, ▼), and in presence of non-functionalized (♦) or selegilinefunctionalized nanoparticles N3 (•) and N8 (■).

Figure 6 .

 6 Figure 6. Schematic representation describing the rearrengment of the seligiline ligands at the surface of the seligiline-functionalized nanoparticles N3 to N8.

Scheme 1 .

 1 Scheme 1. The desired multifunctional nanoparticles able to cross the Blood-Brain Barrier and tokidnap with high affinity the Aβ 1-42 peptide monomers to reduce its aggregation and toxicity.

Figure 1 .

 1 Figure 1. Scheme of the synthesis route to Rhodamine labeled (P(HDCA-co-RCA-co-MePEGCA) copolymer (a), self-assembling in nanoparticles both empty and loaded with Quantum Dots (b), Fluorescence emission of Rhodamine tagged particles in water (c) and Transmission Electron Microscopy of Quantum Dots loaded nanospheres with negative staining (d). scale bar = 100nm.

Confocal

  Laser Scanning Microscopy (CLSM) was then employed for imaging studies. Nomarsky contrast image showed a typical fibroblast shape for the cells with no morphological alteration, thus supporting the absence of cytotoxicity, and fluorescence images showed intense and fine fluorescence spots accumulated within the cells and especially around the nuclei. Under identical experimental conditions and acquisition settings, a lower amount of rhodamine dye covalently linked to the nanoparticles resulted in a decrease of fluorescent intensity. Nevertheless, by increasing the detector gain and the laser power, intense fluorescence spots appeared around cell nuclei. Therefore, tuning the amount of fluorescent dye attached to the nanoparticles together with adjusting acquisition settings allowed great flexibility regarding in vitro imaging. In the same way, QD-loaded nanoparticles are internalized within the cells and accumulate around the nuclei. Considering that poly(alkyl cyanoacrylate) nanoparticles are enzymatically biodegraded via hydrolysis of the ester functions, it was important to assess that the fluorescence signal arising from CLSM images was assigned to QDs still encapsulated into PACA nanoparticles and not to free QDs that would have precociously leaked out of PACA nanocarriers. Therefore, green-emitting QDs were encapsulated into rhodamine Btagged nanoparticles in order to separately visualize fluorescent signals coming from the two dyes.After a 24 h incubation period, an almost perfect co-localization of both signals was obtained leading us to speculate that fluorescence signals can be safely assigned to the presence of encapsulated QDs into intact poly(alkyl cyanoacrylate) nanoparticles within the cells.

Figure 2 .

 2 Figure 2. Quantification of Rhodamine labeled nanoparticles internalization within hCEMC/D3 cells at 37 and 4°C as a function of time (a), nanoparticles within a mitotic hCEMC/D3 cell displaying a characteristic intracellular trafficking (b) and in vivo visualization of NIR-QDs loaded nanoparticles (c).

  To validate this finding, equivalent amount of Antibody anti-Aβ 1-42 were incubated with the fluorescent peptide and analyzed as a function of time by CE-LIF. The results clearly indicate that the rapid capture of the monomeric peptide was observed as a reduction of monomeric peak and the formation of a bigger molecular weight species (Ab-Aβ complexes) validating our translation of the technique to the Aβ 1-42 peptide (Figure3b).

Figure 3 .

 3 Figure 3. Free Aβ 1-42 monomeric form depletion as a function of time in presence of PEGylated nanoparticles (a), free Aβ 1-42 monomeric form depletion in presence of Anti Aβ antibody and formation of Ab-Aβ 1-42 complex as a function of time (b).

Figure 4 .

 4 Figure 4. Cartoon of the hypothesized mechanism of a hydrophobic ligand reorganization onto the nanoparticles surface.

  

  

  

  

  

  

  

  

  

  

  

  

  -99 4.3.2. Liposomes Gobbi et al., reported on preparation of liposomes and SLN incorporating either phosphatidic acid (PA) or cardiolipines (CL) as a way to target the Aβ peptide. SPR investigations demonstrated that both PA/CL-containing liposomes and SLN displayed a rather high affinity (e.g., 22-60 nM) towards chip-immobilized Aβ fibrils, likely due to a multivalent interactions effect.100 
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  1 H NMR = 3.34 (s, 3H, OCH 3 ), 3.53 (s, 2H, CNCH 2 ), 3.25-3.92 (m, 172H, OCH 2 CH 2 O), 4.32 (t, 2H, J = 4.5 Hz, COOCH 2 CH 2 ). IR (neat): (cm -1 ) = 1745 (C=O), 2251 (C≡N).

