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General introduction

Recent statistics indicate tha® million people worldwide are affected by dementia with 4.6
million new cases per yegone new case every 7 seconds)Europethere are 5 million cases of
dementia, 3 million of whiclare classified as Alzheimer's disease (ABiken the continuing increase
in life expectancy, these numbers apsgected to rise dramaticallin 204Q cases are expected to
double in Western Eurepand to triple in Eastern Europ®espite great progressin research
Al zhei mer6s disease etiology remains a big que:
modern medicine.

A majorlimitation to the development of active dragainstCentral Nervous Syem (CNS)
relateddiseases is represented by the Bi8odin Barrier (BBB) a formidable gatekeeper in the body
towards exogenous substances. Generally, pharmaceuticals including most small molecules do not
cross the BBBTherefore, an ideal desé for treatmenof AD should provide two main propertie$) (
be able to cross the BBB arid) to exert a beneficial effect by inhilsig the AD pathogenesis.

In this view, a original solution could arise from nanotechnadsgindeed, during the last
decadesnanotechnology applied to medicine, refereed as nanomedicine, showed interesting results for
the treatment of numerous severe diseases leading tievktopment andommercialization ofnore
efficientdrugs.

This PhD thesis has been performedhia framework ofie NAD (Nanopatrticles for therapy
and diagnosis of Alzheimer's diseagg@)ropean researchrgject aiming to develop nanoparlate
systems for thaliagnosis andhe therapyof Alzheimer'sdisease The research ifoundedby the
EuropeanUnion's 7 Framework Program and includes 19 European research cef@mst
agreement no: CRP 2120432 NAD). Prof. M. Masserinifrom University of MilaneBicocca is the
scientific coordinator of the project.

The goal of tfs studywas to create nanaypticlate systemsable to cross th8BB in orderto
reach the brairthe main site of AD, and to capture the Amyloid peptide, especi@illy.Apecie, 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 noveh vitro BBB model (provided by P.O. Couraud, Institut Cochin) and to
study the interaction between the polymeric nanoparticleghendf, 4, 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 obtairgparticles have been screemeditro for their ability to capture the peptide.



General introduction

This thesis is idided in two mairparts
The first introducing part is a published bibliographic review on the recent advances of
nanotechnologypased approaches for théaghosis and therapy oAlzheime6 s d,vitle as e
particular focus on the mostriking reports and developments in the field.

The second part concerned the experimembak and is divided into twohapters:

- The first chapter describes, im¢esectons in the form of articleswWo werepublished and onis in
preparation), the design of fluorescertthigggedPACA nanoparticles for cell imaging and the fine
evaluation of their endocytosis and trancytosis across a novel homwitio BBB model.

- Thesecond chaptattepicts in four sections in the form of articlesh(eewerepublished andneis
about to be submitt@dthe design and application of a novel technique to stugitro the interaction
bet ween nanop arpeptidelaedsthe a@avalopniett of pdlyineric nanoparticles with
affinity for the peptide thagavei nt er est i nigdnapges ul t s as AD

10
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Résumeé

La Mal adie doéAl zhei mer (MA) repr®sente | a fol
million de personnes. Loavanc®e que connunit | e
impact enneurologie. Les approches résultantes, souvent baséescsartac e pt i on et | 6i n
nanoparticules ayant une grande spécificité poucddlsles endothéliales des capillaires cérébraux,
sont actuell ement ®tudi ®es pour | e diagnostic p
plus, des nanopartices avec une grande affinité pour le peptide amylbipeurrait induire un effet
sink» etainsi diminuer les effetde la maladie. Il ya aussidesdéveloppementpour le diagnostiin
vitro qui utilise aussi bien des nanoparticulesode barre> ultrasensibles, des immunosenseurs ou
encore de la microscopie a effet tunnel pour détecter les peptitles; &t AB, ; 4 Lependant, des
effets ind®sirabl es p e u v ennanoparfryes retadelé deenandeupar I
conséquent de travailler avec des nanoobjets assemblés a partir de matériaux biocompatibles. Les

avanceées clés et les aspects toxicologiques sontméasentést discutés.

Abstract

Al zhei mer 6s di $s¢hamost cdmién)fornm of gementsa evorldwide, affecting
more than 35 million people. Advances in nanotechnology are beginning to exert a significant impact
in neurology. These approaches, which are often based on the design and engineering of afplethora o
nanoparticulate entities with high specificity for brain capillary endothelial cells, are currently being
applied to early AD diagnosis and treatment. In addition, nanoparticles with high affinity for the
circulating amyloidb f or ms maipkeffetd d wmae @ mprove AD conditio
developments in relation tm vitro diagnostics for AD, which includes ultrasensitive nanoparticle
based biebarcode, immunosensors as well as scanning tunneling microscopy procedures capable of
detecting A:: and AB;; 4 However, there are concerns regarding the initiation of possible
nanoparticlemediated adverse events in AD, thus demanding the use of precisely assembled
nanoconstructs from biocompatible materidiey advances and safety issues are reuiewed

discussed.

Keywords

Al zhei mer 6s di sease, nanotechnol.ogy, nanoparticl
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1. Introduction

Al zhei mer 6s disease (AD) is a devastating ne
form of dementia among people over the aje65 years. This neuropathological condition is
characterized by a progsége loss of cognitive functiomvith two established pathophysiological
hallmarks in the brain. These include extracellular accumulations mainly composed of émyldidA b )
peptide élso referred to as senile plaques) and intracellular neurofibrillar tangles of
hyper phosphor!'¥ddaytmilidns oF pgoplecate affectlst this neuropathology, posing
a heavy economic and social burden. It is predicted that in the nexetasats, 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 ik even more pronounced. Therefore, strategies for early detection as well
as treatment of AD ar@mongthe most challenging and timely areas in modern medicine.

The bloodbrain barrier (BBB) is a formidable gatekeeper in the body towards exogenous
subsancesthamai nt ai ns t he chemical composition of the
neuronal circuits and synaptic transmission. This barrier is formed at the level of the endothelial cells
of the cerebral capillaries and essentially cosgsthe 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 BB.? During the past decadeuimerous attemptsave focusean this pivotal problem by
designing different strategies that aids drug passage across the BBB. Among these, nanotechnology
based strategies have gained tremendous importance a®ktmeeiare @pable 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®*

A crucial chdlengethat is receiving increasing attentito develop nanotechnolodgpased
appraches for early diagnosis of ARarly diagnosis could provide opportunities to treat patients at
risk of AD development, thereby preventing the onset of irreversibl@naudamages. 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 braiereakothers have
focused on the use of nanoconsts to combathe toxicity of amyloid clusters by promoting their
clearance or by altering their aggregation kinetics both in the brain and in the blood. predigdesral
treatment with mol ecul es that havbe ihni ghheafbfrianint y

t heinkeffe@. Thi s approach c¢an fNPsexHbiimg higheaffiretyf fort wi t h

15
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Ab, where sequestered plasma Ab will be routed
This approach could potentially reduce or prevent brain amyloidosisould also be emphasized that
nanoparticles can be introduced into the body thradifflerent routes of administration. Notably,
someefforts suggesthat orally delivered NPsan improve bioavailability of certain drugs used in

AD. Accordingly, this article discusses current staft¢he-art nanotechnologpased approaches for

AD diagnoss and therapy with a particular focus on the most significant recent reports and

developments in the field.

2. Imaging-based nanotechnologies for AD diagnosis

Early diagnosis in AD i(e., before clinical symptomsnanifes} is crucial in preventing
irreversible neuronal damages leading to demeBgaausahe examination of living human brain is
limited and invasive, the development of strategies to detect AD in its earlier satiesefore
essential Sinceit was commonly accepted by the scientificnumunity that the formation of senile
plagues precedes the neurofibrillar degeneration, the majority of efforts are concentrated either
towards detection and identification of amyloid plagues by magnetic resonance imaging (MRI) using

NPsdoped with contrasagents gralternatively by NPstagged with fluorescent probes.

2.1. Iron oxide NPs

Magnetic iron oxide NPs have gained much intetestause ottheir high surface area,
magnetic properties and limited toxicity. They have already been approved Bysthaod and Drug
Administration (FDA) as MRI contrast agents in liver imaging.

The synthesis of monocrystalline iron oxide NPs (MION) covalently tethered tdNthe
t er mi nu;5 peptide tWdugh amide coupling and their development for the concomitant
targeting and imaging of senile plaques has been repoifégse MRI agents, by means of
l ongi tudi nal e MRI , were able to recogniae with
precursor protein (APP) and APP/PS1 transgenic mice whenjamed 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 questionabl&édomnan testing.

A novel met hod for t1.h fbrilsshasl been tepovtesl with @ither konn g o f
fluorescent, fluorescent rhodamitegged or Congo reenc ap s ul at eFd0O; MRsgevent i ¢ O

under competitive conditiong.@, in the presereof human serum albumin). Moreover, these studies

16
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described the ability of iron oxide NPs to read

by the simple use of an external magnetic fiéld.

Figure 1.(A)Ab pl aques dviva RItafeedinjeatiort ohMI@MNX b4, with mannitol. Ex

vivo T,-weighted SE coronal pMRI images showrsianth old control angb) APP-transgenic mouse
brain.(c)Many OMRI | esi ons mat ch e dledbpimmAumohigtdclzenistrg.s ( ar |
(d)High-power microscopic visualization of the amil c
antibody (brown color) and a Mallory stain for iron (azure color, black arrow), demonstrated the
colocalizati on o &s. Adap@dfrom Wadghiri &thalwihl paroission of John

Wiley and Sons.

2.2. PE154 ljeterodimeric acetylcholinesterasenhibitor)

Beyond the welknown beneficial effects of acetylcholinesterase (AChE) for the treatment of
AD symptoms (see section 3,1¢cent studies have conferred to this enzyme additionaklassical
functions, i ncluding i nMereoeer itsi structsrallyelatedinhilitdre A b
PE154 was also shown to act as a fdsbraimsampeent pr
from both AD mimicking triple transgenic mice and husaith AD.* This molecule, however,
could not penetrate the BBB.o overcome this limitation, Hartig et al., developed carboxylated
poly(glycidyl methacrylate) (PGMA)RNd coreshell polystyreneblock-poly(n-butyl cyanoacrylate)
(PSb-PnBCA) NPshboth loadedwith PE154and demonstrated theirin abilit
vivo (Figure 2).Although NPs were injected in the hippocampus, this study provided theqiroof
principle regarding the ADb targeting by wusing a

17
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in vivo' The authors ween considered the possibility of developpitite so-called theranostic
approach for ADi(e., a strategy combining both therapeutic and diagnostic approaches wathgiea

nanodevice).

HL66-rhodamine HL66-PE154
4h in vivo 4h in vivo

Figure 22.Concomitantly visualized inject-amyl ositd e( Aobf)
contaning deposits as the quickly reached target for PE154 released by the nanocarriers in the
hippocampus of a ZMonthold triple transgenic mouse(A) Re d pbuorescence of
encapsulated in PGMA nanopites (HL66) 4 h post injectiolPE154is visible both nanoparticle

associated at the injection site and attadho plaquel i ke structures (A6). Suct
(A6 06) -immunbpesitive by CyStaining, colousc oded i n bl ue. By merging
plagues labeled both by PE154 and Cy5 appear white, and the injection site is marked icgieifow

resulting from the allocated red and green fluorescent labels of HL66. Scaléd@apm Reprinted

1

from Hartig et al.,” with permission of John Wiley and Sons.
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2.3. Thioflavin T

Thioflavin T (ThT) is a molecule capable of recognizing h e e t Sstructures re
aggregates botim vitro andin vivo. A recent attempt described the encapsulation of ThT intb-PS
PPBCA NPs, its release into the brain after intr.

thereby showing che visualization of amyloid aggregat®s.

2.4. Quantum dotsAb complex

Fluorescent semiconductor nanocrystals (quantum dots, QDs) have evolved over the past
decade as highly useful fluorescent probes for biological labeling and diagnostics. QD fealudes in
long-term photostability and physiathemical stability, nanscale size,sizd ependent ®emi ssi o
Tokuraku et al., designed poly(ethylene glycol) (PEIE}c r oss| i nked Ab peptic
monitor and to quantitatively describe the formatidnfibrils and oligomers in solution and in a
cellular system. This approach allowed #tiedy of theAb pept i de aggregation ki
be used to follow thén vivo peptide aggregatiolf. Regardingthe latter task, the authors have
considered the functionalization of these nanoassemblies with agpeoligands such as transferrin

for BBB crossing purposes.

2.5. Gold NPs

Gold NPs(Au NPs)al so represent an inter esdgregatpn t ool
kinetics. Choi et al., described the synthesis of heterodimeric NPs consisting of a cobalt(ll) magnetic
core and a platinum shell directly fusedmAu NPs, and stabilized by lipoic agREG coating® The
terminal carboxyl groups of the PEGhains enabled covalent binding with lysiresidues of
neutravidinat the surface of thePs The Co@P#u nanoasemblies presentachigh magnetization
value B3 emu.d (Co) at 3 T, making them appropriate foF2-weighted spin echo magnetic
resonance easurements. The MRI measurements of Ce@PNeutravidinNPs samples mixed with
an increasing amaggypedtdedshowedicantrastchahgestgevelneddy the peptide
concentration. The results clearly showed that these NPs can be used imdgRg to monitor key
structur al sassangply.sin parficulaf B signiécant change in MRhsigl s dur i ng £
selfaggregatiothatc or r esponds to the detection of ADbD pr of
stages of aggregati was observed. This methodology might also be important for the screening of

A b aggtegating or disaggregating molecufes.

19
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However, several important parameters should be considered before a viable application is
foreseen. Indeed, the intringit vitro/in vivo cytotoxicity of the employed materials used to prepare
the NPs should be thoroughly evaluatiedfore further investigations. The feasibility of these

approaches will further depend on developments that do not depend on invasive procedures.

3. 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.ide,pract
two approaches are availabpeot giin arhde Afrasanea
cerebrospinal fluid (CSF) or plasthd® and (ii) the detection of suspected pathogenic biomarkers,
such as t he hy-preteinpahdotisb Fleivey diffusibke dgands (ADDLs, which are
solubl e oligomers). The first strapegyeins &aadpdé
markers in biological fluids of healthy and AD subjects, and lead to inconclusive résitiesieas the
second, hough 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 desation
been proposed by Georganopoulou et al., who developed an ultrasensitioadeBshiebarcode
capable of detecting AD soluble biomarkers in CSF. The key feature of the system relied on the
i solation of antigens ( Ag) nbolingmiéganackeotide (DNA A s an
barcode) modified Au NPs and magnetic microparticles (MMPSs), both functionalized with monoclonal
or polyclonal antibodies specific to the ADDLs. Practically, an excess of Au NPs and MMPs (when
compared to the ADDLs concenti@t) 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 doghianded DNA were isolated and easily mfifeed
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 ADRtssubfemtomolar concentrations, thus

improving the ELISA test sensitivity by 6 orders of magnittfde.
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Figure 3. (A)IMMPs functionalized wlit mAbs recognize and bind ADDLEhe ADDLs are then
sandwiched with an NP probe, modifiaith doublestranded DNA and an ariDDL pAb. After
repeated washing while using a magnet to immobilize the MMPs, a dehybridization step releases
hundreds of barcode DNA strands for each antiggmling event(B) Schematic representation of
scanometric dtection. 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 DN#ylanidized to the

captured barcode strands. The signal is enhanced by using silver amplification.

Anot her interesting procedure for ADb detecti ¢
an electrochemical sensing protocol based on sacchaitiein nteractions. Alkynderminated self
assembled monolayers (SAM) were formed at the surface oNRsielectrodeposited on screen
printed carbon strips and subsequently reacted with dzidehct i onal i zed si al i c

chemistry”? The densely packedsa | i ¢ aci d domains wer asaadslltef t o c a
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specific interactions and the method enabled the detection df mob e | e d A b-micdcammelar t o s u
concentration. Importantly, the detection threshold of this technique was signyfitewtdred as
comparedwith other techniques and thus represents an interesting step towards the development of a
novel biomarker screening methodoldgy.

The development of ultrasensitive immunosensors based on surface plasmon resonance (SPR)

f o r 14Adptide detection has also been reported. The procedure exploited the use of -Au NPs
antibody fragment (f Ab) c 0 myih thexemlsancamerit ef the 8PRr ec o g
signal . f Ab abl e t o-anylpidwas dncharedlatithy faoe ef AwNPeandthe t he b
A Becontaining sample was flowed onto the chip. This was followed by a suspension of AAMNPs

leading to plasmon signal generation. The procedure presented a linear correlation with the peptide
concentration in & orders of magnitdeand increased the detection limit from 10 nghtb 1 fgmL*,

when compared to a system on a bare gold subétrate.

A parallel approach has recently been proposed by Kang et al., who developed an
ultrasensitive el ect n4 wsimd scadreny &enelingomicrosnepy (6oM). f or
Experimentally, a monocl onal ant i h.ovdsyimmpbitized ) f r ag
onto a gold surface. Then, the sample containing the target biomolecule was deposited onte the mAb
functionalized surface, leading to its capture. Subsequently, Au -MBs complex (also
i mmunoreactive against the target) was -lriekaecot e d
structures. The resulting chip was finally analyzed by STM. It was shown that theesdensity of
the Au NPscorrelated with the number of )b i ndi ng events and that a ¢

was achievabldown 10 fgmL'? (Figure 4)®
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Figure 4. STM topography and current profile of biosurface (A): bare Aui@®pg.mL* Aby; 4, (b)
and 1eg.mL* Aby 4, (c). (B) Power spectra of the current profiles acquired in STM images: bare Au
(a), 10fg.mL* (b), 1pg.mL* (c), 100pg.mL* (d), 10ng.mL* (e) and 1eg.mL* (f) of Aby 4, (inset:
calibration curve from the poer spectra of the current profiles}eprinted from Kang et a,with

permission of Elsevier.

Haes et al., designed ladalized LSPRhanosensor to detect ADDLs as a potential biomarker
for AD.?*%" The signal transduction mechanism of the LSPR nasoseves based on its sensitivity to
local refractive index changes near the surfaces of substrate confinedargizehapeontrolled,
noble metals (Au, Ag) NP&.Sandwich architectures were prepared by synthesis and immobilization
of surfaceconfined Agnanotriangles onto a mica surface using nanosphere lithography. Téelh, a
assembled monolayeconsisting of a mixed monolayer tfoctanethiolfor passivation of the NPs
towards non specific binding and -biercaptoundecanoic acidr covalent attachrm¢ of Ab to
ADDL, was assembled on top of these Ag nanotriangles. The firdb AADDL was covalently
attached onto the surface of the Nisamidation reaction. The resulting biosensors were incubated
with samples containing ADDLs, washed and incubated with a polyclonal Ab sokgamific to
ADDLs to enhance the shift response for ADDLs. The LSPR nanosensor allamadgsis of
biological speies in a surfactafftee environment and was demonstrated to be sensitive enough for
the detection of ultralow concentrations of ADDLs in biological sami3fésvioreover, this technique
allowed the distinction between two different ADDLs species varfyio their binding constant with

the Ab specific to ADDLs(7.3 x 16°M'* and9.5 x 16 M'*, respectively)
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To the lest of our knowledge, only one artidleas been devoted to the d
another specific AD biomarker, throughnanotechnologypased approaches. Neely et al., designed
Au NPs coated with mAb specific tdproteinemployed in a twgphoton Rayleigh scattering assay,
which enabled the detection of U protleThim at c
concentrai on was about 2 orders of magnitudeie,l ower t
195 pg.mLY) in CSF (Figure 5). Moreover, thao-photon Rayleigh scatterirassay showed a strong

sensitivity for U protei mteiessuthasbosineadumalbuflio. di s cr i

a - NH, NH%
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Figure 5. (a) Schematic representation of the synthesis of monoclonallanta n tconjugatig gold
nanoparticles and subsequent formation of 4hti a n tconjugatkd gold nanopadie based
sensingp f U . (byTEM image of antD  a n-tohjlgated gold nanoparticles before addition of
U pr XTEMimage of antl) a n-tonjigatet! gold nanoparticles after addition of 20 ng*mL
U p r.Adapgtdd from Neely et &.with permission oACS publications.
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4. 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 €.g, recombinant peptides, antiboftggments, antsense oligonucleotides, viral vectots).
In addition, BBB also negatively affects drug efficacy and tolerdmeeause 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
transporting active molecules across the BBB (Figure 6) thus reducing toxicity and improving

therapeutic efficacfFigure 7)**%

Blood Brain Barrier
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Figure6.Schemati c representation of nanocarriers
to the brain by crossing the Blodgtain Barrier.
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Figure 7. Examples of bioactive molecules encapsulated into nanocarriers or covalently attached to
their surface for potential AD treatement.

4.1.1 AChE inhibitors and @etylcholine (ACh)
The deficiency in cholinergic neurotransmission is considered to play amtanprole in the learning
and memory impairment of AD patieritsSo far, cholinergic neurotransmission enhancement remains
the most effective therapeutic approach to treat AD. Accordingly, rivastigmine, a noncompetitive and
reversible inhibitor of bot\ChE and butyrylcholinesteraserasapproved in 2000 by the FDA for the
treatment of AD. Experimentally, this drug has been shawleastto maintainif not to improve
cognitive function, global function and behavior in AD patients. Howetgeclinical efficacy remains
limited mainly due to poor brain translocation, which requires frequent injections, and its adverse
cholinergic effects on peripheral orgafia!

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 8@oated polymeric BBCA NPs with the aim of increasing the brain delivery of this
compound and in order to reduce the side effectsratdevhen the free drug is injectéd? The
authors otaineda 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 & related to polysorbate 8fiediated affinity for apolipoproteins E andl/Aand subsequent NP
internalization through low density lipoproteiaceptors (LDLr) of the BBB. The same group also

described a similar approach to increase the brain uptakerofetaanother AChE inhibitor, using
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PnBCA nanocarriers. In this case, the use of NPs increased the tacrine brain concentration by a factor
4 when compared with the free driigRecently, Joshi et al., further reported positive therapeutic
outcome in amnesimicé’ with rivastigmine encapsulated in poly(lactide-glycolide) (PLGA) and
PnBCA NPs?

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 (SWRTHowever, SWNT are non

biodegradable materignd not much is known regarding their acute and chronic toxicity.

4.1.2. Estrogens/Androgens
There is ample preclinical evidence that gonadal steroids (estrogens and androgens) play an important
role in CNS developmenand functiond® Estrogen treatment can decrease the risk of AD.
Experimentally, estradiol may promote the growth and survival of cholinergic neurons and reduce
significantly cerebral amyloid depositiéhTaking this into consideration, Mittal et al.,oposed
estradiol encapsulated PLGA NPs as an alternative apptoBghtuning the copolymer molecular
weight and compositioni.€., the ratio between lactide and glycolide units in the copolymer), they
successfully increased the bioavailability of thegdafter oral administration up to 10 times compared
with the free drug. Likewise, mifepristone @&M-dimethylamino]phenyll 7b-hydroxy
17[propynyl]estra4,9-dien-3-one, more commonly known as RU 486), an active-gnoijesterone
compound, has been showm slow down the progression of cognitive decline in AD pati&ffs,
most likely due to a mechanism related tglfcoprotein (Pgp) transporteme d i at ed é°f f | ux
By encapsulatingnifepristone within poly(ethylene glyceblockpoly(lactide) (PEGb-PLA) NPs,
He et al., evaluated the increase in drug bioavailakifigr oral administratiod® It was shown that
NPs can significantly enhance the bioavailability of hormone anehantione molecules. However,
it should be emphasized that the biologefect of these NPs against the progression or development

of AD still requires detailed evaluation.

4.1.3. Curcuminoids
Curcuminoids(Figure 7) obtained fromCurcuma longgturmeric), the most commonly used natural
yellow photoconstituents in foaddustry, have been widely screened in the past decade for biological
activities such as aninflammatory, antioxidant (see also part 3.1.7 for other antioxidant species),
neuroprotective, hepafarotective, anticarcinogenic, antiviral activites and maathers!™®
Numer ous investigators have reported trelaed cur cu
é&l}SO

toxicity on neuron Unfortunately, this compound exhibits poor stability as it is easily hydrolyzed
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under both acidic and alkaline condit® It can also be oxidized or photodegraded, leading to poor

bioavailability and thus negligible brain uptake.

Nonfunctionalized nanoparticlesTwo parallel studies investigated the encapsulation of curcumin
into polymeric PBCA NPs and it was demomated that the encapsulation procedure dramatically
increased curcumin halife and concentration in the brain when compared with free curctitin.

However, the therapeutic efficacy of this approach in AD models remains to be evaluated.

Targeted nanopdicles. Another approach has utilized NPs decorated with appropriate ligands for
curcumin brain delivery This strategy was based on the preparation of curcloaited PNnBCA NPs
decorated with ApoE3 ligands to exploit LBkmediated trancytosis acrodsetBBB and through
SHSY5Y neuroblastoma cells (Figure °8)The inhibition of b, ,,-mediated toxicity by ApoE3
functionalized nanocarriers was evaluated and compared with free curcumin®v5¥H+cells. The
results indicated a significant reduction (40étnpared with free drug at 100 nMbpof Aby 4-related
toxicity on cells treated with the functionalized nanospheres along with a reduction of reactive oxygen

species formation.

/\X
c Curcumin ? ApoE3 receptor Q_

0 ApoE3 ‘ Nanocarrier

Figure 8. Schematic representation of curcuadaded MBCA nanospheres decorated with ApoE3
crossing BBB via LDir.
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4.1.4. Immunotherapeutics
| mmunot her apyypeptdg éoi ADdréatménbastested earlier but has encountered severe
complications (meningoencephalitigyiring clinical trials>>*® However, Agyare et af’ described the
preparation of chitosabased nanocarriers RAdnAbtfragmenarodiied d wi t
with putrescineands p e c i f jtlatweére ablé fo 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 plagassociated toxicity’

4.1.5. 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(ll)
ions, which were not only internalized by cells but alsogased cytosolic concentrations of Cu(ll)
(by releasing the metal cat i ¥ wsfortunagety,dnoiri vivd uc ed w
experiments have been condugigesumabhbecause oPEI toxicity.

Further evidence supports the hypothesis that tixlastress, generated by various
mechanisms, may be among the major risk factors that trigger and promoteAidation reactions,
catalyzed by metals such as iron {fecopper (Ct", aluminum (A?") and zinc (ZA"), could take
place due to an incread local concentration of transition mef&f€. Moreover, recent studies have
shown that biometals medi &%%Furtheh @mnfitnatiproassesfrooman o f £
study demonstrating t-imatém ADdminsecgubibe esblubdiZed by coo m p o s
incubation in the presence of such ion cheldtbrs.

Thus, metakthelating compounds, such as ethylenediaminetetraacetic acid (EDTA) salts,
desferrioxamine and clioguinol have been used to significantly improve the clinical conditibD
patients’’ However, their poor brain uptake and the toxic siffects towards other sites have limited
their systematic development as promising therapeutic agBetmauseNPs represent potential
carriers to transport drugs across the BBB, athewe 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 ofb-penicillamine (Figure 7) to lipidic NPsia disulfide bond allowing te
solubilization of A bcopper aggregates vitro.?® Similarly, Liu et al., reported the synthesis of a
nanoparticleMAEHP (2-methytN-( 2atinoethyl}3-hydroxyk4-pyridinone, see Figure 7) conjugate
for interaction with Ab athegabibtyd thess nanodssemidies sot u dy
protect human corti cal-asnseoucrioantse df rtoonx i Abh t mg@meg a

aggregate formation (Figure %).
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Figure 9. Cytotoxicity of A4, NaneN2PY and A/NanoN2PY (compared with control) wh
incubated with neuron cells as measured by LDH cytotoxicity detection assay. Absorbance wavelength
measured in this experiment was 480 with a reference at 63tn. Values were represented as
meant standard errors i = 5, significantly different fronthe A at p < 0.05).Reprinted from Liu et

al..*® with permission of Elsevier.

4.1.6.U, b- anda-secretase inhibitors
Amyloid-b  p e pt i ddrem pooteolygis of the APP by the sequential enzymatic actiofs of
site amyloid precursor protetieaving enzyme 1 (BACH, a b-secretase) andsecretase,i.€., a
protein complex with presenilin 1 at its catalytic core). Instead, theamymoidogenic pathway
involves successive APP cleavagesibsecretase (whom clesea ge precl udes oAb f orr
secretase, leading to the formation of fa@nyloidogenic fragments. The disturbance of these two
pat hways and the aggregative feature of AB coul d
Accordingly, U, b- and o-secretasesan ke considered as promising therapeutic tarfets.
However, due to the multiple biological functions relatetitando-secretased-secretase might be
the most relevant and attractive tarfeDespite several inhibitors/promoters transitgtates 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? In this context, a recent study by Smith et aliggested that the encapsulation of
epigallotechir3-gallate (EGCG, also calleghllic acid, sedrigure 7), a naturdl;secretase promoter,
into lipidic NPs could increase its oral bioavailabifityHowever, no additional information was

provided regarding brain delivery and therapeutic efficacy of the described system.
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4.1.7. Antioxidant species
Another strategy regarding the treatment of AD is directed towards the delivery of antioxidant species
to the brain,because otheir ability to quench the reactivity okactive oxygen specidsee also

section 3.2 about antioxydant sponges).

Glutathione. The o-glutamylcysteinylglycine (also called glutathione, GSH), a wasaiuble
endogenous antioxidanbmposed of glutamic acid, glycine and cysteine (Figure 7), is one of the most
important intracellular antioxidants. It can protect cells from oxidative stress by scavenging singlet
oxygen {O,), hydroxy! radicals (H® and superoxide radicals {G.”* Williams et al., proposed the
synthesis of PE&SH conjugates that sedEsembled 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 agaist hydrogen peroxide ¢8,).” A similar approach was proposed by Reddy et

al., who investigated the encapsulation of a metalloprotein, superoxide dismutase (SOD), into PLGA
NPsso as tdncrease its circulating halife, cell membrane permeability andam 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 celis vitro andto protect them from pD,-induced oxidative stre<§,

Ferulic acid. Picone et al recently reported the use of solid lipid NPs (SLN) as nanocarriers for
ferulic acid (3(4-hydroxy-3-methoxyphenyl2-propenoic acid, FA) due to their recently
demonstratedbility to cross the BBB’® 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 ctegRigure 7). Tlis conjugated structure is favorable

to radical scavenging due to its resonance stabilized phenoxy radical, leading to strong antioxidant and
antiinflammatory activities? The authors demonstrated that-Feaded SLN drug delivery devices
were able to erdnce 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 fith A
oligomers®® This improvement compared with free FA was claimed by theoasiio be due to the
ability of the SLN nanocarriers to increase drug stability within biological fluids and to target specific

organelles witin cells, such as mitochondria
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4.2. Antioxidant sponges

4.2.1. Fullerenes
Specific carbotbased nanostructigehave shown some promising therapeutic effects in AD. For

instance, radical scavenging entities, such as carboxyfullereg@<¢Uld trap multiple radicals and

have been consequent | y %enxthd view, Degdn etad, inflestigated the | s p

ability of watersoluble Gy carboxylic acid derivatives, containing three malonic acid groups per

mol ecul e, to reduce t he apoptoti01_42.82nhethisway,al de a

d

fullerenescouldh e an interesting alternative to reduce

Another widespread hypothesis about AD stipulates that calcium channels may play an

i mportant role in mediating Ab activity on neur

mediated by an increase of €d nf |l ux caused by Ab aggregates
membrane channels permeable t¢'€¥* Thus, Huangh et al., took advantage of the antioxidative
effect of fullerenoll on thein vitror e d u ¢ t i -elated doficity Arfl proved the existence of a

mechanism governing this activityFullerenotl was found to be able to attenuate the increase of

intracellular CA'concentrati on promoted by AbB aggregates,

lipid components anthus changing the membrane permeability, or by altering the lipid peroxidation

and the membrane composition.

4.2.2. Nanoceria
Nanoceriasi(e.,, mixedvalence state cerium) were used to drastically reduce the reactive oxygen
intermediates (ROI) intracellar concentrationn vitro andin vivo, in order to prevent the loss of
vision due to lighinduced degeneration of photoreceptor cells. These results indicated that nanoceria
particles were active for the inhibition of R@lediated cell death that is imlved, among other

species, in AD pathogene&fs.

4.3. Physical interaction with Ab peptide

Protein/peptide conformation is often altered following adsorption onto the surface of
nanoparticles and this may affect their biological functions accordthdijis has been taken into
advantage by designingbrasnpeci fi ¢ nanoparticles with affini

aggregation/nucleation.

Considering recent findi ng#anakogendus nateralthato x i c i

would be &le to reduce the peptide toxicity may act following two opposite, postulated mechanisms:
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(i) by decreasing monomer nucleation and hence blocking the aggregation, which would result in a

reduction of the formation of oligomers, fibrils and plaques oibfiidisaggregating amyloid plaques

N

or fibrils (although they are currentl y"8wt con

far, the first mechanism has received much attention.
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Figure 10. Schematic representation of thetwo pape d physi c al approaches t

within the AD brain.

4.3.1. Polymer nanopatrticles
CabaleireLago et al., reported the use of 40 nm sized pblgbpropylacrylamidefo-poly(N-tert-
butylacrylamide) (PNIPAAMco-PtB A M) NPs t o firii fodnation TAd® 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 theigbmerization of the peptide could be reversed sufficiently where
mature fibrils start formingThese copol ymeri c NPs introduced a
nucl eation and the elongation steps of the fibr
dependent on the physichiemical characteristics of the NP surface and concentrafldrese results
might help to better elucidate the aggregation process of the peptide and to design nanopatrticles with
optimized surface properties directed towardstAdatment.
The ability of sulfonated, sulfated and fl uori ne

and its toxicity towards cultured neurons has also been demonsfrited.addition, it was shown

33



Bibliography

that hydrogenated NP counterparts had lefficacy, leading tdb-sheet structures formation and
aggregation. These results highlighted the crucial importance of the surface features of the NPs
empl oyed. | nt ®necertly demogstrated a dual affect @ cationic arfiimetionalized

PS NPs towards the Ab fibrillation process. The
tuning the NP concentration was finely described, hence highlighting the pivotal role of NP dosing on

the aggregation behaviollrPS nanoparticles offean interesting model for optimization of surface
properties for suppressing Ab oligomerization.
adverse reactions, but these strategies may be translated to biodegradable entities.

The very first exampl®f biodegradable NPs able to bihdh e Ab p e pnhibitdte and t
aggregation kinetics was reported in 2010 by Brambilla et® &he authors used PEGylated
poly(alkyl cyanoacrylate) NPs based on poly[methoxypoly(ethylene gigoahexadecyl
cyanoacriate)] (P(MePEGCACOHD CA) ) copol ymer and moni f,0r ed [
peptide by capillary electrophoresis coupled to laser induced fluorescentéH)QEigure 11).
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Figure 11.CEELI F anal ysi s highl i gt hisnagd PEGyktedipoly(adkylact i or
cyanoacrylate) nanoparticles. Electrophoretic profile as a function of time at 37aC5qiM Hilyte

Fluor'™ Abs, sol uti on alone (a) and in theoHPOAesence
nanoparticle suspension (b). A decrease ef pleak assigned tobf,, peptide was observed in the

presence of NPs suggesting its adsorption at their surface. Reprinted from Brambilld°® etitil.,

permission of ACS Publications.