  NCH 2 CH 2 NCH 2 ), 3.61 (q, 8H, J = 7.0 Hz, CH 3 CH 2 N), 3.70 (bs, 4H, CH 2 N(C=O)), 3.72 (s, 2H, CH 2 OCO), 4.25 (t, 2H, J = 6.0 Hz, CH 2 CN), 6.72 (s, 2H, H aromatic ), 6.98 (d, 2H, J = 6.98 Hz, H aromatic ), 7.18 (d, 2H, J = 9.2 Hz, H aromatic ), 7.29 (d, 1H, J = 7.6 Hz, H aromatic ), 7.60-7.78 (m, 2H, H aromatic ). 13 C NMR δ = 10.28, 23.44, 25.08, 26.21, 46.09, 63.51, 96.15, 106.57, 113.62, 113.65, 114.28, 116.05, 128.35, 130.12, 130.45, 130.79, 131.76, 134.15, 155.59, 155.97, 157.64, 163.39, 166.58, 167.24. MS (+ESI) calculated for C 34 H 46 N 5 O 4 + : 636.35; found: 636.5 ([M] ▪ ).

	Synthesis of dansyl cyanoacetate (DCA)				
								O	CN
	HN	OH	O		HN	O
	O	S	O	NC	OH	O	S	O
			DCC, DMAP, DCM/EtOAc			
	N			25 °C, 24 h	N		

1 H NMR δ = 1.31 (t, 12H, J = 7.0 Hz, CH 3 CH 2 N), 2.17 (t, 2H, J = 6.2 Hz, CH 2 CH 2 CH 2 ), 3.20 (t, 2H, NCH 2 (CH 2 ) 2 O), 3.27 (bs, 4H,

Table S1 .

 S1 Synthesis

	Expt.	RCA mol.% a	M n b g.mol -1	b M w /M n	Average particle diameter (D z ) nm	Particle size distribution c	Zeta potential (ξ) mV
	(C1, N1)	4.10	1370	1.96	115 ± 7.3	0.118	-40.6 ± 0.3
	(C2, N2)	0.85	1330	1.94	124 ± 9.9	0.106	-35.0 ± 3.4
	(C3, N3)	0.16	1400	1.99	123 ± 5.5	0.078	-30.9 ± 3.2

of Poly[hexadecyl cyanoacrylate-co-rhodamine B cyanoacrylate-comethoxypoly(ethylene glycol) cyanoacrylate] (P(HDCA-co-RCA-co-MePEGCA) Copolymers (C) and Associated Nanoparticles (N). a molar fraction in the initial cyanoacetate mixture. b determined by SEC with a calibration curve based on PMMA standards. c given by the DLS apparatus.
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Table 1 .