The principal advantage of this technique, when compared with othex roatinely 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
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constant was measured, but the methagiofarther 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 ch&mitr

hi gher affinity for the peptide. These NPs are p

were previously shown to cross the BEES®

4.3.2. Liposomes
Gobbi et al., reported on preparation of liposomes and SLN incorporating jeitbsphatidic acid
(PA) or cardiolipines (CL) as a way to target t
both PA/CL-containing liposomes and SLN displayed a rather high affieity, (22 60 nM) towards
chipi mmobi | i zed A b to# inuitivalent isteractionslefeetfy d u e

Very recent studies from Mourtas et At also reported the functionalization of azido
decorated liposomes with an alkyderivatized curcumin (see section 3.1igand by 1,3 dipolar
Huisgen cycloadditiomeaction (the se al | ed i c | i*cTke aathoes rfoursl tout PyOSPR
experiments that the liposomes decorated with the planar curcumin had the highest affinity constant
(in the 5 nM range) reported ujp-d at e f or Ab fi bri | sndecbratdde non
liposomes did not show any binding. As for the polymer nanoparticles, these systems could pave the

way for the development of <coll oidal systems abl

4.3.3. Inorganic nanoparticles
Another ineresting approach was proposed by Kogan et al., who demonstrated, by means of various
compl ementary techniques, the possibijhanylgidt o | oc
depositsvia the combined use of weak microwave fields (100 m\itn@s 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 A5

4.3.4. PEGylated micelles
It was treported the ability of PEGY Lpdnétb phosp
moderate itsin vitro neurotoxicity (Figure 12** The authors proposed a double mechanism to
explain PEGylated micelles adgty. 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 wigalle

f a v o thaichl cahformation that prevents its satfgregation. Secondly, the PH&gd micelles
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woul d shield the exposed i shagglegabep with their bydrdpbabiaacyl s o f

chains, thus avoiding further formation of aggregedgregate or aggregateo n o me 4. ¢ AD
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Figure 12. Effect of PEGylateghospholipid micelles onf,,; induced cytotoxicity. A significant
reduction in M4, induced cytotoxicity is observed in cells treated with PEGylated lipid associated
Aby 4 (N = 3, p<0.05 compared respective § without micelle treatment). Error bapsesent

standard deviationReprinted from Pai et at’ with permission of Elsevier.

4.3.5. Nanogels
Nanogels represent a promising class of dfelivery devices because of their high loading capacity,
their high stability as well as their responsigss to environmental factors, such as ionic strength, pH,
and temperaturt®®

In this view, lkeda et al., suggested an original use of chlolediesving pullulan nanogels
(CHP) with a diameter of 280 nm as artificial chaperone systems for controliiveyaggregation and
Cyt ot oxi Ggb tTyese adlloidah manomaterials were able to efficiently incorporate the
monomeric peptide and to inhibit its aggregation, thus suppressing its related toxicity against PC12
cells’®® Recently, the same groupv al uat ed the ability of these na
oligomeric forms and to reduce their toxicity on primary cortical and microglial dellsitro
experiments i ndi c ajelgomerdtaxicity -ldire 18)ramd\did notcacndléte
into lysosomes within the first 30 mifY. 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 conceptalioped with these CHP nanogels is very

interesting if one <consi der s-targetee ligands twighintha gal z at i o

network.
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Figure 13. Selfassembly of cholesterbkaring pullulan (CHP) by hydrophobic interactions into
nanogls (a).Rescue from Bxmediated diminution of MTT reduction in Nficroglial cells (left) and
in primary cortical cells in the presence of nanogels (right). Cells were treated forwdth either
12nM CHP or CHPNH followed by oligomeric Bys> (1 uM; Abgg). Mean values and standard
error of the means for triplicate measurements from 3 independent experimen® &re shown.
Comparisons were made to control using ANOVA followed by Dunnett's jes0.01) and to
Abyjq using Student'stest {p < 0.01). Adapted from Boridy et af-,with permission of Elsevier.

4.3.6. Dendrimers
Dendrimers,to distinguish from hyperbranched polymeere commonly considered as nearly
monodispersed macromolecules constituted by a regular and highly branchedirtteesional
architecture displaying a wedlefined number ofpatially arrangegeripheral functional groups. They
are generally produced through an iterative sequence of reaction steps, in which each additional
iteration affords higher generation masdsi Regarding these properties, dendrimers have gained an
increasing interest in pharmaceutical science as drug carriers and as constrast&ggasially, the
possibility of functionalizing the peripheral groups with ligands of interest is antattratrategy to
study the physical interactions of these macromolecules withthe pept i de.

Sever al studies on the aggregation process |
involved in amyloid aggregates formation. The hydrophobic core fromdes es 16 t o-20 of
called KLVFF sequence, is crucial for the formation fEheet structure$?'® It was also
demonstrated that this peptidic region binds t
aggregation into amyloid fibril$:***2 This sequence has been employed as a key compound for the
devel opment of inhibiting iagveftBydxmoitingphe @eve nt i ng
mentioned properties of this peptidic sequerCeafekaret al., reported the synthesis of KLVFF

functionalized dendri meric scaf fighgdregatamas wellhei r I
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as their ability to disassemble pegisting amyloid aggregates. The same authors clearly demonstrated
that thee nanodevices exploited the multivalency feature of dendrimers to drastically enhance the
affinity and specificit% of KLVFF sequence towar

Sever al i ndependent studies al svimansindetpgtienst ed t
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 surfat&?! Based on these evidences, Patell., synthesized sialic aeid
conjugated polyamidoamine (PAMAM) dendri mers as
binding competiting agents. The authors investigated the affinity constant between sialic acid
functionalized PAMATheydemobstraiednthe abilityaoh tleseAdbndrimers to
signi fi cant l-inducedaakicitg @mpiarhdeto ndireated control cells and cells treated
with free sialic acid?® Further experiments from the same group also reported that the positibning o
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 dendrimerkbelg r oups resul ted i n an at
toxicity at lower concentrations compared to other binding strategies, thus highlighting a better match
with the physiological attachment of sialic acid to cell membr&fies.

Proteinaceous fibrils are noritya 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
particulat y i mportant i n pr omad¥ThusglajAdht etalg igentdiayl thatthe n pr o
heparini nduced a g gisealdbeimodulatedfby tihefpresence of G3 generation PAMAM
dendrimers. In particular the authors demonstrated that lowentrations of dendrimers reduced
peptide aggregation whereas higher concentrations had the opposité’&ffexther experiments
from the same group showed that the bglragmentat i on
played an importantroeegar di ng the interactions ;bgamingeen t he
acids, which can result in an enhancement or a decrease of the peptide amyloiddgebiestyite
experimental conditions far from physiological environment, these studies dhioatelendrimers can

be exploited as a powerful tool for investigating the formation mechanism of ari&tructures.
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5. Nanotechnologies foin vitro evaluation of drugs activity

Although in vivo pharmacological assays remain the best way to evaluate drug activity and
toxicity before clinical studies, thegre timeconsuming and rather expensive. Thus, a great deal of
effort has been focused to establish efficient procedurem feitro drug screning prior toin vivo
preclinical experiments. Accordingly, a new drug sensitivity method based on the electrochemical
behavior of AChE biosensor has been reported by Du & hAhsed on Au NPs encapsulating a sol
gel 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 interfaciakenzymatic hydrolysis reaction. Two different AChE inhibitars.(neostigmine and
galantamine) were used to verify the probfprinciple of this methodology. Here, electroactive
substances formed after reaction of substrate with the encapsulated A@fiftes 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®tation of
ACh is mediated by Cu(llactive 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 pM randé®

Interestingly, the method developed by Haealg®?’ based on LSPR (see section 2), could

also represent a very useful tool for the study of interactions between pharmaceutics and ADDLSs.

6. Safety issues

Advances in nanotechnology and its applications in medicine have promoted serious issues in
relation to nanoparticlnediated toxicity and adverse reactiofis>° This is of particular concern for
intravenously injected AD nanomedici nese,f fvwelcatoher
or for reaching the brain for diagnostic imagiand/or therapeutic purposes. Noteworthy, nanopatrticle
size, shape and surface characteristics can modulate pharmacokinetics and biodistibdtion.
Investigation in this area of research is still scant and particularly in relation to the brairvadowe
from the therapeutic point of view attention must be focused on the bemefk ratio and this is
further dependent on nanoparticle dose and on the frequency of dosing. From the cytotoxicity angle,
some constituents of polymeric nanoparticles aadoconstructs may inhibit the function of P
glycoprotein efflux pumps expressed at the luminal side of the brain capillary endotheli&*t&lls.

This could potentially modulate or interfere with transport of haemostatic mediators in the central
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nervows systermt* 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 construtts.’**"*’ Polymers also seem to be able to modulate
gene expressidit 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 ben correlated with low expression of ATP binding cassette genes after polymer treatment in
some cell$® In cytoplasm, polymers and partially degraded nanoparticle constituents may bind to
endogenous nucleic acids such as dsRNA and microRNA resultingerference with normal cellular
regulatory processes and triggering-iifget effects. This possibility may account for the reported
polycations peci f i ¢ isn dyincd¥ Arederdeepor has also raised concern over potential
nanoparticlemediated DNA and chromosome damage to tissues located behind cellular barriers
through complex intercellular signaling proces$édherefore, 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 comparieinnate human immuniti* The
reactions are nelgE mediated and usually associated with flushing and cardiovascular disturbances.
Neuropsychomastic and vegetative responses have also been noted in animals following polymeric
and lipidhbased nanomedivés** 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 activatioia one or more of the three establishediation pathways
(classical, alternative and lectin pathways) that all converge at the step where the central complement
protein C3 is cleavetf™* These pathways use different recognition molecules to sense a foreign
particle, but use similar activah mechanisms to generate enzymes that cleave C3 (known as C3
convertases). The prime consequence of nanopantietbated complement activation is surface
opsonization by the opsonic fragments of C3 cleavage such as C3b and"i€'8bhis aids mateail
recognition and rapid clearance by macrophages of the reticuloendothelial system bearing complement
receptors €.g, hepatic Kupffer cells, splenic marginal zone and-pelp macrophages, blood
monocytes, etc.) and therefore may be beneficial for iatrawrs nanomedicines that are intended to
i nducefifsicnkd i n AD.

Activation of the complement cascade further generates potent anaphylatoxins (C4a, C3a and
Cb5a), and these can trigger the release of secondary mediators from a wide range of immtireg cell

subsequently initiate anaphylaxis in sensitive individt&lAdditionally, C5a is a potent chemotactic
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agent for monocytes, neutrophils and a subset of T cells. It is also a powerful neutrophil activator
increasing adhesiveness, stimulating thspiatory 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 (€8b MAC) is assembled from the terminal
complemehcomponents C5, C6, C7, C8 and C9. Remarkably, this complex also has the capacity to
elicit nonlytic stimulatory responses from vascular endothelial cells and modulate endothelial
regulation of haemostasis and inflammatory cell recruitrfient.

The complenent 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 receptof§® Most attempts have detected MAC on dystrophic neudtel neurofibrillary
tangles adjacent to the senile plauges, indicating autloytic attack and neurft® ®smsplement
proteins and activation products have also been found to be associated with cerebrovfiséllar A
However, only the earliest steps admplement activation appear in diffuse plagues containing non
filamentous 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. Rédemtev
also attest that the classical pathway components C1qg) may be greatly upregulated in AD and
particularly in the corteX!® The binding interaction betweenfand C1q is mainly ionic and occurs
between the first 11 predominantly ionic residues ffaAnd r esi dues 14126 of t|
collagenlike tail of Clg, which are mostly cationi€ Ap interactions with Clq also leads to
increased amyloid aggregani. 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 &ispendent triggering meahism. Future efforts
may further concentrate in design of brapecific 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 againsh anfectious agent® 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 engineeringhigf hig
effective nanomedicines for loigrm management as well as treatment of AD.

Finally, with respect to the nanopartictee di at ed i ni t redtfiecct 0o fpatrh e ¢
attention must be paid to the frequency and intervals between injections. &dygpenses may arise
from excessive dosgumping 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 dimimad efficacy.

41



Bibliography

7.Conclusiors

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 Aaggr egati on both in the brain
thus aiding experimental AD therapy.

However, three important open questions remain to be answered before engaging further
research towards clinical investigations: (i) the efficiency ommpm alleviation by these
nanoparticulate systems needs to be validated in representativeviid models, (ii) FDAapproved
macromolecules for nanoconstructs have to be employed and (iiinvesive administrations of
nanoparticles have to be consie 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
physi cal i nteract i oldpsoteimiMoreoved i this eapet thed méjoraf the / o r
abovediscussed 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. Howeuwle 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 senstaaiah
methods able to finely detect biomarkers from-$amples with high specificity, may pave the way to
routinely employed diagnosis kits against AD for clinical use.

Al t hough nanotechnology is expected ftnotbave
drug delivery and theranostic devices against AD, a crucial gap-to éidincerns the elucidation of its

etiology, in which a great deal of effort is still required.
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Chapter 1

Ce premier chapitre décrit le développement de nanopartididesescentes et leur
internalisation das des cellules endothélialés capillaires cérébrabxu mai ns capabl es de
en formant un modéle in vitro de BHE (hCMEC/D3). Il est composé de 3 sections sous la forme
d'articles:

Le premier article est dé a la conception de polyméres fluorescentpalg(cyanoacrylate d'alky)e

capables de s'aussembler sous la forme de nanoparticules. Ces dernieres ont été finement
caractérisées et utilisédsa ns | e ctade prélimidaial idternalisation a sein ds cellules
hCMEC/D3.

La deuxieme section concerne I'encapsulation de Quantum Dots dawasdearticules mentionnées
précédemment eelrvisualisationin vitro etin vivo.

La derniére section déckuant a ellaune étude plus approfondie deenir des nanoparticules dans

les cellules endothéliales. Leur internalisation, leur distribution et leur transcytose a travers le modele
in vitro de BHE ont été étudiées en détails et les résultats obtenus a ce jour sont présentés sous la

f or me déenpréparationi c |

This chapter describes the development of fluorescent nanoparticles and their interplay with
human brain capillary endothelial cells ableftom an in vitro BBB model (hCMEC/D3). It is
composed of 3 sections in the form of articles:

The first one is dedicated to the design of fluoresceatiged PEGylated poly(alkyl cyanoacrylate)
polymers able to sedissemble ito nanoparticles. Theangarticles have been finely characterized
and employedhto a preliminaryinternalizationstudywithin hCMEC/D3 cells.

The second section concerns the encapsulation of Quantum imotshe above mentioned
nangarticles and thevisualizationin vitro andin vivo.

The last section reports a deeper investigation ontreparticle fate within the exdothelial cells.

Ther cellular uptake, distribution and the transcytosis across the in vitro BBB model have been

investigated in details and the results obta@fhrare presented in form of an article in preparation.
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Chapter 1, Section 1
Section 1

Implications dans le projet NAD

Un des objectifs du projet NAD repose sur le développement de nanoparticules capables de
traverser efficacement la Barriere HémEtucéphalique (BHE)Le role de notrequipea été de
concevoir des nanoparticules rendues fluorescentes pour permettre deurs vi e s l or s do
biologiques. Pour ce fairenos premiers objectifs ont été de couplerfluorophore (Rhodamine B ou
Dansyl) de maniére covalente sur un polymére py(MePEGCAco-PHDCA) capable de
s 6 aut o as saeapditicuibesde @nactérisare polymere et les particules obtenues, ainsi que de
confiimerlapossi bilit® déutpodiumseld®tessda adeepdesaliulesuil riser

cérébrales endothéliales cultivéewitro.

Implications in the NAD project

One of the aims of th&lAD project is the development of nanoparticles able to cross the
Blood-Brain Barrier in an appreciable amount. The task of our team was the dedlgore$cent
polymeric nanoparticlesh order to follow their fate during biologicatudies Thus, our first aims
were the covalent attachment of a fluorophore (Rhodamine B or Dansyl) polyisle PEGCAco-
PHDCA) polymer able to selssemble i nanoparticles, to characterize the polymer and the
correspondingparticles and to confim their possible employmeffior in vitro brain endothelial cell

interaction studies
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Design offluorescently tagged poly(alkyl
cyanoacrylate) anoparticles fohumanbrain
endothelial cellsmaging
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Chapterl, Section 1

Résumeé

Un copolymere amphiphile dpoly(c y an o ac r y |) a eté symth@tsd, kayattéaisé et
utilis® pour pr ®parer des nanoparticules fluore
cerveau humain. Ce marquage des nanoparticules peéoietedverfinamentleur internalisation et

leur évolution intracelllaire.
Abstract

Rhodamine BRagged poly(alkyl cyanoacrylate) amphiphilic copolymers have been
synthesised, characterised and successfully used to prepare fluorescent nanopatrticles for human brain

endothelial cells imaging, allowing their uptake and irghatar trafficking to be finely observed.

1. Communication
The medical application of nanotechnologies, often termed nanomedicine, has witnessed a
crucial impulse with the development of various types of -@amgier nanodevicesAmong suitable
nanocarers for drug delivery purposes, nanoparticles based on biodegradable poly(alkyl
cyanoacrylate) (PACA) (co)polymers have appeared as an established technology for colloidal
nanomediciné.Since their introduction in the field of pharmacology, PACA drugieesr have indeed
demonstrated significant results in multiple pathologies, -resflewed in the recent literatute.
However, one of the major drawbaof PACA compared to other biopolymers is the very
high reactivity of cyanoacrylate monomers that hampeasy access to welefined, complex
macromolecular architectures and/or functionalised matéridésein, we report a simple strategy for
the synthesis of fluorescently tagged PEGylated nanopatrticles and their applicatigitrtoimaging.
A convenent strategy to prepare fluorescent nanoparticles is usually to encapsulate a lipophilic dye
during the selassembly process of the corresponding amphiphilic copolymer. However, potential
problems may appear by using this approach: (i) as recentlydtitgdi’ the fluorescent dye may leak
out from the nanopatrticles leading to wrong/inaccurate interpretations of confocal fluorescence images
regarding the localization of the nanopatrticles, due to cell membrane affinity of lipophilic dyes; (i) the
so-called bursteffect, 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 nanopatrticles are not yet biodegradeda(ii)u§ has to be encapsulated
inside nanopatrticles, the -emcapsulation 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
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Chapter 1, Section 1

preferable and would fillh a crucialGAP in the field of PACAbased 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 condensMiohael 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).

(=N =)

hCMEC/D3 human brain
endothelial cell line

Scheme 1Design of fluorescent P(HDCg&o-RCAco-MePEGCA) copolymers (Ci) and nanoparticles
(Ni) for cell imaging (i = 1 3). Reagents and conditions: a) [HDCA]O/[MePEGCA]0 = 4:1, [RCA]O

= 4.1, 0.85 or 0.16 mol.%, formaldehyde, pyrrolidine, EtOH/CH2CI2, 25 °C, 24 h; b) acetone/H20;
¢) incubation witthCMEC/D3 cells.

Among the possible fluorescent dyes available for fluorescence detection, a rhodamine B
derivative was selected. Rhodamidgased fluorescent tags are indeed widely used in the field of
biomedical research as they offer a combinatioradfantageous properties such as a rather high
watersolubility, a good photostability, a high extinction coefficient and a high quantum yield.
Besides, emission wavelengths of rhodandeeved fluorescent dyes are higher than those
commonly associated witautofluorescence of ceflsA rhodamine B tertiary amide bearing a
hydroxyl group was readily transformed into the corresponding cyanoacetate derivative by -a DCC
assisted coupling reactiomhis synthetic route was chosen because rhodamine tertiargsandid
intramolecular cyclization (which would result in a loss of fluorescence) and fluorescence emission is
retainedovera broadpH range® The synthesis of rhodamine B cyanoacetate (RCA) was confirmed by
1H and 13C NMR spectroscopy as walf by ESIMS mass spectrometrysynthesis of several
fluorescent rhodamine -Bontaining P(HDCAco-RCA-co-MePEGCA) copolymers was then
undertaken with different RCA initial amounts. Three of these copolymers are discussed here:
copolymers C1, C2 and C3, correspondiagpectively to 4.10, 0.85 and 0.16 mol.% of RCA in the

initial cyanoacetate feed. The fluorescent copolymers were analystdl KR spectroscopy and
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showed an excellent correlation with the expected structureur@igl). Size exclusion
chromatography showed low numimrerage molar masses, Mn, with high polydispersity indexes
(Table S1) due to the significant amount of {owlar mass amphiphilic oligomers, commonly
observed for this kind of reactid. No influence of te initial amount of RCA over the
copolymerisation process was observed.

Well-defined nanoparticles were formed by ssbembly in aqueous medium and
char act er i s e-pobterttigf meadur8meats as the function of the RCA initial amount and
time (Talkbe S1 and FigreS2). In all cases, stable nanoparticles were obtained with average diameters
inthe 115125 nm range together wit h-paoteatialrmeaguregmantst i cl e
showed negative values frof80.9 t0-40.6 mV. Besides, nanopigte diametes and surface charge
remained constant over time in aqueous solution at 37 °C, thus confirming their excellent stability at a
temperature relevant for biomedi assays. Therefore, all thesaracteristics make them suitable
candidates for dig delivery purposes and cell imagiridhe 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 (Fige 1). Fluorescent properties ofe¢hmaterialavere then thoroughly studied
by fluorescence spectroscopy (kig 1 and S357). Emission and excitation wavelengths of
copolymers and nanoparticles were determined. For instance for copolymeexC2; 563 nm and
rem. = 583 nm, with a Stokes shift of 2hnin good agreement with the spectral properties of
rhodamine Btertiary amide derivativesNo significant change was observed upon-asffembly as
rex. = 568 nm and Aem. = 583 nm were recorded for nanoparticles N2. Besides, for a given
copolymer (or anoparticle) concentration, the fluorescence intensity decreased when decreasing the

initial amount of RCA in the starting cyanoacetate mixtureufed).

700
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600 | wr )

500
400
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200 +
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Fluorescence intensity / a.u.
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Figure 1. Fluorescence emission spectra of P(HDEARCAco-MePEGCA) copolymer solutions in
CHCI3 at 0.1 mg.mil (a) and of resulting nanopatrticle suspensions in water at 0.1 mg.(bl.
Insert: pictures of copolymer solutions (left) and nanoparticles suspensions (right) under visible light

or under U.V. excitation at 365 nm.
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Eventually, theevolution of the fluorescence intensity of copolymer solutions and resulting
nanoparticle suspensions was recorded as a function of the concentration, allowing linearezhd curv
parts to be determined (Eige S7), which is useful for fluorescence intendigsed 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 Btagged PACA nanopatrticles were then empldigedn vitro imaging studies on
hCMEC/D3 human brain endothelial cell line, which has been validated as a imigtre model of
human blooebrain barrier (BBBY. Prior to imaging studies, cell viability assays were performed in
order to determine theytmtoxicity of the P(HDCAco-RCA-co-MePEGCA) nanoparticles on
hCMEC/D3 cells. No statistical difference in cytotoxicity was observed between nanoparticles
containing an increasing amount of rhodamine ByF&10). Similarly to noffluorescent P(HDCA
co-MePEGCA) nanoparticles, no significant cytotoxicity was obtained until a concentration of 30
pHg.mL-1.

Confocal laser scanning microscopy (CLSM) was then employeid fotro imaging studies.

Upon microscope observation, the fluorescent nanoparticlestar ajpeared as small, wekfined,
fluorescent spots displaying typical Brownian motion (fF@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 remeav adsorbed nanoparticles and observed by CLSM. Nomarsky contrast
images showed a typical fibroblast shape for the cells with no morphological alteration, thus
supporting the absenad cytotoxicity as previously shown by cell viability assays (this obsienva

was made on the basis of humerous images randomly taken from the cells monolayer). Fluorescence
images superimposedon the Nomarski image showed intense and fine fluorescence spots
accumulated within the cells and especially around the nucleiur@g c) This observation
suggested that the mechanism by which nanopatrticles 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 suppdsto be late endosomes (fiig 2d). These results confirmed previous
observations with primary cultuseof rat brain endothelial cells showing that P(HDC#é
MePEGCA) nanoparticles were able to penetrate by endocylosis.

As long as poly(alkyl cyanoadate) nanoparticles are known to be biodegradable by
enzymatic degradation via hydrolysis of ester functfoihsyas important to assess that the observed
fluorescence intensity was coming frahe 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, oniy14% of fluorescence loss was measured
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(Figure S12), in very good agreement with thre vitro biodegeadation profile of nofluorescent
P(HDCA-co-MePEGCA) nanoparticles. 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.

Figure 2. hCMEC/D3 Human brain endothelial cells Nomarski image (a), confocal microscopy image
(b) and flusescence image superimposed GMECD3 human brain endothelial ceNomarski
image after incubation with fluorescent P(HDE€&RCAco-MePEGCA) nanogrticles N1 for 12 h

and subsequent washing of the medium (c). Enlarged picture (d). Scale baysr= 20

Under identical experimental conditions and acquisition settings (detector gain: 535, laser power:
57%), a lower amount of rhodamine dye covalentiikdid to the nanoparticles retad in a decrease

of fluorescenceintensity. Indeed, onlyfaint fluorescentareas were noticed for nanoparticle8

(Figure S13). Nevertheless, by increasing the detector gain up to 700 together with a laser power at
65%, inense fluoresence spots appeared around aaliclei. Therefore, tuning the amount of
fluorescent dye attached to the nanoparticles together with adjusting acquisition settings allowed great

flexibility regardingin vitro imaging.
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Concerning BBB crossingmportant work remains to be done as long as several crucial
mechanisms are still unknown suchthese ofintracellular trafficking and exocytosis. In order to
determine whether these fluorescent nanoparticles are suitable for such investigatiemsereal
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 observealt thanoparticles were trafficked from the polar
extremity during metaphasmaphasgFigure 3a) to the midbody area during telophase, where the
fluorescence exhibited a filamelike clustered structure (Fige 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 ofrthspomding P(HDCAo-DCA-

co-MePEGCA) fluorescent nanoparticleg (seeSupportinglnformatior).

Figure 3. Fluorescence images (red) superimposed with hCMEC/D3 human brain endothelial cells
Nomarski images viewed from the top cell surface remmbrat various time after incubation with
fluorescent P(HDCA0-RCAco-MePEGCA) nanoparticlesN(): 8.5 min (a) and 18 min (b). Scale
bars = 20pm.

In order to circumvent the drawbacks usually encountered with the use of encapsulated fluorescent
dyes into mnoparticles, 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(HDCA
co-MePEGCA) amphiphilic copolymers. The resulting fluorescently tdggoparticles were found

suitable forin vitro imaging on human brain endothelial cells and their fluorescence signal was found
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extremely accurate, as opposed to a diffuse signal when a lipophilic dye is encapsulated. This allowed
their uptake and intratiular 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.
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Supmrting Information

Materials

Poly(ethylene glycol) monomethyl ether (MePHE®@, nwr = 1910 g.mot, DP, nvr = 43,
Fluka), cyanoacetic acid (99 %, Fluk&),N'-dicyclohexylcarbodiimide (DCC, >99 %, Fluka); 4
dimethylaminopyridine (DMAP, 99 %, Aldrich), formaldehyde (37 % in water, Aldrich), pyrrolidine
(99 %, Aldrich), anhydrous magnesium sulfate (MgS&99 %, Aldrich), triethyl amine (TEA,
Aldrich) and dimethylsulfoxide (DMSO, 99.9 %, Bio Basic Inc.) were used as received. Rhodamine B
alcohol®* and dansyl alcoht¥ were synthesized as described elsewhesropanol (99.5 %) and
Pluronic F68 (cell culure tested) was purchased from Fluka. All other solvents (tetrahydrofuran,
(THF), methanol (MeOH), dichloromethane (DCM), diethyl ether,Qlt chloroform (CHG),
ethanol (EtOH), ethyl acetate (EtOAc) and hexane) were purchased at the highest graderifsom C
Erba. hCMEC/D3 human brain endothelial cell line was prepared as described elsélfrere.
Dul beccobs phosphate buf §ad Mg€laand BEMB2 roeDithBveje wi t ho
purchased from Lonza. Penicillin 10000 usfts r e pt o my ¢ i ' antl TrPpSIEDEAgwens L
obtained from Invitrogen, Gibco. Hydrocortisone, human basic fibroblast growth factor (bFGF) cell
culture tested and-@,5-dimethylthiazol2-yl)-2,5diphenyltetrazolium bromide (MTT, 98 %) were
purchased from Sigma. HEPES 1 M wasghased from PAA The Cell Culture Company. Fetal
bovine serum was purchased from Eurobio. Rat tail collagen type | was purchased from Becton

Dickinson. Fisher rat plasma was purchased from Charles River Laboratories.

Synthesis of hexadecyl cyanoacem(HDCA)

HDCA was synthesized as follows. In a 250 mL round bottom flask containing hexadecane
ol (10.65 g, 44 10° mol), cyanoacetic acid (7.48 g, 88.0° mol), EtOAc (5 mL) and DCM (50 mL)
were introduced dropwise by a syringe over ca. 20 minjutico of DCC (9.98 g, 48.4 10° mol)
and DMAP (120 mg, 0.82 10° 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 perire. The solid was then purified by flash chromatography,,(SiO
hexane/EtOAc; 5:1; v:v) to give a fine, white powder: 12.9 g (95'BNMR i = 0.88 (t,J = 7.0 Hz,
3H, CHCHj,), 1.141.50 (m, 26H, E,), 1.67 (mJ = 13.6, 6.8 Hz, 2H, COOGKEH,), 3.45 (s,2H,
CNCH,), 4.20 (tJ = 6.8 Hz, 2H, COOB,CH,). IR (neat)v(cm?) = 2261 ( CI N), 1728
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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 (11.001, = 45, 5.5x 10° mol), cyanoacetic acid (0.955 g,
11.0x 10° mol) and DCM (30 mL) were introduced dropwise by a syringe over ca. 20 min, a solution
of DCC (2.27 g, 11.& 10° mol) and DMAP (60 mg, 0.4% 10° 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 isopropanofiltered and dried under vacuum overnight to give a fine, white
powder: 10.7 g (94 %fH NMR & = 3.34 (s, 3H, O€l), 3.53 (s, 2H, CN@,), 3.253.92 (m, 172H,
OCH,CH,0), 4.32 (t, 2H,J = 4.5 Hz, COOE,.CH,). IR (neat)v (cm?) = 1745 (C=0), 22°¢
M, sec= 1890 g.mof, M,,/M,, = 1.04.

Synthesis of rhodamine B cyanoacetate (RCA)

N~ ""0H
O
o - o)
N Cl NC
~N O o \N+/\ QJ\OH N
P L

DCC, DMAP, DCM/EtOAcC )
25°C,24h

Scheme S1Synthesis of rhodamine B cyanoacetate (RCA).

The rhodamine B cyanoacetate monomer was synthesized as foltowsround bottomflask,
rhodamine B alcoh&i* (450 mg, 0.74< 10° mol) and cyanoacetic acid (127 mg, 1:49.0° mol)

were dissolved in a mixture of DCM (10 mL) and EtOAc (1 mL). The resulting solution was bubbled
for 30 min with N while cooling down to 0 °C in an ice/water bath. To this solution was added
dropwise over 20 min at 0 °C undes &lsolution of DCC (169 mg, 0.8210° mol) and DMAP (cat.
amount) in DCM (10 mL). The reaction mixture was allowed to warm to room tempegatd 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, redigedl 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 % yidt)NMR U 131 (t, 12H,J = 7.0 Hz,
CHLCH,N), 2.17 (t, 2H,J = 6.2 Hz, CHCH,CH,), 3.20 (t, 2H, NE&,(CH,),0), 3.27 (bs, 4H,
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NCH,CH,NCH,), 3.61 (q, 8H,J = 7.0 Hz, CHCH,N), 3.70 (bs, 4H, E,N(C=0)), 3.72 (s, 2H,
CH,0CO), 4.25 (t, 2HJ = 6.0 Hz, G1,CN), 6.72 (S, 2H, Homard, 6.98 (d, 2H,) = 6.8 Hz, Hyomad

7.18 (d, 2HJ = 9.2 Hz, Hromard, 7.29 (d, 1HJ = 7.6 Hz, Hromard, 7.60 7.78 (M, 2H, Hromard. -°C

NMR U = 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 GH.gNsO,": 636.35; found: 636.5 ([M).

Synthesis of dansyl cyanoacetate (DCA)

HN/\/OH o
I

I
0=S=0 ne L 0=S=0
OO - OO
DCC, DMAP, DCM/EtOAC
N 25°C, 24 h

PN

Scheme S2Synthesis of dansyl cyanoacetate (DCA).

The dansyl cyanoacetate monomer was synthesized as folloves.round bottom flask, dansyl
alcohol®? (450 mg, 1.54 10° mol) and cyanoacetic acid (261 mg, 3:070° mol) were dissolved in

a mixture of DCM (20 mL) and EtOAc (5 mL). The resulting solution was bubbled for 30 min with N
while cooling down to 0 °C in an ice/water bath. To this solution was added dropwisg0awén at O

°C under N a solution of DCC (348 mg, 1.6910° 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 insolublleyclohexylurea 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 Mg3$iered off and concentrated under
vacuum. The crde 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 % YidldYMR
(DMSO-dg, 298 K)ii 288 (s, 6H, = 7.0 Hz, (CH),N), 3.13 (g, 2H,J = 5.5 Hz, NHG1,CH,), 3.81

(s, 2H, CHCN), 4.06 (t, 2H,) = 5.5 Hz, CHOCO), 7.31 (d, 1HJ = 7.5 Hz, Hromaid, 7.67 (g, 2H,) =

7.3 Hz, Hromad, 8.17 (d, 1H,J = 7.3 HZ, Hiomard, 8.23 (t, 1H,J = 5.6 Hz, NH), 8.32 (d, 1H] = 8.7

Hz, Haiomaid, 8.52 (d, 1H,J = 8.5 Hz, Hromaid. °C NMR (DMSOds, 298 K) Ui = 24.31, 40.87, 45.02,

64.22, 114.77, 115.16, 118.98, 114.28, 123.59, 127.87, 128.25, 128.93, 129.06, 129.54, 135.77,

151.38, 164.08. MS (+ESI) calculated foridigN;O,S: 361.11; found: 384.20M+Na]").
Synthesis of poly[hexadecyl cyanoacrylateo-rhodamine B cyanoacrylateco-
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methoxypoly(ethylene glycol) cyanoacrylate] (P(HDCAco-RCA-co-MePEGCA)) fluorescent
copolymer

A typical synthesis of P(HDCA0-RCA-co-MePEGCA) fluorescent copolymer (expt,
Table 1) was as follows. In a 50 mL round bottom flask containing MePEGCA (0.4:g10:9mol),
HDCA (0.26 g, 8.4< 10 mol), RCA (29.72 mg, 4.4 10° 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 mLs %@’ mol) and pyrrolidine (2QL,
2.4 x 10" mol). The mixture was allowed to stir during 24 h at room temperand 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 MgSiiered and concentrated under
reduced pressure and dried under vacuum to givedepuvaxy solid. The copolymer was analyzed
by '"H NMR and SEC. The same procedure was applied with different initial amounts of RCA (5.94
and 1.13 mg for exg@ and3, respectively (see Table S1)).