 1 Synthesis and Colloidal Characteristics of QDs-Loaded, PEGylated Poly(Alkyl Cyanoacrylate) Nanoparticles.

	Expt.	Copolymer	Surfactant	Quantum-dots	Average	Particle	Zeta-potential ( )
				em. (nm) Initial amount	diameter	size	(mV)
					(mol)	(nm) (D z )	a distribution	
	N0	P(HDCA-co-MePEGCA)	Pluronic	-	-	175 ± 4	0.158	-8.6 ± 0.1
	N1	P(HDCA-co-MePEGCA)	PVA	590	1 10 -9	153 ± 4	0.117	-8.8 ± 0.2
	N2	P(HDCA-co-MePEGCA)	PVA	600	5 10 -9	162 ± 3	0.102	-4.8 ± 0.4
	N3	P(HDCA-co-MePEGCA)	PVA	590	2 10 -9	158 ± 4	0.129	-6.0 ± 0.6
				560	2 10 -9			
				540	2 10 -9			
	N4	P(HDCA-co-MePEGCA)	Pluronic	840	2 10 -9	181 ± 3	0.098	-2.4 ± 0.4
	N5	P(HDCA-co-RCA-co-MePEGCA)	PVA	540	3 10 -9	171 ± 2	0.119	-16.0 ± 0.8
	N6	P(HDCA-co-MePEGCA)	PVA	620	0.6 10 -9	157 ± 7	0.039	-9.4 ± 3.4
				580	0.3 10 -9			
	N7	P(HDCA-co-MePEGCA)	PVA	620	0.6 10 -9	213 ± 6	0.132	-7.3 ± 2.5
				580	0.15 10 -9			

a Determined by the DLS apparatus.

  4,23 Dulbecco"s phosphate buffer saline (DPBS) without CaCl 2 and MgCl 2 and EMB-2 medium were purchased from Lonza. Penicillin 10,000 units-Streptomycin 10,000 μg.mL -1 , Trypsin/EDTA and Chemically Defined Lipid Concentrate were obtained from Invitrogen,

	Gibco. Pluronic F-68, hydrocortisone, Trypsine/EDTA 1X, human basic fibroblast growth factor
	(bFGF) cell culture tested, glycerol, TRIS buffer, Sodium Dodecyl Sulfate (SDS), 3',3",5',5"-
	tetrabromophenolsulfonphthalein (bromophenol blue), 1,4-dithioerythritol (DTE), acrilammide (40%),

tetramethylethylenediamine (TEMED), ammonium persulfate (APS), paraformaldehyde (PFA), CHAPS (3-[(3-Cholamidopropyl) dimethylammonio]-1-propanesulfonate), Thiourea, Urea, Glycerol, SDS, Dithiothreitol (DTT), Iodocetamide, Glycine, Tris buffer, Sypro ruby, Agarose, Bradford

  The gels were incubated for 15 min with equilibration buffer 1 (Tris pH 8.8 50 mM, Urea 6 M, Glycerol 30%, SDS 2% and DTT 10 mM) and with equilibration buffer 2 (Tris pH 8.8 50 mM, Urea 6 M, Glycerol 30%, SDS 2% and iodoacetamide 2.5%) 15 min. The second dimension were applied on 12 % polyarylamide gels at 80 V, 15 mA/gel 25 W for 15 min and 150 V, 40 mA/gel 25 W for around 2 h, per gel until the dye front reached the lower end of the gel. Fluorescence (Sypro Ruby) staining of proteins was performed with the gels and visualized with Typhoon™ 9410 Variable Mode Imager (λex: 488nm, λem: 610nm BP30 filter). The protein spots were identified by matching the gels to the sera reference map and to the gels described by Kim et al.20 

  Le but central du projet NAD a été de concevoir des nanoparticules capables de capturer les formes monomériques et oligomériques du peptide Aβ 1-42 , qui sont considérées comme les plus toxiques et l"une des principales causes de la dégénérescence neuronale. Pour étudier la capacité des nanoparticules à interagir avec ce peptide, la méthode de choix in vitro est la résonance plasmonique de surface pour laquelle, soit le peptide, soit les particules sont fixées sur la surface d"or de la puce.Cependant, notre but a été de développer une nouvelle technique capable de quantifier cette interaction

en gardant le peptide et les nanoparticules en suspension et à des concentrations peptidiques représentant mieux les conditions physiologiques. Pour y parvenir, nous avons choisi l"électrophorèse capillaire couplée avec un détecteur de fluorescence (CE-LIF). Pour la première fois, cette technique a été utilisée pour étudier l"interaction entre des nanoparticules et des macromolécules, et sera utilisée pour l"étude de toutes les nanoparticules développées dans ce projet.

  RésuméLa Maladie d'Alzheimer (MA) est une maladie neuro-dégénérative caractérisée par le dépôt extracellulaire de peptides amyloïdes β (Aβ). Durant ces dernières années, des approches prometteuses, basées sur les nanotechnologies, ont émergé pour modifier l'agrégation du peptide Aβ et réduire sa toxicité. Cette étude vise à étudier l'influence des propriétés colloïdales des nanoparticules sur l"interaction avec le peptide Aβ 1-42 (Aβ 1-42 ). L"utilisation de la technique CE-LIF a permis de montrer que des NPs biodégradables de poly(éthylène glycol)-block-polylactide (PEG-b-PLA) pouvaient interagir avec le peptide Aβ 1-42 conduisant à sa capture très rapidement. De plus, nous avons mis à jour le rôle crucial des propriétés colloïdales des nanovecteurs sur la cinétique de capture. Alors que des nanoparticules stabilisées par du cholate de sodium (donnant une taille de NPs plus petite et
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une plus forte charge négative de surface) ont donné une cinétique d'adsorption optimale, leur stabilisation par d"autres tensio-actifs ont présenté moins d'interactions. Par contre, la variation de la densité de PEG n"a semblé avoir aucune influence sur l'interaction lorsque le cholate de sodium a été utilisé pour leur préparation. Cette étude entend aider à déterminer les meilleures caractéristiques des nanoparticules pour établir des nouvelles stratégies thérapeutiques contre la MA.

Table 1 .

 1 Preparation of PEGylated, biodegradable nanoparticles with various colloidal properties.

	Nanoparticles	PEG-b-PLA a :PLA b	Surfactant c	S d	PEG distance e
		wt./wt.		nm 2	nm
	N1	100:0	PVA (30-70 kDa)	0.60	0.78
	N2	100:0	Pluronic F-68	0.83	0.91
	N3	100:0	Sodium Cholate	1.39	1.18
	N4	66:34	Sodium Cholate	2.10	1.45
	N5	3:97	Sodium Cholate	46.3	6.81
	N6	0:100	Sodium Cholate	0	0
	a PLA-b-PEG block copolymers were synthesized by ring opening polymerization. To a solution of
	methoxypoly(ethylene glycol) (M n = 2000 g.mol -1 , 500 mg, 0.24 mmol) in 5.2 mL of anhydrous toluene,
	was added D,L-lactide (2.43 g, 16.9 mmol) and Sn(Oct)		

2

(5.4 µL, 16.5 µmol)

. The reaction mixture was degassed by bubbling nitrogen for 30 min and then stirred in a pre-heated oil bath at 115°C for

Table 1 .

 1 1-42 peptide with PEG and NPs with various size, surface charge and Physico-Chemical Properties of the Nanoparticles Used in CE-LIF Experiments.

	Sample	P(HDCA)	P(MePEGCA-co-RCA-	PLA	PLA-PEG
			co-HDCA)		
	Mean diameter (nm)	160	124	105	110
	Polydispersity index	0.14	0.11	0.22	0.21
	Zeta-potential (mV)	-26 ± 7	-35 ± 3	-10 ± 4	-15 ± 5
	PEG-distance (nm)	-	1.21	-	0.91

composition (Tab. 1) was investigated by complementary techniques i.e. CE-LIF/UV, surface plasmon resonance (SPR), thioflavine T assay, confocal laser scanning microscopy (CLSM) and molecular modelling.

  1-42 peptide and the nanoparticles, HiLyte Fluor TM labeled Aβ 1-42 peptide stock solution were diluted in 20 mM phosphate buffer (NaH 2 PO 4 ) at pH 7.4 containing a 20 µM PEG solution or P(MePEGCA-co-RCA-co-HDCA), PHDCA, PEG-PLA or PLA nanoparticle suspension to obtain final peptide concentrations of 5 µM.