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

In a 50 mL round bottom flask containing MePEGCA (0.4 g,x119* mol), HDCA (0.26 g,
8.4 x 10" mol), DCA (15.97 mg, 4.4 10° mol, 4.08 moPb 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, 5.830° mol) and pyrrolidine (2QuL, 2.4 x 10*
mol). The mixture was lwed 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 HCI and once with brine. The resulting organic layer was dried over Mdg8@red,
concentrated under reduced pressure and dried under vacuum to give a yellow, waxy solid. The
copolymerC4 was analyzed bjH NMR and SEC (see Table S2 NMR (CDCL, 298 K)tii 087
(t, 16H, CHCH,), 1.1 1.5 (bm, 120HCH,CH,), 1.6 1.8 (bm, 10HCOOCHCH,CH,), 2.3 2.9 (bm,
10H, C(CN)CH), 3.37 (s, 3H, OCH, 3.43.9 (bm, 172H, ChCH,0), 4.14.5 (bm, 10H,
COOCH,CH;).

Preparation of nanoparticles

Nanoparticles were prepared by the nanoprecipitation techtiftjmepractice, the copolymer
C1 (10 mg) was dissolved in acetone (2 mL), and the copolymer solution was added dropwise to an
agueous solution 0.5 % (w/v) of Pluronic F@BmL) under vigorous mechanical stirring. A milky

suspension was observed almost instantaneously. Acetone was themaeehpnder reduced pressure
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andnanopatrticles were purified by ultracentrifugation (150 §00 h, 4 °C, Beckman Coulter, Inc.).
The supernatant was discarded and the pellet was resuspended in the appropriated volum&of water
yield a stable nanopattes suspensionN@l) of 5 mg.mL*. The same procedure was applied for

copolymersC2, C3 andC4 to yield nanopatrticle suspensiddg, N3 andN4 respectively.

Cytotoxicity of nanoparticles

The cytotoxicity of rhodamine Bagged nanoparticles wasvestigated by MTT viability test
on hCMEC/D3 human brain endothelial cell line. Cells were cultured according to previous Sfudies.
1> Briefly, cells were grown on Type | collagenated plates in EBA basal medium supplemented
with fetal bovine semm 5 %, hydrocortisone 1.4 &M, Y persic fi
strep 1 % and HEPES 10 mM. Polystyrene 96 wells plates were used and cells were seeded in each
well (15000 cells per well) with the medium previously described. The day afteggaaous
suspension of nanoparticles was administrlated at
After 48 h incubation at 37 °C and 5 % ¢@he MTT reagent (at a final concentration of 0.05 % in
DPBS) was administered and 3 h later, theg@aage 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 -floorescent P(HDCA-co-MePEGCA)

nanoparticles.

Plasma stability of nanopatrticles

The fluorescent nanoparticleN?) at 0.5 mg.mL* or 0.3 mg.mL* were incubatedh vitro in
Fischer rat plasma at 37 °C following a previously described protdcat 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 1@ @@@ing 20 min
upon which the soluble degradation productsensllected 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 ithe plasma medium.

In vitro imaging with fluorescent nanoparticles

In vitro imaging was performed on hCMEC/D3 human brain endothelial cell line incubated
with rhodamine Btagged nanopatrticles. Cells were seeded on-ltymdlagencoated glass disk (25

mm in diameter) at a concentration of 25 000 cell€cfter 2 days, an aqueous suspension of
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nanoparti cl)aevas incubdied with hGMEC/D3 cells. Following a 12 h incubation time,
the cells monolayer was washed with fresh medium and then anddyzednfocal laser scanning

microscopy.

Analytical techniques

'H and*®*C NMR spectra were performed in deuterated chloroform (gD&lin dimethyl
sulfoxide (DMSOQ) at ambient temperature on a Bruker Avance (300 MHz and 75 MHz, respectively).
IR spectrawere obtained on a Fourier Transform Bruker Vector 22 spectrometer. Size exclusion
chromatography (SEC) was performed at 30 °C with two columns from Polymer Laboratorigs (PL
MIXED-D; 300x 7.5 mm; bead diameter: 6n; linear part: 400 4 x 10° g.mol*) and a differential
refractive index detector (Spectrasystem1B0 from Thermo Electron Corp.). The eluent was
chloroform (CHCJ) at a flow rate of 1 mL.mihand toluene was used as a floate marker. The
calibration curve was based on poly(methyl raetiglate) (PMMA) standards (peak molar masbgs,
= 6257 625 500 g.mat) from Polymer Laboratories. This technique allowdg(the numbesaverage
molar mass)M,, (the weightaverage molar mass) aidl,/M, (the polydispersity index, PDI) to be
determined. Nanoparticles diametBr)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 consided as narrow when below 0.10. The surface charge of nanoparticles was
i nvest i gaentaldmVhmeassrement at 25 °C after dilution with NaCl 1 mM and using the
Smol uchowsKki e gpoiritial measurerbehtSweee niskd t@ study nanoparsiability
as a function of time at 37 °C. Fluorescence spectroscopy (Fdrkier LS50B) with 10 mm optical
guartz cuvette (Hellma 16QS Suprasil) was used to evaluate the fluorescence properties of RCA,
DCA, P(HDCA-co-RCA-co-MePEGCA) and P(HDCAo0-DCA-co-MePEGCA) copolymers as well
asassociated nanopartig)l eand Maxx immung)ewvelergthsatni o ne-
were determined as well as the maximum intensity of fluorescence (in a.u.) at different concentrations.
The same procedure wasléled for nanoparticles\[1, N2, N3 andN4) in aqueous solutiorn 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 aAplachromat 63X objective
lens (Numerical Aperture / 1.4, oil immersion). Fluorescence was collected witlpésgs60 nm
emission filter under 543 nm wavelength excitation. To specifically consider intracellular
nanoparticles localization, acquisitions were made at the mediar pfathe cell monolayer. The
pinhole size was set at 1.0 Airy unit (106 um diameter) giving an optical section thickness of 0.8 um.

Prior to observations, it was checked that autofluorescence of hCMEC/D3 cells was negligible under
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the acquisition settingand did not interfere with the fluorescence coming from the nanoparticles.

Characterization of fluorescently tagged copolymers and nanoparticles
Table S1. Synthesis of Poly[hexadecyl cyanoacryaterhodamine B cyanoacrylateo

methoxypoly(ethylenglycol) cyanoacrylate] (P(HDCAo-RCAco-MePEGCA) Copolymers (C) and

Associated Nanoparticles (N).
Zeta potential )

M,/M° Average particle Particle size

Expt. RCA M,°
diameter D,) distributiorf
mol.%" g.mol* nm mvV
1(C1, N1) 4.10 1370 1.96 115 +7.3 0.118 140.6 £0.3
2 (C2,N2) 0.85 1330 1.94 124 +9.9 0.106 135.0+£34
3 (C3, N3) 0.16 1400 1.99 123 +5.5 0.078 130.9+3.2
molar fraction in the initial cyanoacetate mixtuPdetermined by SEC with a calibration curve based

on PMMA standardsgiven by the DLS apparatus.

| | Aromatic protons
from RCA
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Figure S1300 MHz'H NMR of the fluorescent P(HDG#o-RCAco-MePEGCA) copolyme€l in

CDCl. Insert: enlarged area in the 6.8.6 ppm region. Quantification of RCA in the copolymers was

75 70 65 6.0 55

not undertaken due to its very Ipercentage, which would have led to strong inaccuracies.

75



Chapterl, Section 1

Table S2 Synthesis of Poly[hexadecyl cyanoacrylatedansyl cyanoacrylateo-
methoxypoly(ethylene glycol) cyanoacrylate] (P(HDGADCA-co-MePEGCA) CopolymersCd)
and Associated NanoparticleN4).

Expt. RCA M, M./M,> Average particle Particle size  Zeta potential®)
diameter D,) distributiorf
mol.%" g.mol* nm mvV
4 (C4, N4 4.07 1640 2.27 89+0.5 0.172 131.6+0.6

molar fraction in the initial cyanoacetate mixtuPdeterminedy SEC with a calibration curve based
on PMMA standardsgiven by the DLS apparatus.

Colloidal characteristics of fluorescently tagged poly(alkyl cyanoacrylate) nanoparticles
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Fluorescent properties of rhodamine Btagged poly(alkyl cyanacrylate) copolymers and

nanoparticles
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Figure S3. Normalized excitation (blue line) and emission (red line) spectra of rhodamine B
cyanoacetate (RCA) in CH{a), P(HDCAco-RCAco-MePEGCA) copolymeE?2 in CHCl; (b) and
P(HDCA-co-RCAco-MePEGCA) nanopaitlesN2 in water (c).
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Figure S4.Fluorescence emission spectra of P(HDEARCAco-MePEGCA) copolymer solutions in
CHCl; at 0.1 mg.mt* (a) and of P(HDCAco-RCAco-MePEGCA) nanoparticle suspensions in water
at 0.1 mg.mt: (b).
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Figure S5.Emission spectra in CHgbf P(HDCAco-RCAco-MePEGCA) copolymet€3 (a), C2 (b)

andC1 (c) as the function of the copolymer concentration.
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Figure S6.Emission spectra in water of P(HD@%»-RCAco-MePEGCA) nanoparticle suspensions

N3 (a), N2 (b) andN1 (c) as the function of the nanoparticle concentration.
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Figure S7. Evolution of fluorescence intensity as a function of P(HRGARCAco-MePEGCA)
copolymer concentration (a) and P(HD&@&-RCAco-MePEGCA) nanoparticles concentration (b).
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Figure S8.Normalized excitation (blue line) and emission (red line) spectra of dansyl cyanoacetate
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Application to in vitro cell imaging
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Figure S10.Cell viability (MTT assay) after 48 h incubation of hCMEC/D3 human brain endothelial
cell line with nonfluorescent P(HDCAo0-MePEGCA) KNO) or fluorescentP(HDCAco-RCAco
MePEGCA) N1, N2, N3) nanoparticles as a function of nanoparticles concentration.

Figure S11.Confocal microscopy images of fluorescently tagged nanopartidits $cale bar = 25

pm; Laser illumination: 543 nm; detection gain: 49dser power: 100 %.
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Figure S12. In vitro biodegradation profile of fluorescenP(HDCA-co-RCAco-MePEGCA)
nanoparticles I§2) at 0.5 mg.mL* (, ) or 0.3 mg.mL* (p ) in Fischer rat plasma at 37 °C

Figure S13.Fluorescence images (red) superimposed WEIMEC/D3 human brain endothelial cells
Nomarski images viewed from the top cell surface after incubation with fluoréy¢tdCA-co-RCA
co-MePEGCA)nanoparticles for 12 h and subsequent wastihthe medium. (aN1; (b): N2; (c):

N3 and (d) N3 with increased gain and laser power. The arrows indicate faint fluorescence areas.

Scale bars = 2Qum.
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Section 2

I mplications dans le projet NAD

Une partie importante du projet NAR ététournéevers le développemerd 6 une m®t hode
di agnostic permettant doéidentifier et de visual
caract®ristiqgues de | a mal adie do6Al zhei mer, dan:¢
des nanparticules, chargées avec des sondes ou des agents de contraste, capables de traverser la BHE
et de cibler les plaques amyloides comme une opportunité de visualiser précocement la formation des

pl aques c¢c®r ®bral es. Dans c @ déswnanpparticulas PEGalées des t o L
poly(al kyl cyanoacryl ate) char g®es avec des Qu
| 6i dentification du devenir des nanoparticul es &
ont été encapsulés dans cemaparticules puis visualisés vitro aprés leur incubation avec des
cellules endoth®liales de BHE. De pl us, | 6encaps
fluorescentes par greffage de la Rhodamine BgceE ct i on 1) a de @anopartcules 6obt e
doubl ement mar qu®es. Déaut r ein piades partieufes, des @Ds r ®a |

émettant dans le proche infrarouge ont également été utilisés.

I mplications in the NAD project

An important part of the NAD project wadirected towarddo the development of a diagnosis
procedure abl e to i dentdsdagse typidaleplagues evithim the lrainoThe Al z h
development oprobeséontrast agenisharged 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, wérst decided to develop Quantum Dot (QDaded PEGylated

poly(alkyl cyanoacrylatg nanoparticles as a tool fahe identificatimm of nanoparticles fateluring

biological studies. Several types of @Mave been encapsulated within thangarticles and
visualizedin vitro after interaction witrBBB endothelial cells. Moreovethe encapsulation of GD

into fluorescentRhodamine BRagged nanoparticles(described in section ) allowed the double

labeling of thenangarticles. Toachievein vivo visualization of the particles, near infrared emitting

QDs has beemlsoemployed.
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Quantum dotdoaded PEGylated poly(alkyl
cyanoacrylate) nanoparticles fiorvitro andin

Vivo imaging
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Résumeé

Des Quantum Dots () , ®me t t a4{Visibledetdars lelprddde/infrarouge, ont été
encapsul ®s, avec des rendement s ®| ev®s, " | i
poly(cyanoacrylate d'alky)egpar auteassemblage en solution aqueuse. Les NPs chargéessaindD
obtenuesont été purifiées et caractérisées par microscopie électroaiuansmission, diffusion de
lumiere, mesures de potentiel zéta ainsi que par des études de stabilité et des tests de viabilité
cellulaire. La ceencapsulation de différents typgs Qs a conduit a des NPs codbarres. Elles ont
ensuite été utilisées pour limagerie de cellules endothéliales hunmiees me t t an't dé®t ud
capture Enfin, le deveniin vivodes NPs contenant des @8mettant dans le proche infrarouge a été

visudisé de fagcon non invasive par imagerie optique de fluorescence.

Abstract

Visible-light and near infrareémitting quanturrdots (QDs) were readily encapsulated with
high yields into PEGylated poly(alkyl cyanoacrylate) nanopatrticles (NPs) bgsssmblyn aqueous
solution. The resulting QDgoaded NPs were efficiently purified and characterized by transmission
electron microscopy, dynamic light scattering and-peti@ntial measurements as well as by stability
studies and cell viability assays. Concomitancapsulation 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, thén vivo fate of neaiinfrared fluorescent NPs was visualized noninvasively by

fluorescence optical imaging.
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1. Introduction

Nanotechnologies can be seen as a believable opypiyrttegarding various challenges
encountered in the fields of materials science, drug delivery, supramolecular chemistry and other
nanoscaled areas. The application of nanotechnologies to drug délfverften termed
nanomedicing;® has witnessed a crucial impulse with the development of various types of drug
carrier nanodevices. Among suitable candidates for drug delivery purposes, nanoparticles (NPs)
based on biodegradablelp@lkyl cyanoacrylate) (PACA) hold great promise and have appeared
as a welestablished technology for colloidal nanomedicirRACA drug carriers have indeed
demonstrated significant results in multiple pathologies such as caseeere infections (viral,
bacteriologic, parasittaswell as in several metabolic and autoimmune disesesl-reviewed
in the recent literatur®® Noteworthy, when PACA nanoparticles were loaded with the
anticancer drug doxorubicin, they were able to overcome multidrug resistance (MDR) of cancer
cells* and their biodegradability and safety have allowed clinical trials (currently phase 1I/111) for
the treatment of MDR resistant hepatocarcinoma. The survival of the patients treated with this
nanomedicine has beemportantly increased as compared to the standard treatment (arterial
chemoembolization)?

In the last 25 years, various types of PACA nanoparticles have been devéfdp&@he 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 tdigigr 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-apdnto the liver tissu&:*

More recently, it has been demonstchthat after intravenous administration, a small fraction of

the injected PEGylated nanoparticles composed of amphiphilic poly[hexadecyl cyanoacoylate

methoxypoly(ethylene glycol) cyanoacrylate] (P(HD@&MePEGCA)¥® copolymer were able

to cross the Wod-brain-barrier (BBB)!***as opposed to their ndPEGylated 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 afmndeftide, a biomarker

for Al zhei mer 6s di sease, an? to influence its
Quantum dots (QDs) are fluorescent nanocrystals that offer unique optical properties such as a

wideband excitation, sharp symmetrical emission spectra, a-teng plotostability, high

quantum yields and sizéependant emission wavelengths. A great deal of work has focused on

QD surface maodification for enhanced wasadubility, (bio)conjugation and other applications in
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biological aread®?’ Encapsulation of QDs int polymer nanoparticles or micelles was also
investigated®*® but to the best of our knowledge, none of them reported QD loading into

poly(alkyl cyanoacrylate) nanoparticles or into other PEGylated, biodegradable NPs.

oN oN self-

assembly
of e
o o

e}
S quantum
d dots
(L ?\ /in vit_ro \in viyo
o imaging Imaging

~—

Ce o) -

hCMEC/D3 human brain endothelial cell line

Q

Scheme 1Preparation of quantum dotsaded, fluorescent P(HDGAo-MePEGCA) nanopatrticles

for in vitro and in vivo imaging.

Herein, we reported a straightforvard method to efficiently encapsulate QDs as
fluorescent tags into PEGylated P(HD&@&AMePEGCA) NPs (Schee 1). Concomitant
encapsulation of two kinds of QDs was al so achi
which is of interest for multiplex detectioand which is unprecedent in the fieM/e wished to
take advantage of the BBB crossing abilitif these NPs to monitor thein vitro uptake by
hCMEC/D3 human brain endothelial cells. In addition, itheivo fate of neaiinfrared fluorescent

QDsloaded nanoparticles was imaged morasively by fluorescence optical imaging.

2. Experimental part
2.1 Materials

Pluronic F68 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), rhodaminetBgged P(MePEGCA0-RCA-co-HDCA) and P(MePEGCA
co-HDCA) copolymers were synthesized as described elsevifiéfB.ul beccodés phospha:
saline (DPBS) without Cag¢land MgC}, and EMB2 medium were purchased from Lonza.
Penicillin 10,000 unitsSt r ept omy c i n * 4n@ TrgpSiG/EDEAgveren bbtained from
Invitrogen, Gibco. Hydrocortisone, human basic fibroblast growth factor (bFGF) cell culture
tested and {§4,5dimethylthiazoi2-yl)-2,5-diphenyltetrazolium bromide (MTT, 98%) were
purchased from Sigma. HEPESvlwas 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 elsewh&7¥.
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2.2 Synthesis of quantum dots (QDs)

Visible emitting CdSe/CdS/ZnS and neaafrared emittingCulnSe/ZnS quantum dots
were synthesized in organic solvents using previously published prot6ébiBhese QDs were

finally precipitated in ethanol and resuspended in chloroform before use.

2.3 Preparation of QDsloaded, PEGylated nanoparticles

QDs were encapsulated into P(MePEGE€AHDCA) or into fluorescent P(MePEGCA
co-RCA-co-HDCA) polymeric nanoparticles by the solvent emulsion/evaporation techfiique.
typical formulation N1, Table 1) is prepared as follows. 10 mg of RMEGCAco-HDCA)
copolymer and 10QL of QD (8sm. = 590 nm, 1QuMm) 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 rpih @ltrasonicated 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 Qimmded P(MePEGCA0-HDCA) NPs. NPs were purifiethy
filtration on 1 pm glass fiber membran(Acrodisc, Pall) slide. These @QDadedNPs were further
purified by ultracentrifugation for 2 h in a #D% sucrose gradient at 50,000 rpm (MLS50 rotor;
Optimax ultracentrifuge, Beckma®Boulter). Proportions of QDs in the different bands were
measured Y dosing cadmium concentration by I®FS (Ascal, France) after dissolution in
concentrated nitric acidThe same protocol was followed for the other formulations (Table 1).

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

3. Analytical techniques
3.1 Dynamic light scattering

The nanoparticle diameteDf) 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 timesolution. The nanoparticle surface charge was
i nvest i gatdnttadmebsyrement at 25°C after dilution with 1 iaCl solution applying

the Smoluchowski equation and using the same apparatus.

3.2Cryo-transmission electronmicroscopy (Cryo-TEM)

Thin liquid films of particle were flash frozen in liquid ethane and observéd &d°C on
a JEOL JEM2100 LaB6 electron microscope (Cs = 2.0 mm) operating at 200 kV undetdse/

conditions (10 electron.As™) at a nominal magnification of 20,000 to,800, with ai 1.57 i 2.0
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em defocus ranger-or negative staining, nanoparticles were stained, using a 2% uranyl acetate
solution, and observed &tl.5 um defocus under low electron dose conditioDggital images

were directly recorded on a Gatan Ultrasé®90 CCD camera.

3.3Fluorescence micrespectroscopy

Fluorescence micrspectroscopy was performed using a slit and é®HA41 glass prism to
provide spectral dispersion on a CCD camera at the output of an inverted fluorescence microscope

(IX71, Olympus)?®

3.4 Confocal laser scanning microscopy (CLSM)

In vitro imaging was performed on hCMEC/D3 human brain endothelial cell line
incubated with rhodamine -Bagged nanoparticles containing QDs. Cells were seeded on glass
disk (25 mm in diameter) at a concentration of 25,000 cellé.cAfter 2 days, an aqueous
susp@si on oOf nan o p a)mwasiincubatesd with2h6 MEE/®3 aalls. 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 hetieom laser md a Plan
Apochromat 63 objective lens (numerical aperture/1.4, oil immersion). For Qsled
P(MePEGCAco-HDCA) NPs (N2, Table 1), fluorescence was collected with lgregs 530 nm
emission filter under 458 nm wavelength excitation. For Qi2sled P(MePECA-co-RCA-co-
HDCA) NPs (5, Table 1), fluorescence was collected with Igrass 560 nm emission filter
under 543 nm wavelength excitation (rhodamine B channel) and a-gamsd 506550 nm
emission filter under 488 nm excitation (QDs channel). The pinha&gas set at 1.0 Airy unit

(106 em diameter) giving an optical section thi

3.5 Cytotoxicity studies

The cytotoxicity of QDdoaded nanoparticles was investigated by MTT viability test on
hCMEC/D3 human brain endothelial cell lin€ells were grown on 10 cm diameter plates in
EBM-2 basal medium suppl emented with frthasic bovir
fibroblast growth factor 1 ng.mt, penicillin:streptomycin solution 1% and HEPES 104m
Polystyrene 96 wells plates weused 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 dAffefd8r ent ¢

h of inaubation at 37 °C in 5% CQthe MTT reagent (at a final concentration of 0.05% in DPBS)
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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 watansgdras negative

controls.

3.61n vivo visualization

For in vivoimaging, etro-orbital injections of 200 h QDs-loadednanoparticlesNO and
N5, Table 1) in 5% glucose were performed on female nude mice weighting approximately 23 g
(injected dose of22 mg.kg") and housed under standard conditions with food and waater
libitum. After 24 h, the animals were anesthetized and imaged with the Fluobeam NIR imaging
system (Fluoptics, Grenoble, France). The optical system consists ofrar6&&er (52 pWnm'
%) and a pixelfly camera fitted with a higiass RG 9 filter (Schott).

4. Results and discussion

P(HDCA-co-MePEGCA) nanoparticles are usually prepared by the nanoprecipitation
technique®®® However, we selected the solvent emulsion/evaporation metresdit involves
chloroform (or dichloromethane) in whid@Ds 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 shedny means of ultrasounds. The organic solvent was then removed under
reduced pressure to yield a stable suspension of -IQded P(HDCAco-MePEGCA)
nanoparticles.

A small library of QDdoaded nanoparticles was obtained by varying the nature of the QDs,
their initial amount and the nature of the surfactant (TabM11N4). In addition, a dual labeling was
performed with the use of a rhodamingegiged P(HDCAco-RCA-co-MePEGCA) copolymer (Table
1, expt.N5). In all cases, stable suspensions of Qiasled RACA nanoparticles were obtained.

Average diameters were in the 1880 nm range with narrow particle size distributions (Table 1).
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Table 1 Synthesis and Colloidal Characteristics of QDzaded, PEGylated Poly(Alkyl

Cyanoacrylate) Nanoparticles.

Expt. Copolymer Surfactant Quantumdots Average Particle Zetapotential )
hem. (NM) Initial amount diameter size (mV)
(mol) (D) distributior
(nm) :
NO P(HDCA-co-MePEGCA) Pluronic - - 175+ 4 0.158 18.6+0.1
N1 P(HDCA-co-MePEGCA) PVA 590 1x10° 153+ 4 0.117 18.8+0.2
N2 P(HDCA-co-MePEGCA) PVA 600 5x 10° 162+ 3 0.102 14.8+0.4
N3 P(HDCA-co-MePEGCA) PVA 590 2x10° 158+ 4 0.129 16.0+£0.6
560 2x10°
540 2x10°
N4 P(HDCA-co-MePEGCA) Pluronic 840 2x10° 181+ 3 0.098 124+04
N5 P(HDCA-co-RCA-co-MePEGCA) PVA 540 3x10° 171+2 0.119 7116.0+ 0.8
N6 P(HDCA-co-MePEGCA) PVA 620 0.6x 10° 157+ 7 0.039 19.4+3.4
580 0.3x 10°
N7 P(HDCA-co-MePEGCA) PVA 620 0.6x 10° 213+ 6 0.132 17.3+25

580 0.15x 10°

@ Determined by the DLS apparatus.

Longterm stability of the QD4oaded 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 fountb remain constant (Fige1).
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Figure 1. Evolution of the average diameter and the particle size distribution of-lQdaed

poly(alkyl cyanoacrylate) nanoparticles in water at 37°C as a function of g#méN1), DZN2), 0

(N3), ¢ (N4), ¥y (N5).

gc-potertial measurements showed negative values fro2¥ to 18.8 mV with the
P(HDCA-co-MePEGCA) whereas a lower value ©116.0 mV was obtained when the P(HDCA
co-RCA-coMe PEGCA) was wused. This obser vatpotential i s i
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values of rhodamine Bagged poly(alkyl cyanoacrylate) nanoparticles compared to unlabeled
counterpart$! due to the positioning of rhodamine moieties at the nanoparticle surface.
Ultracentrifugation on sucrose gradient was performed and allowed-lGDsd
nanoparticles to be isolated from both empty nanoparticles and free QDs, as assessed by
TEM images Figure 2a and Figre S1). With normal contrastN1), QDs were clearly seen as
dark spots inside polymer nanoparticles which sizes were consistdnDl'S measurements.
When a negative staining specific to PEG (constituting the NP shell) was apiN@&d (
nanoparticles were surrounded by a dark coloration inside which QDs still appeared as dark spots
(Figure 2b). This confirmed their successful ensafation inside P(HDCAo-MePEGCA)
nanoparticles. In addition, the higher loading targeted with 4@Bded nanoparticleN3
compared tdN1 was visually assessed byyo-TEM. Quantum dot encapsulation yieldshf and
N3 batches were as high as 35% and 1l#%spectively, as assessed by {MEB cadmium
concentration measurements? The rest of QDswere either aggregated outside the copolymer

beads or encapsulated as a single QDs in small copolymer micelles.

Figure 2. Cryotransmission electron microscopy of Qdaded P(HDCAco-MePEGCA)
nanoparticles N1 (a) and N3 with negative staining (b). Scale bars = 100 nm.

We then took advantage of the ease of encapsulating QDs into PACA nanocarriers by
going a step further toavds barcode nanoparticles. We performed a concomitant encapsulation of
variable amounts of two batches of QDs emitting at 580 nm and 620l6rmndN7, Table 1) and
we investigated whether the initial stoichiometry (i.e., the initial intensity ratio lestvilee two
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 nanoparticl®6 and N7 were 0.53 and .89, respectively. These NRgere
prepared following the same protocol and their individual emission spectra were measured by

fluorescence micrspectroscopy (n = 40 beads) after purification. As shown inrEi§, the
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emission spectra of individual nanapeles correlated well with the initial blend of the two

populations of QDs. Average final ratios were 0.42 + 0.1IN@and 0.65 £ 0.07 foN7.

0.020

(b)

(a) lQD620

0.015 |

lapsso

1
o

N
0.010 | ;N\

0.005 ! VA \

Fluorescence intensity / a.u.
~
~

Number fraction

0.000 T L s L . 0
520 540 560 580 600 620 640 660 T 010203 04 0.5 06

Wavelength / nm I

0.7 0.8 09 1.0
ans20/(lapszg + lanses)

Figure 3. Typical fluorescence emission spectra (a) and fluorescence intensity distribution,

l ope2d (I ope2at| opssg), Of individual nanoparticledl6 (dashed line) anti7 (solid line) (b).

QDsloaded poly(alkyl cyanoacrylate) nanoparticles were then employead fitro imaging
studies on hCMEC/D3 human brain endothelial cell line, which has been gdl@asia uniqum vitro
model of human BBE? Prior to imaging studies, cell viability assays were performed by the MTT test
in order to determine the cytotoxicity of Qmded PACA nanoparticles on hCMEC/D3 cells. With
QDsloaded NPs N2 and N5, which élstted among the highest QD loading, no statistical difference

in cytotoxicity was observed up to a copolymer concentration of 0.1 mig(Rigure 4).
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Figure 4. Cell viability (MTT assay) after 48 h incubation of hCMEC/D3 human brain endothelial cell
line with QDloaded P(HDCAco-MePEGCA) N2) and P(HDCAco-RCAco-MePEGCA) KN5)
nanoparticles as a function of the nanoparticle concentrati@th experiment was reated 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.
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In vitro imaging studies after incubation of hCMHEI3 cells with fluorescent QDkaded
nanoparticledN2 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 mghological 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 nanoparticlesprimary culture of rat brain endothelial celfs.

Figure 5. Superimposed confocal fluorescence and Nomarski images of hCMEC/D3 human brain
endothelial cells viewed from the top cell surface after incubation withlc@Bed fluorescent
P(HDCA-co-MePEGCA) nanopatrticles N2 for 12 h. Scale bar 3.20.

Considering hat poly(alkyl cyanoacrylate) nanoparticles are biodegraded enzymatically
via hydrolysis of the ester functiofisit 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 precociousghked out of PACA nanocarrierBherefore, green
emitting QDs é:m = 540 nm) were encapsulated into rhodamineagged P(HDCAco-RCA-co-
MePEGCA) copolymer (Table IN5) in order to separately visualize fluorescent signals coming
from the QDs and from thehodamine B tag by CLSM. After a 24 h incubation period,
nanoparticlesN5 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 6bi c). More impatantly, it can be seen drigure6d that an almost perfect docalization
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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 cyanoacrylateyticdespa

This new fluorescentjabeled PEGylated nanoparticles are therefore adapteih teitro
imaging. Moreover, it is believed that these nanoconstructs are a suitable alternative to the usual
pathway consisting in the encapsulation of organic fiabromes which exhibit a severe tendency

to leak out from nanoparticles and therefore to leanhisinterpretation o€ELSM images’?’

(a)

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 witb&@ed fluorescent
P(HDCA-co-RCAco-MePEGCA) nanopatrticleN5 for 24 h. Scale bars = 1am.

In addition, our approach is very versatile due to the wide range of QDs that can be
encapsulated. This was illustrated with the loadingdffree nearinfrared (NIR) emitting QDs
inside P(HDCAco-MePEGCA) nanoparticles (Table N4), hence suitable foin vivo imaging
purposes. Retrorbital injections of nanoparticles were performed on nude mice and they were
imaged norinvasively by fluorescence optical imaging after 24 h. Whemmdyg a faint aute
fluorescence signalvas obtained withempty nanoparticles (tée 1, NO), used as a negative
control, (Figure 7a), NIR QDsloaded PACA nanoparticles led to a strong fluorescence signal

emitted from the liver (Figre 7b). Itis worth mentioningthat although these nanoparticles were
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PEGylated, their accumulation imd liver was not surprising, somewhat expected, at a time

interval as long as 24 h peistiection”*°°

Figure 7. 2D-fluorescence optical imaging of mice performed 24 h after +etbital injection of (a)
empty P(HDCAco-MePEGCA) NPsNO) and (b)QDsloaded P(HDCAco-MePEGCA) NPsN4).

5. Conclusions

For the first time, QDs were loaded into PEGylated and biodegradable nanoparticles. The
strategy relied on the encapsulation of QDs upon-astembly of amphiphilic P(HDGAo-
MePEGCA) copolymer. Theesulting nanoparticles were very stable and were used for human
brain endothelial celin 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 muiiidéetion
purposes and (ii) neanfrared QDs in order to noninvasively visualize vivo nanoparticles by
fluorescence optical imaging. These results are of importance as they lay down the foundations of
a versatile fluorescent, nanoparticulate platfarseful 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 twdledso

theranostic appiach.
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Supporting Inbrmation

Figure S1.Cryo-transmission electron microscopy of @@aded P(HDCAco-MePEGCA)
nanoparticle suspension N1 after ultracentrifugation on sucrose gradient. Left: empty P{HDCA
coMePEGCA) nanopatrticles; right: free QD.
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Section 3

Implications dans le projet NAD

Un nouveau modele de barridiématoencéphalique nous a été fourni paDiecteur P-O.
Cour aud de CNRS 81D4t (Bstitud KadThin, Paris). £eellules on été précédemment
caractérisées tastr le plarmorphologiquequeb i oc hi mi qu e . Léobjectif de ¢
dans un preraer temgs, de valicer le modtle et dans un secontd e mp étydier & fpassage de
nanopaiitules fluorescenteB(MePEGCAco-RCA-co-PHDCA) précédemment déoces,a traversces
cellules. L a finalit® du projet est | 6®val uati on de
nanoparticules pour augmenter leur passage de la BME.pkotocoles delysieurs technigue
complémentaires, comme la microscopie confetla gtométrie en flux, ont été miau point pour
finement exploret 6 i nt eracti on ent r e (dertawmesegpérieicesiont tebes et [

avec des nan@pticules fonctionnalisées avec des molécules capables de promouvoir le passage a

travers la BHE sordctuellemenen cours.