  maladie d'Alzheimer (MA) est une affection neuro-dégénérative pour laquelle la recherche de nouveaux traitements est très compétitive. Puisque la fibrillogénèse du peptide amyloïde 1-42 (Aβ 1- 42 ) est considérée comme une cause majeure de la dégénérescence neuronale, un intérêt particulier a été porté sur les molécules aromatiques permettant de cibler ce peptide. Ce papier décrit la synthèse de nanoparticules fluorescentes de poly-(cyanoacrylate d'alkyle) fonctionnalisées avec la sélégiline et leur évaluation pour le ciblage du peptide Aβ 1-42 . La stratégie de synthèse utilisée s'appuie sur la conception de copolymères amphiphiles à base de cyanoacétates par la méthode tandem de Knoevenagel-addition de Michael, suivie par leur auto-assemblage en solution aqueuse. Les différents cyanoacetates utilisés sont: (i) le cyanoacétate hexadécyle pour former le noyau hydrophobe de la NP,

	(ii) la rhodamine B cyanoacétate apportant les propriétés fluorescentes, (iii) le méthoxypoly-(éthylène
	glycol) cyanoacétate (MePEGCA) pour les propriétés furtives et (iv) la sélégiline-poly (éthylène
	glycol) cyanoacétate (SelPEGCA) pour obtenir la fonctionnalité désirée. Deux copolymères
	amphiphiles différents ont été synthétisés, un copolymère containant la sélégiline, P(MePEGCA-co-
	SelPEGCA-co-HDCA), et un autre marqué à la rhodamine, P(MePEGCA-co-RCA-co-HDCA). Ces
	copolymères ont été mélangés avec différents ratios pour ajuster la quantité de sélégiline présente à la
	surface des NPs.
	Les formulations optimales contenant les différents copolymères amphiphiles ont été
	déterminées par l'étude des caractéristiques colloïdales des NPs. De façon intéressante, il a été
	démontré que le potentiel zêta des nanoparticules fonctionnalisées avec la sélégiline est
	considérablement diminué, soulignant une modification significative de la charge de surface des
	nanoparticules. L'électrophorèse capillaire a ensuite été utilisée pour tester la capacité des NPs à
	interagir avec le peptide Aβ 1-42 . En comparaison avec les NPs non fonctionnalisées, aucune
	augmentation de l'interaction avce la forme monomérique du peptide n"a été observée, soulignant ainsi
	le manque de disponibilité du ligand à la surface des nanoparticules. Pour expliquer ce résultat, un
	mécanisme, principalement basé sur l'enterrement du ligand hydrophobe, sélégiline, dans le coeur des
	nanoparticules, a été proposé.

  copolymers were obtained by tandem Knoevenagel-Michael addition of cyanoacetate.44,46 NaH 2 PO 4 (>99%) was purchased from Merck & Co (Fontenay-sous-Bois, France). Na 2 HPO 4 (>98%) was obtained from Prolabo (Strasbourg, France). Pluronic F-68 (99%), sodium carbonate (Na 2CO 3, 

	BioUltra, minimum 99.5%) and sodium dodecyl sulfate (SDS, 99%), R-(-)-Deprenyl hydrochloride
	(selegiline, ≥98%), N-dicyclohexylcarbodiimide (DCC, Fluka, ≥99% GC), 4-dimethylaminopyridine
	(DMAP, 99%), formaldehyde solution (37 wt. % in water, contains 10-15% methanol as stabilizer),
	pyrrolidine (99% GC, T), copper sulphate pentahydrate (CuSO 4 •5H 2 O, ≥98%), (+)-sodium L-ascorbate
	(crystalline, 98%), ethylene-diaminetetraacetic acid tetrasodium salt hydrate (EDTA, practical grade
	~95%) were purchased from Sigma-Aldrich (St. Quentin Fallavier, France). Sodium hydroxide
	(NaOH) solution (1 M) was obtained from VWR (Fontenay-sous Bois, France). All solvents were
	purchased at the highest grade from Carlo Erba (Val de Reuil, France). Deuterated chloroform (CDCl 3 ,
	≥99.8 atom% D) and dimethyl sulfoxide (DMSO-d 6 , ≥99.8 atom% D) were obtained from Sigma
	Aldrich and used as received.
	2.1. Materials
	Azidopoly(ethylene glycol) cyanoacetate (N 3 PEGCA, M n = 2 kDa), methoxypoly(ethylene
	glycol) cyanoacetate (MePEGCA, M n = 2 kDa) and hexadecyl cyanoacetate (HDCA) were obtained
	from already published synthetic procedures. 44 Poly[hexadecyl cyanoacrylate-co-rhodamine B