Implications in the NAD project

A novel human BBBn-vitro model has been gently provided by Dr@R.Couraud from the
UMR CNRS 804 unit (Institut Cochin, Paris). These cells have been previotistyoughly
characterizedor morphological and biochemical aspedthe aim of this part of the project wirst,
to validate the model armkcondlyto study the trancytosis across the cells of the previously described
fluorescent P(MePEGGA0-RCA-co-PHDCA) nanoparticles. The final aim will be the evaluation of
different types of nanoparticle functionalization supposed to increase BB permeabiliy.
Protocols of severaloenplementary techniques, suchcasfocal laserscanningmicroscopy andlow
cytometry, have been optimized to finely explore the nanoparticles interaction with thes8araks.
experimentssuch as onewith nanoparticles functiaized with molecules able to promote BBB

crossing are now running.
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Fine evaluation opolymeric nanoparticles
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Blood-Brain Barrierin vitro model
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Résumeé

La nanomédecine peut constituer une stratégiginale pour la déliverance cérébrale de
principes actifs pour le traitement des maladies du systéme nerveux central. Dans ce but, les systémes
nanoparticulaires doivent démontrer leur capacité a franchir la barriere hématoencéphalique (BHE). A
cejour,peudepgul i cati ons ont ®tudi ® | 6int®grit® des nar
Dans ce papier, nous proposons doé®valuer |1 0inter
polymériques a travers un modéle de BHE humaine composée de<alEMEC/D3 immortalisées.
Des NPs fluorescentes grace 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 cootale a balayage laser, cytométrie de flux et microscopie électronique a
transmission. Ces résultats ont été comparés avec ceux précédemment obtenus avec un modéle de
BHE de rat a partir de culture primaire soulignant les différences entre les modeless [Esu
données conduisent a proposer un passage des NPs a travers le modele humain de BHE grace a un

m®cani sme dbéendocytose m®di ®e par un r ®cepteur

r®cepteur "’ |l 6Apo E t el gue . Deaes exp&ienecp ultérieures a u x
permettront de confirmer ce m®cani sme et | 0int ®g
Abstract

Nanomedicine can propose an original strategylfag delivery to the brain fothe treatment
of central nervous system di&ses. With this aim, nanoparticulate systems must demonstrate their
ability to translocate through tliedood-Brain Barrier(BBB). Up to now a low number of publications
have studied the integrity of nanoparticles (NPs) after BBB crossing. In this papgmopose to
evaluate the internalization but also transcystosis of polymeric nanoparticles through a novel human
BBB model composed of immortalized hCIRZBD3 cells. Rhodamine labellethbrescent NPs have
been incubated with confluent and non confluens@d 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 modklthe 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 asdoDld be involved. Further
experiments will be performed to confirm this mechanism and the NPs integrity after their BBB

passage.
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1. Introduction

The application of nanotechnologies in medicine and biology for diagnostic or therapeutic
purposedas gained great interest in the last decade leading to the birth of a new research field usually
termed as NanomedicifieA consistent part of nanomedicingorks are oriented toward the
devel opment of Amagic bulletsd able to selectiyv
toxicity to periphery and the required dds&he first application of nanomedicine concerns the
treatment ottancerwhere the naoparticles (NPs) allow to target and increase the drug concentration
within tumor cells’ Among several nanoparticulate systems, NPs composed of biodegradable
Poly(Alkyl Cyanoacrylate) (PACA), represent a well established technology for colloidal
nanomediine. 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/lll clinical
trial against MDR resistant hepatocarcinofa.

A big challenge s represented by the delivery of drugs to the brain being protected by the
Blood-Brain Barrier (BBB), a physiological wall essential for brain homeostasis preserVition.
Indeed, it has a tremendous impact on the ability of exogenous molecules, diwdgsdnto 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 neurodegenerdtsarders? 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 parenciyma.

The BBB is composed of 4 different cellular entities: i) astrocytes which the nuiaiis to
assure nutrition of endothelial cells, ii) pericytes playing as mechanical support for endothelial cells,
ii) neurons that could be connected to the others cellular types and iv) the endothelial cells strongly
connected by means of tight juraris 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 intendothelial tight junctions, but also the enzymaiti

metabolic barrier and the uptake and efflux transport.
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The development oin vitro reconstituted models of the BBB from different mammalian species,
employed since late 1970, allowed facilitating the study of the physiology and the pathophydiology o
the BBB. Even if they do not completely mimic timevivo environment, several models have been
proposed, characterized and employed to identify the BBB permeability of ‘raigshe moment
these models, even if intrinsically limited and not fully camgble 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 incoéabeir bloodstream halffe and
an interesting ability to cross the BBB, even if in small proporttéhs!’ In vitro experiments have
been performed using a new rat BBB model based on primary culture of rat endothelial cells and
astrocytes® 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 roigim receptor
(LDL-r) expressed from brain endothelial cells mediating the NPs endocytdsis.

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 rhadetl on weltlifferentiated human
brain microendothelial cell line (hCMEC/D3) has been recently developed and applied for several
permeability studie&®® In order to follow NPs uptake and intracellular distribution fluorescent
labeled NPs are usualgmployed. 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 theartarhepleading
to inappropriate evaluations, ii) adsorption of part of fluorescent dye at the surface of the nanoparticles
which release may not correspond to the nanoparticles biodegradatmprevent interference from
artifacts, we recently detaill the synthesis of a fluorescent polymer based on Poly(hexadecyl
cyanoacrylateo-Rhodamine cyanoacetate-methoxypoly (ethylene glycol)P(HDCA-co-RCA-co-
MePEGCA))able to sefassemble in nanoparticl&s?® Moreover the encapsulation of several types
of quantum dots in these NPs (BIPHDCA-co-RCA-co-MePEGCA NPs)has been performed
leading to a double fluorescently labeled NPs, a useful tool for istydye integrity of particles
during BBB crossing proce$s.

The aims of this work are i) to finely describe t@g1DCA-co-RCA-co-MePEGCA)NPs up
take 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 mbeéetesults would help to

evaluate the ability of these NPs to reach the brain parenchyma in a particulate form.
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2. Experimental section

2.1 Materials and chemicals

Poly[hexadecyl cyanoacrylate-rhodamine B cyanoacrylat®-methoxypoly (ethylene
glycd) cyanoacrylate] P(HDCAo0-RCA-co-MePEGCA) copolymers, poly[hexadecyl cyanoacrylate
co-methoxypoly (ethylene glycol) cyanoacrylate] P(HD€C&MePEGCA) were obtained following
previously reported proceduréS.Dul beccods phosphate buf §and sal ir
MgCl, and EMB2 medium were purchased from Lonza. Penicillin 10,000 48titsptomycin 10,000
e g . MTrypsin/EDTA and Chemically Defined Lipid Concentrate were obtained from Invitrogen,
Gibco. Pluronic F68, 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}ditiioerythritol (DTE), acrilammide (40%),
tetramethylethylenediamine (TEMED), ammonium persulfate (APS), paraformaldehyde (PFA),
CHAPS @-[(3-Cholamidopropyl) dimethylammonid}-propanesulfona)e Thiourea, Urea, Glycerol,

SDS, Dithiothreitol (DTT), lodocetamide, Glycine, Bribuffer, Sypro ruby, Agarose, Bradford
Reagent ammoniun persulfate (AP@d ascorbic acid were purchased from Sigukich.
Quantum Dots have been prepared as previously deséliBetly (vinylalcohol) (PVA, 3670 kDa,

cell culture tested) was purcleaksfrom Fluka. HEPES t 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 elsewfieBnragueDawley rat serum was purchased from Charles
River Laboratories. Mouse afituman Lysosomes Associated Membrane Protein 2 (LAMP
polyclonal antibody, mouse a#tuman 58K Golgi protein (Clone, 58%) monoclonal antibody,
mouse anthuman Protein Disulphide Isomerase of Endoplasmic Reticulum (Cloh80)R
monoclonal antibody and rabbit ahtiman earhendosomes (EEA1) polyclonal antibody were
purchased from Abcam. Alexa Fluor 488 ambuse and Alex&luor 488 antrabbit were purchased

from Molecular Probes. Goat atmtiman Low Density Lipoprotein Reptor (LDL-r) monoclonal
antibody, goat artiat ApolipoproteinE polyclonal antibody and HRP mouse-godit were purchased

from SantaCruz Biotechnology. Vectashield mounting medium was purchased from Vector. 13mm
diameter glass disks (0.7mm thicknesgyavpurchased from Thermo Scientific.

Collagen precoated Transweéll (0.45um porus, 24mm diameter) were purchased from Corning.
Amicon entrifugation filters (0.5mL, 30KDa) were purchased from Millipofd. solvents were
purchased at the highest gradenir Carlo Erba2-D uncontinous gel €m, pH31 0 (I mmobi | i n|

Drystrip gels) was purchased from Gtealthcare.
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2.2 Nanoparticles preparation

Nanoparticles were prepared usitHDCA-co-RCA-co-MePEGCA) according to a protocol
previously published by owgroup: 10 mg of copolymer was dissolved in acetone (2 mL) and added
dropwise to an aqueous solution 0.5 % (w/v) of PlurorB8H4 mL) under vigorous mechanical
stirring. A purple suspension was observed almost instantaneously. Acetone was then evaporated
under reduced pressure and nanoparticles warBepluby ultracentrifugation(50,000 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.manoparticle suspension. Quantum dots

loaded particles have been prepared and purified as previously described by od# group.

2.3 Nanoparticles characterization

The nanoparticle diameteb§) was measured by Dynamic Light Scattering (DLS) with a
Nano ZSfrom Malvern (173° scattering angle) at 25 °C. The nanoparticle surface charge was
investigated bys-potential measurement at 25°C after dilution with 1 mM NaCl solution applying the

Smoluchowski equation and using the same apparatus.

2.4 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.cn? using EBM2 basal medium supplemented with fetal bovine serum 5%, hydrocortisone 1.4
em, b a s ast grofvth factoo b mg.mi, penicillin:streptomycin solution 1%, HEPES 10 mM,
ascorbic acid (5 pg.mt) 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 figfanldifferent 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 antibodiglexa Fluor 488 IgG was employed for
fluorescence detection. Non treated cells were used as control. For experimentsconfhamnt
conditions, cells were seeded at 50,0880s.cn and treated with nanoparticles after 3 day of culture.
Observations wer made by sequential acquisition with a Zeiss LM 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 banplass 505 and 550 nm emission filter and under a 488 nm laser illumination. The

pinhole diameter was set at 61 um giving an optical sec¢kimkness of 0.6 um. Stacks of images
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were collected every 0.3 um along the z axis. 12 bit numerical images were acquired with LSM 510

software version 3.2.

2.5 NPs uptake experiments at 4°C by confocal microscopy

In order to assure that an endocytosis mechanism govern lageupf nanoparticles within
hCMEC/D3 cells, the confluent cells obtained according to the protocol described above (chap. 2.4)
have been treated with fluoresc®{HDCA-co-RCA-co-MePEGCA) NPdor 20 min or 12 h at 4°C in
order to block all energgelated 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 longpass 560 nm emssion filter and under a 543 nm laser illumination. Cells treated at 37°C

were employed as control.

2.6 NPs uptake experiments at 4 and 37°C bffow cytometry analysis

NPs uptake at different time points was quantified using a C6 Flow Cytometry systeuri(A
Cytometers). Cells were seeded in a 24 wells plate at a concentration of 50,000 telifteny days
(confluence reached) cells were treated with an aqueous suspension of fluorescent nanoparticles (final
concentration 30 pg.mt) for 5 min, 20 ma, 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 C¥l@sftware (Accuri
Cytometers). Duringhte experiments cell debris were excluded by setting an appropriate gate of side
scattered light (SSQJs forward-scattered light (FSC). A total of 20,000 gated cells were analyzed.
The increase of fluorescence intensity in cells treated with nanopanielesexpressed as mean

fluorescence increase relative to soeated cells.

2.7 LDL-r expression from hCEMC/D3 cells

The expression of LDt was evaluated by immunoblotting analysis. Confluent cells were
lysated and proteins were migrated on Si2§e elecbphoresis gel (8% acrylammide). Bands were
transferred on nylon membrane. Following incubation with specifieLdbiti receptor antibody (goat
antrhuman, Sant&ruz Biotechnology INC.) and extensive washing with PBS containing 0.05%
Tween20 (PBST), memlvanes were incubated with horseradish peroxidasgugated mouse anti
goat IgG for 1 h at 37°C. Membranes were extensively washed with-T,B&d bands were

visualized by enhanced chemioluminescence detection.
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2.8 Apo E adsorption on nanoparticles

The adsorption of Apo E at the surface of these fluorescently labeled NPs was evaluated by
immunblotting as previously describ®d350 pL of nanoparticles suspension (20mginlwas
incubated in 1.75 mL of Spragidawley rat serum for 20 min at 37°€lasma 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 (15,0009 for 1.5 h at 4°C) to
remove the excess of sen. After the centrifugation the NPs were resuspended in 100 pL 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) aiectingin
NP. The supernatant was collected and migrated onQ8 electrophoresis gel (12% acrylammide),
the proteins were transferred on a nylon membrane. After extensively washing wih, RS E
was detected using a specific primary antibody and ¥étiugated 1gG. The bands were visualized

by enhanced chemioluminescence detection.

2.9 2DPAGE electrophoresis

The previously mentioned protein solution was applied to the gel as follows. For isoelectric
focusing (IEF), 133 ug of adsorbed plasma protein dissolved in 125 pyL of agueous solubilization
solution (7M Urea, 2 M Thiourea, 3% CHAPS, 10 nM DTT and 0.5% IR@eB 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) and000 V for 3 h (stable). 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 ofejm®twas performed with the gels and
visualized Wi4tll0 Vywph b e ¥BBne denmyg e 6 THilEr@heB P 3 0
protein spots were identified by matching the gels to the sera reference map and to the gels described

by Kim et al®

2.10.Cell culture protocols for NPs translocation

BBB in vitro model was prepared as previously descriiegtiefly, h\CMEC/D3 cells were

seeded on 4.67 drdiameter 0.45 pm pore size collagen-poated transwells at a concentration of
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50,000 cells.crfi 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 characterizéhe model, tranendothelial electrical resistance (TEER) measurements were
performed using EVOM apparatus (World Precision Instruments Inc.) starting from day O up to day 7.

Transwells without cells were employed as control.

2.11. Permeability studieson cellcovered transwells

[**C]-Sucrose permeability was measured as previously deséfiddbr 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 passeddhigh the celc over ed transwell s was det
scintillation counter (Beckman Coulter LS6500). The clearance principle was used to obtain a
concentratiorindependent transport parameter. Cleared volume, obtained as described by M.P.
Dehouch etl?, was plotted against time and the slopes of the curves were employed to calculate the

Permeability Coefficient (Pe) of the model:

1/Ps = 1/me1/mf
Pe=Ps/s

Where me and mf are the slopes of the curve corresponding to BBB model and transwell only,
respectively ands is the surface of the filter (dh The same protocol, but using fluorescence
detection, was employed in order to study the permeability of rhodamine B cyateadbt

fluorophore employed for NPs labeling.

2.12. Translocation of nanopatrticles on celkcovered transwells

The translocation of fluorescently tagged nanoparticles was studied by following fluorescence
signal across the cetbvered transwells. A ndgum containing a solution of NPs (final concentration
30 pg.mLY) 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 Sget r omet er LS50B (Perkin EIl mer) with exci
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 disogafténcubation

times: 6 h and 12 h.
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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.

2.13. Nanoparticles icentification after passage

To identify the nanoparticles within the receiving chamber, after setpngf the model,
nanoparticles were added within the donor chamber at 30 figamdl leaved onto the cells for 12 h.
The medium within the basolateral cHaen 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 pL of samples were deposed on a copper grid and leave dry
at room tempeture. 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 a48MICD camera
(Hamamatsu). The receptor chamber of a sample not treated with nanoparticlemeerdrated in
the same way was used as negative control. Moreover, a mere suspension of nanoparticles (30 pg.mL

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

3. Results anddiscussion

Fluorescently labeled NPs have beenestigated 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
translocabn experiments. All the data have been compared with previous results obtained with a rat

BBB model from primary cultures.

3.1.Nanoparticles characterization

The purified fluorescent nan o p apoténtiat meassuremes. € c h ¢
PEGylated nanoparticles, P(HDCA-co-RCA-co-MePEGCA) and QIN(HDCA-co-RCA-co-

MePEGCA) NPs, presented an average diameter in @©200 nm range (124 and 171 nm
respectively) with narrow particle size distribution (0.106 and 0.119, respectivelygxaitdted a

n e g a tpotenstal (85 and-16 mV, respectively]° The characteristics of these NPs are similar to

the fluorescently and radiabeled NPs used in previous studies with the rat BBB mbdélThe

protocols described for the nanopartighesparations provide stable colloidal suspensions of particles

with absence of toxic effects on hCMEC/D3 cells according to previous MTTi€8ts.
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3.2. NPs internalization and intracellular localization

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

analyses, respectively.

3.2.1.NPs uptake in confluent cells

For these uptake experiments, hCMEC/D3 cells have been cultured at confluence (7 days culture) in
order to better reproduda vivo endothelial cells conditions and avoiding the influence of mitotic
process on nanoparticles-tgke (see chap. 3.2.2). Figuta, 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 to
polymer matix 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 ily4 % of fluorescence loss due to
polymer degradation after 8 h incubation of these fluorescenpadiades at different concentrations

with Fischer rat plasma at 37°C suggesting a very low release in cell culture medium composed of
only 10% of serun?® Since rhodamine is a substrate e pump which are expressed from this
model ling”® the presencef 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 labe@d/P(HDCA-co-RCA-co-MePEGCA)NPs?® Thesedata

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 up
taken by the BBB cells.

Flow cytometry analyses were employed to idgnand 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 skrved. 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 withedlcemt NPs at 4°C. Figure 2
shows the quadbtal absence of NPs internalization within cells stored at @€ small increase
observed woultbe due to the practical workifigne at room temperature). Confocal microscopy
experiments confirmed the differem 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
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mechanism, as previously described with the rat BBB nfddeh the entry process of tleedPs

seems identical in both BBB models.

Figure 1. Confocal microscopy of hCMEC/D3 cells treated with fluorescent P(HD&ERCAcCo-
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).
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Figure 2. Flow Cytometry experiments of rhodamine labeled NPs internalization within hCMEC/D3
cells at 37 (6) and 4AC (¢).