cyanoacrylate-co-methoxypoly(ethylene glycol) cyanoacrylate] (P(HDCA-co-RCA-co-MePEGCA), C1) copolymer containing 5% rhodamine cyanoacetate (with respect to HDCA monomer) and poly[hexadecyl cyanoacrylate-co-azidopoly(ethylene glycol) cyanoacrylate] P(HDCA-co-N 3 PEGCA) Lyophilized HiLyte Fluor TM 488 labelled amyloid-1-42 (Aβ 1-42 ) peptide was provided by ANASPEC (Le Perray en Yvelines, France). Spectra/Por dialysis bags (2 kDa molecular weight cut off) were purchased from Spectrum Laboratories Inc. and used after washing in deionized water for 1 h.

  t BuOH was then removed under reduced pressure and the aqueous solution was diluted with 1 mL of a 1M EDTA aqueous solution and extensively dialyzed against deionized water using a 2 kDa dialysis bags. After dialysis, water was removed under reduced pressure and the product, dissolved in DCM, was dried over MgSO 4. After removal of the solvent, the pure product was obtained as a slightly brown powder with 75% yield.

1 H NMR (298 K, CDCl 3 ) δ (ppm): 1.13 (d, 3H, J = 5.5 Hz), 2.55 (br s, 3H), 3.35-3.94 (m, 188H), 4.20 (s, 2H), 4.57 (t, 2H, J = 5.1 Hz), 7.19-7.35 (m, 5H), 8.06 (s, 1H).

  Dans cette deuxième partie du projet, un nouveau protocole permettant de suivre et de quantifier l"interaction des nanoparticules de polymères et le peptide Aβ1-42 a été décrit. Des techniques d"analyse de routine ont été utilisés afin de valider l"approche choisie et plusieurs types de nanoparticules ont été conçues et criblés. Des résultats convergents ont suggèré le rôle central du PEG à la surface des nanoparticules dans l"interaction avec le peptide et les résultats d"expériences in silico éclaircissent la base moléculaire de cette interaction. Un premier exemple de nanoparticule fonctionnalisée avec une molécule ayant une grande affinité pour le peptide Aβ a été réalisé et caractérisé.

L"étape suivante sera l"évaluation de la capacité à capturer le peptide Aβ par des nanoparticules fonctionnalisées avec des molécules, ayant une grande affinité pour ce dernier. Notre attention se portera particulièrement sur un anticorps monoclonal dirigé contre le peptide et synthétisé par un partenaire du consortium Européen. Enfin, les meilleures particules seront sélectionnées et utilisées pour des expériences in vivo.
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The hydrophobic nature of selegiline and/or possible hydrophobic interaction between selegiline moieties could conduct to PEG loops with selegiline extremities, either buried in the hydrophobic PHDCA core and/or stuck to each other by hydrophobic interactions (Figure 4).

To overcome this problem and to have particles with the highest possible affinity for the peptide, other nanoparticles functionalized with curcumine derivatives and especially with humanized monoclonal antibody anti-Aβ 1-42 are now in production.
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drugs for amyloidogenic pathology treatment but also for the detection of β Amyloid peptide from CSF to propose an early diagnosis of AD.
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Polyethylene Glycol at the surface of nanocarriers alters Aβ peptide conformation: toward a nanomedicine for Alzheimer"s disease

Paper in finalization

Davide Brambilla 1 , Romain Verpillot 1 ,Benjamin Le Droumaguet 1 , Myriam Taverna 1 , Julien Nicolas 1 , Juraj Kóňa 2 , S. Hossein Hashemi 3 , Barbara Lettiero 3 , Line De Kimpe 4 , Marco Gobbi 5 , Valérie Nicolas 6 , Wiep Scheper 4 , S. Moein Moghimi 3 , Igor Tvaroška 2 most toxic forms and revealed the pivotal role of PEG chains regarding this binding. In silico experiments indicated that PEG, widely employed to cloak nanocarriers, can interact with both hydrophobic and hydrophilic residues of the peptide, thus leading to its conformational change widely believed to trigger its aggregation at the nanoparticle surface. Complement activation and Apo E adsorption by these NPs when preadsorbed with Aβ 1-42 peptide are not modified suggesting that these NPs, acting as LDL-like particles, might capture the peptide soluble forms in blood and increase its clearance from blood and brain thanks to the so called "sink effect". All the results suggest that P(HDCA-co-MePEGCA) NPs are a promising nanomedicine against Alzheimer"s disease.

Experimental section

Materials

PLA homopolymer and PLA-b-PEG block copolymers were synthesized by ring opening polymerization. 36 To a solution of methoxypoly(ethylene glycol) (M n = 2000 g.mol -1 , 500 mg, 0.24 mmol) in 5.2 mL of anhydrous toluene, was added D,L-lactide (2.43 g, 16.9 mmol) and Sn(Oct) 2 (5.4 µL, 16.5 µmol). The reaction mixture was degassed by bubbling nitrogen for 30 min and then stirred in a pre-heated oil bath at 115°C for 5.5 h. The toluene was removed under reduced pressure and the obtained product was dissolved into a minimum amount of THF and further precipitated twice in water and subsequently freeze-dried overnight to yield a white powder (conversion = 93%, m = 1.7 g, M n , NMR = 12200 g.mol -1 , M n,SEC = 12400 g.mol -1 ; M w /M n = 1.12 

Nanoparticle preparation

Fluorescent and non-fluorescent PACA nanoparticles were prepared using P(MePEGCA-co-RCA-co-HDCA), P(MePEGCA-co-HDCA) copolymers, P(HDCA-co-RCA) and P(HDCA) homopolymer according to protocols recently published by our group. 37 The (co)polymer (10 mg) was dissolved in acetone (2 mL) and this solution was added dropwise to an aqueous solution 0.5 % (w/v) of Pluronic F68 (4 mL) under vigorous mechanical stirring. A milky suspension was observed almost instantaneously. Acetone was then evaporated under reduced pressure and nanoparticles were purified by ultracentrifugation (150,000 g, 1 h, 4°C, Beckman Coulter, Inc.).

The supernatant was discarded and the pellet was resuspended in the appropriate volume of deionized water to yield a 2.5 mg.mL -1 nanoparticle suspension.

PLA and PLA-PEG nanoparticles were prepared as follow: 10 mg of polymers powder was dissolved in 4 mL of Dichloromethane and added to 10 mL of an aqueous solution 1% (w/v) of Pluronic F68.

The resulting sample was physically mixed for 1 min and sonicated with a sonicator probe for 10 min (300 W). The organic solvent is then evaporated at room pressure and temperature under magnetic stirring and nanoparticles were purified by ultracentrifugation 20,000 g 20 min at 4°C. The supernatant was discarded and the pellet was resuspended in the appropriate volume of deionized water to yield a 2.5 mg.mL -1 nanoparticle suspension.

Nanoparticle characterization

The nanoparticle diameter (D z ) was measured by dynamic light scattering (DLS) with a Nano ZS from Malvern (173° scattering angle) at 25°C. The nanoparticle stability as a function of time using DLS measurements has been verified during their incubation at 37°C in the buffer employed for capillary electrophoresis experiments. The nanoparticle surface charge was investigated by δ-potential measurement at 25°C after dilution with 1 mM NaCl solution applying the Smoluchowski equation and using the same apparatus. The PEG chains density at the surface of PLA and PACA nanoparticles were obtained by previous paper. 29,31 All the values are presented in the table 1.

Capillary electrophoresis experiments

CE was performed on PA 800 instrument (Beckman Coulter, Roissy, France) using uncoated silica capillaries (Phymep, Paris) with an internal diameter of 50 µm and 50 cm total length (40 cm effective length was employed for the separation). All buffers were prepared with deionized water and were filtered through a 0.22 μm membrane (VWR) before use. Before analysis, the capillaries were preconditioned by the following rinsing sequence: 0.1 M NaOH for 5 min, 1 M NaOH for 5 min and then deionised water for 5 min. The in-between-runs rinsing cycles were carried out by pumping sequentially through the capillary: water for 5 min, 50 mM SDS for 2 min (to inhibit the aggregation and subsequent peptide adsorption on the capillary wall), 38 Benjamin Le Droumaguet, 1,¥ Hayfa Souguir, 1,¥ Davide Brambilla, 1 Romain Verpillot, 1 Julien Nicolas, 1 Myriam Taverna, 1 Patrick Couvreur 1 and Karine Andrieux Optimal formulations involving the different amphiphilic copolymers were determined by the study of the NP colloidal characteristics. Interestingly, it was shown that the zeta potential value of the selegiline-functionalized nanoparticles dramatically decreased, thus emphasizing a significant modification in the surface charge of the nanoparticles. Capillary electrophoresis has then been used to test the ability of the selegiline-functionalized NPs to interact with the Aβ 1-42 peptide. In comparison with non functionalized NPs, no increase of the interaction between these functionalized NPs and the monomeric form of the Aβ 1-42 peptide was observed, thus highlighting the lack of availability of the ligand at the surface of the nanoparticles. A mechanism explaining this result has been proposed and was mainly based on the burial of the hydrophobic selegiline ligand within the nanoparticles core.

Capillary electrophoresis

Capillary electrophoresis (CE) was performed on a PA 800 instrument (Beckman Coulter, Roissy, France) using uncoated silica capillaries (Phymep, Paris) with an internal diameter of 50 µm and 50 cm total length (40 cm effective length was employed for the separation). All buffers were prepared with deionized water and were filtered through a 0.22 µm membrane (VWR) before use.

Prior analysis, the capillaries were preconditioned by the following rinsing sequence: 0.1 M NaOH for Neutralized selegiline was extracted with diethylether (3 × 15 mL). The joined organic fractions were dried over MgSO 4 , filtered off and the solvent was removed under reduced pressure to give the desired product as a colourless oil in a quantitative yield. 

Nanoparticles preparation

A typical procedure for the preparation of selegiline-functionalized nanoparticles (Table 1,

N6

) is as follows. 5 mg of 10% selegiline-functionalized P(MePEGCA-co-SelPEGCA-co-HDCA) copolymer and 5 mg of P(MePEGCA-co-RCA-co-HDCA) copolymer were dissolved in 2 mL of acetone. This solution was added dropwise to an aqueous solution of 0.5 % (w/v) of Pluronic F-68 (4 mL) under vigorous stirring. Nanoparticle suspension formed immediately. Acetone was then removed under reduced pressure and the nanoparticles were purified by ultracentrifugation (150 000 g, 1 h, 4 °C, Beckman Coulter, Inc.). The supernatant was discarded and the pellet was resuspended in the appropriate volume of deionized water to yield a 2.5 mg.mL -1 nanoparticle suspension. The colloidal characteristics of the nanoparticles were then analyzed by DLS and zeta potential measurement.

Peptide samples preparation and storage

Lyophilized HiLyte Fluor TM 488 labelled Aβ 1-42 peptide was dissolved in 0.16% (w/v) of ammonium hydroxide aqueous solution to reach a concentration of 0.5 mg.mL -1 . The peptide solution was then divided into aliquots, individually stored at -20 °C freshly thawed prior analysis.

Nanoparticles interaction with monomeric Aβ 1-42

To study the interaction between the monomeric form of the fluorescent Aβ 

ABSTRACT

The proof of concept of an original nanotechnology-based theranostic approach for Alzheimer"s disease has been explored. Novel fluorescently tagged nanoparticles have been designed and employed for internalization and transcytosis studies across a recently developed human in vitro blood-brain barrier model. A small library of polymeric nanoparticles have been designed and their ability to capture the Amyloid β 1-42 peptide, considered one of the causes of the Alzheimer"s disease, has been investigated and quantified using an on purpose designed method.

KEYWORDS:

Poly(alkyl cyanocrylate) nanoparticles, Alzheimer"s disease, blood-brain barrier, β-amyloid peptide. 

RÉSUMÉ