116



Chapter 1, Section 3

3.2.2. Cell division influence on nanoparticles upake and intracellular trafficking

Experiments have been performed by confocal lasenga@amicroscopy using neconfluent
cells (Figure 3). Several dividing cells were identified during the visualization etmaftuent cells
treated with fluorescent particles underlining the normal activity of cell cycle in presence of
nanoparticles. Intestingly a drastic increase of nanoparticlestake from dividing cells and a
specific intracellular trafficking during mitotidivision were observed (Figure 3). So far, different
contrasting theories have been proposed to describe the progress otasigaltiring 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 matds for cell division® 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 6dividing cycle (Prophase/Metaphase), are trafficked to the midbody area of the dividing cells,
where membrane material is required for the cytokinesis, tracing filamdikeustructures more
likely highlithing the actin microtubules igure 3)*° These results give clear information on the NPs
trafficking once internalized within human brain endothelial cells confirming the endocytosis

mechanism.

Figure 3. Sequential contrast images merged with red fluorescence signals of hCMEC/D3 cells
treated with fluorescent P(HDCA0-RCAco-MePEGCA) nanoparticles 30 pg.Ril (time = 09

min). (Inlet) Zoom of ritotic cell.
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3.2.3. Intracellular localization of nanoparticles in confluent cells

The intracellular localization of NPs was identified in confilueells 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, treatedvith 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 {imlependent nomvolvement of thesewo
cellular compartments in NPs -tigke 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 deogzatlize
with these two compartments suggesting a double internalization mechanisan escape of

endosomes/lysosomes for some nanopatrticles.

5 min 1h 6h 24 h
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Figure 4. Confocal microscopy pictures of hCMEC/D3 cells treated with fluorescent P(HIDCA
RCAco-MePEGCA) (redsignal) nanoparticles for increasing elapsed times. Visualization of different
intracellular compartments using specific antibodies (green signal): (a}Earty Endosomes, (b)
Endoplasmic Reticulum, (c) Golgi apparatus, (d) Late endosomes/LysosomedaBscab0 pum.

160kDa

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

3.2.4. NPs internalization mechanism

Previous works from our group showed the pivotal roleLBi-receptor on the NPs
internalization process within rat brain endothelial cells. Indeed, these PEGylated nanopatrticles can
Acaptured the ApolipoproteinE (Apo E) -ratthe( rat o1
surface of brain endothelial teland internalized Then, the expression of the receptor in the new
human model was checked by WB using a specific {d&Rugated Ab. The experiments clearly
demonstrated the expression of the Dhy the hCMEC/D3 cells (Figure 5a). Again, to check tha
Apo E can adsorb on the Rhodamine tagged NPs as observed-abeled NPs used in previous
studies, WB was performed in the same conditions using rat SéfTine. experiments showed the
presence of Apo E at the NPs surface once incubated in rat sErgune(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 nanopatrticles (Figure 6). The protein spots were identified by
matching the gels to thetraerum 2D PAGE reference map. The same pattern of proteins obtained
with nonlabeled P(HDCAco-MePEGCA) nanoparticles in rat sertihrwas obtained with these
labeled nanoparticles suggesting rhodamine labeling has no influence on pdsiiptian at the
surface of NPslt is to note that Apo E from human serum can also adsorb o#iaheled NPs
according to previous wotksuggesting that this adsorption can also occur on labeledwiign

incubated in human serum.
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Figure 6. Sypro ruby stained -B page gels of adsorbed proteins on the P(HBSOARCAcCoO-
MePEGCA) nanopatrticles after 20 min incubation in rat serum. Indicated spots: Apo E identified by

the rat serum 2D PAGE reference mgép

3.3. NPs translocation
Trarslocation offluorescent NPs habeen performed using hCMEC/D3 cells seeded on

transwell system.

3.3.1. 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 measurg TEER and permeability of small hydrophilic marker as previously deséfibed.
TEER measurements on the monolayer of hCMEC/D3 cell line confirmed (Figure 7) the resistance
values previously described for the employed mét&hese values at the plateae @lose to those
observed with primary culture of rat endothelial c8liddoreover this experiment evidenced the

stabilization of TEER values after 7 days when the cells reach the confluence.
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Figure 7. TEER measurements as function of time on hCMEGCADS cultured on Transwell filters.
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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 pagfialar permeability marker. As reported in table 1, the
permeability of the model is around 2.5 x*lén.miri", in the same magnitude of previous works on
the modef* However the sucrose permeability with this model looks higher compared to value
obtaired from previously employed rat motfehs expected when cell line is compared to primary

culture.

3.3.2.NPs translocation experiments

The validatedn vitro BBB model was employed to study the NPs transcytosis. Fluorescence
intensity measurements wereed 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 Rhedami
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 refjaviectover the

higher Pe value of Rhodamine tagged NPs, indicatengoriant 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.

TablelPer meabil ity coefficients of ine&aBaCataie3 cel |

Permeability
Coefficient (Pe)

(x 10° cm.min%)

1%C Sucrose 2.8 +0.26
C Sucrose + P(MePEGGEo-RCA-co-HDCA) NPs 2.65+0.28
Rhodamine Cyanoacetate 0.48

P(MePEGCAco-RCA-co-HDCA) NPs 1.8 +0.50

The ceincubation 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 durint? h were not modified. These points evidenced the passage of the NPs by

a transcellular pathway.
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Figure 8. Translocation kinetic as a function of time of rhodamine labeled P(MePES&IRCACO-
HDCA) nanopatrticles across hCMEC/D3 cells after 7 days ituoeil

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 lihsolateral chamber after 6 h of
incubation. An interesting difference was observed compared to rat model, where the passage was
significantly slower® By comparing this result and the intr
interesting to observe dhan 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 bypassstmds compartment.

3.3.3. NB 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 arejust 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 mediasifiltered 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 tbasolaterachamber of sample treated with NPs
(Figures 9 a and b, respeelly), whereas the same objects were not observed within the negative
control (typical slat crystals were detectdelgure9c). These results represent a preliminary proof of
the passage of intact nanoparticles across this BBB model. Additional figargsvan in Supporting

Information.
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/ B v
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Figure 9. Representative TEM images of: cell culture medium doped with P(MePEGBEACO
HDCA) nanoparticles (a), basolateral chamber of BBB in vitro model after 12 h treatment with
P(MePEGCAco-RCAco-HDCA) nanoparticles (b) and basolateral chamber of BBB in vitro model

non treated with nanopatrticles (c). Scale bars = 100nm.

4. Conclusiors

In this paper the internalization and the transcytosis of polymeric P(HE&ERCA-co-
MePEGCA) nanoparticles within a vl human BBBin-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 nanopatrticles 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 intemt#diz process.

Our experiments demonstrated an interesting influence of cell division onto the internalization
process; indeed an increased-take and a precise intracellular distribution are observed, and
corroborated by theoretical hypothesis, in divifdcells. 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 farevious 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. Furtheegwgents based on following the passage
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of double labeledQD/Rhodaming 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 BBBharddeto 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 itiged by using specific inhibitors foendocytosis
mechanism such as sodium azyde, chloropromazaeeptor associated protein and others. The
mitosis influence on nanoparticles could bedepth studied by using cell division synchronising

molecules.
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Supoorting information

Figure S1.Representative TEM images of: cell culture medium doped with P(MePEGRBEACO-
HDCA) nanoparticles (a), basolateral chamber of BBB in vitro model after 12 h treatment with
P(MePEGCAco-RCAco-HDCA) nanoparticles (b) and basolateral chamioéBBB in vitro model

non treated with nanopatrticles (c).
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Chapter 1, Conclusions and future perspectives

Conclusions eperspectivesutures

Dans cette partie, la conception et la caractéoisale nouvelles nanoparticules polymériques
fluorescentes ont été décrites. L'internalisation cellulaire de ces particules et leur aptitude a traverser
un nouveau modeleumained e BHE ont ®t ® ®tudi ®es en d®tail s.
du projet porte sur l'utilisation de nanoparticules fonctionnalisées avec des antiwonpclonaux
dirigés contre le réceptewde la transferrine (CD1) et I'évaluation de leur internalisation et
transcystose a travers le modele de BHE. Les nanoparticules chargées avec des QDs seront utilisées
afin d'étudier leur capacité a atteindre le systéme nerveux central (BN@p andin vitro. Par
ailleurs, le double marquage (Rhodamihet QD) sera un avantageux outil pour étudier l'intégrité des

particules apres avoir traversé la monocouche cellulaire.

Conclusions antuture perspectives

During this part of the work the design athe characterization of novel fluorescentlhgged
polymeric nanoparticles have been described. The internalization of the particles and their ability to
cross a novehumanBBB model has been studied in detailbe next step for this part of the project
will be use of NPs functionalized with antranferrin receptor monoclonal antibody (@) and
evaluation of their internalization and transcystosis across the modelog@®d NPs will be
employed in order totsdy the ability of the particles to reach the CiNSitro andin vivo. Moreover,
the doubldabelling(RhodammineB and QD) will be a useful tool to study the particles integrity after

crossing the cell monolayer.
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Chapter 2Polymericnanoparticle interaction with
AD,.4,peptide
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Chapter 2

Ce deuxi me chapitre d®crit |l e d®vel oppemen

| 6®dedd 6i nteraction entre des ngnrebgoraapplicatond es et
différents types de nanoparticules. Il est composé de 4 sections sous la forme d'articles :
La premi re partie est d®di @ghorése dagllaire coonptayetuno n d o
détecteur laser (CE| F) pour d®t ecter et sui vr e en fonct
nanoparticul esipetlLd em®telpadadedea At ® vali d®e en l
complémentaires déja utilisées routine comme la spectroscopie de la ThyoflgMmeésonance

plasmonique de surfaes la microscopie confocale

La deuxi me section d®crit une ®tude paientiell 6i nf |
zetaet cé) des nahodipare¢i aual iesnsavec | e peptide amyl
La troisi me section concer nrevird dindilicolpousidentiieo n de
l e rtl e important des chaines de PEG © |l a surf ac
amyloide.

La derniére section est dédiée au développement de nanoparticules fonctionnalisées avec une molécule
ayant une importante affinité pour le peptide amylo&l(®gi | i ne) et | eur <capac

ce dernieen solution

This chapter describes the development of a novel methodology for the study of the interaction
between nanoparticles and the amylbigheptide (4.4, and its application to different types of
nanoparticles. It is composed of 4 sections in the form wfest
The first one is dedicated to the design of a capillary electrophoresis protocol coupled with
fluorescence detector (GIHF) to detect and followas a function of timethe interaction between
nanoparticles and @& The method has been validated using complementary techniques routinely
used such as the Thyoflavine spectros¢cauyface plasmon resonanee confocal laser scanning
microscopy
The secondection reports a deeper investigation @thc ol | oi dal -potemtig etc.Yof es ( s i
the particles on the interaction with the amyloid peptide.

The third section concerns the employment of diffenenitro andin silico techniques to identify the

pivotal role of the PEG chains at the surface of the nanoparticles within the intenaittiothe

amyloid peptide.

The last section describes the synthesis of nanoparticles functionalized with a molecule having a high

affinity with the Ab (selegiline)peptide and their ability to interact in solution.
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Section 1

I mplications dans le projet NAD

Le butcentraldu projet NADa été de concevoites nanoparticules capalsele captuer les
formes monomériques et oligomériques plte p t i 1dxequi Adnt considérés commeles plus
tox i q u euse destprintipdles causes edégénéescenceneuronalePour étudier la capacité des
nanoparticules a interagir avec ce peptidenéthode dehoixin vitro estla résonancglasmonique
de surfacepour laquellesoit le peptide, soitlespat i cul es sont fide®@euwe sur | e
Cependant, stre buta étéde développrune nouvelle technique capable de quamtdette interaction
en gardnt le peptide et les nanoparticules en suspension @¢s concentrationspeptidiques
représentant mieux les conditions physiologiquREsiry parvenir, nous avons choisid ® | ect r ophor
capillaire couplée avec un déteatdefluorescencéCE-LIF). Pour la premiére fojgette technique a
été utilisée pour étudirl 6 i nt e r adesnanoparticdes elesenacromoléculeset sera utilisée

pour | 6®tude de toutes |l es nanoparticules d®velo

I mplications in the NAD project

The main goal of the NAD project was the development of nanoparticles able to sequester
both the monomeric andhe oligomeric fornso f t h.@epthl® whichareconsideredis the most
toxic species andne of the factors triggering the neurodegeneration. In order to studiro the
ability of the particles to interact with the peptidiee forenost employed technique ke surface
plasmonresonance in which the peptide or the particles are fixed on the gold chip. Nevertheless, our
aim was to develop a versatile method enahbiinguantify this interaction in gspen®on and at low
peptidic concetration, better representing the physiological conditiéias.this purposehe selected
technique has been the Capil&lectrophoresis coupled with auetescence detector (GEIF). For
the first time this technigue was employed to study the interaction between nanoparticles and
macromoleculesThe technique will be applied &tudy all the nanoparticles developed during the

project.
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Résumeé

Une nouvelle m®t hode analytique, bas®e sur |
de détection par fluorescence (CE), est proposée pour détecter et suivre de maniéere efficace
| 6i nteraction entre des na banylaidet(45, )udebismaguelry m®r i c
de l a mal adie doOoAl zhei mer serait ai nsi d®t ect a
physi ol ogi ques. Cette m®t hode a permis de mettr
PEGylées deoly(cyanoacry at e Yeb la fokmg ma@omérique du peptid®.4,. Ces résultats
ont été confirmés par résonance plasmonique de surface (SPR) et par microscopie confocale a
balayage laser (CLSM). Alors que la SPR a montré une interaction entre les NPs et leAfgptide
la CLSM a permis la visualisation de la formation de large agrégats a fortes concentrations de peptide
et de NPs. Tous ces résultats suggérent que les nanoparticules pourraient se lier au fpgpttle A
influencer sa cinétique d'agrégationells t i nt ®ressant de noter que | e
pas sur la cin®tique dbéagr®gation du peptide c

méthode CHLIF vis a vis des NPs.

Abstract

A novel analytical method based on capillary electrophoresis withilacheced fluorescence
detection (CELIF) was proposed to efficiently detect and monitor the interaction between polymeric
nanoparticles and thb-Amyloid peptide (%:.42), a biomarker & r Al zhei mer 6s Disea
concentrations close to physiological conditions. TheL@FEmethod allowed the interaction between
PEGylated poly(alkyl cyanoacrylate) nanoparticles (NPs) and the solbblg 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 amnd.the A
peptide, CLSM allowed the formation of l&rgaggregates/assemblies at high NP and peptide
concentrations to be visualized. All these results suggested that these nanoparticles could bind the A
42 peptide and influence its aggregation kinetics. Interestingly, theP&@3ylated poly(alkyl
cyanoacriate) NPs did not alter the aggregation kinetics of the,Apeptide, thus emphasizing the

high level of discrimination of the GEIF method with respect to NPs.

136



Chapter 2 Section 1

1. Introduction

The Al zheimer6s disease (AD) i s byasapmogessive de ge
loss of cognitive functions and characteristic pathological changes in the brain. It is the most common
elderly dementia, affecting 35 million people worldwidk.is histopathologically characterized by
two main hallmarks: (i) the exttae | | ul ar deposition of amy- oi d
amyl oid peptides (ADb) and (ii) intracellular n
Tau proteirt® AD is a very complex disease which is likely the result of a multifactorialegsoc
strongly influenced by genetic and environmental components, but the mechanisms involved are not
yet clearly understood and still under delfgte.

The treatment of AD represents a crucial challenge due to incomplete understanding of the
etiology and e lack of diagnostic methods able to discriminate between AD and other neurological
diseasesAll currently approved therapies, such as tlenethylDp-aspartate (NMDA) receptor
antagonist”® and the acetylcholinesterase (AchE) inhibitSf$, are only directed toward the
alleviation of AD symptoms and exhibit many side effécts.

Among diopathologicalhypothesises that have been proposed so far, the neuronal loss due to
the toxicityof Abpepti de aggregates, usiuad | h yp astetieeBthies @, t
most widelyaccepted®** A bpeptide is produced by neurons through sequential proteolytic cleavage
of the amyl oi d pr ec-wrngdsecoetapes,ddrnang mpeptides Rvith) a vérigble b
number of aminecids, usuajl from 39 to 42°°'° Among the different species, tiebpeptide 142
( Ap) is believed to be the most representative and the most toxic species in AD physiopathology
due to its high tendency to spontaneously-agljregate’*®
The aggregation kinetis  0,.f, peptiie 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 assemblygaserned by remarkably
complex processes leading to multiple coexisting physical forms.
Even though it is welknown that the peptide adoptsvivo a helical conformation when it is part of
the transmembrane domain of APP spectroscopic studies haveported a random coil structure in
aqueous medid. It may aggregate into multiple small oligomers (up to 6 peptides) which coalesce
into intermediate assembli&s> The existence of a transitory conversion from the random coil to a
helical structure upo oligomerization has been shown by NMRA further conformational change
has been proposed, leading to sollibheet aggregates and then to-sotuble fibrils?°

Sever al therapeutic approaches targeting AD

one can fi nd- anhdsecodtass inhipitofs anl mamoamine oxidase inhibitdfg;!
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t oget he r. passivehandAaistive immunizatf6@’ and dual inhibitof® strategies. More
recently, the development of small molecules based onyfeath blue and curcumin derivatives,
which can interfere with the aggregation kinetics, may also represent a promising therapeutic
approach’>>*

In this context, we are currently developing novel nanoparticulate systems to target and/or to
influence theaggregation kinetics of thA bpeptides.Among suitable nanocarriers, biodegradable
PEGylated poly(alkyl cyanoacrylate) nanoparticles (NR&re selected as a first candidate to
investigate this new therapeutic approach due to their biodegragetperties and their well
established use for drug delivery purpd3es well as theim vivo ability to overpass the blood brain

barrier (BBB)3**

To screen the ability @4 wedcave detePped d new raethbdi c i e n

based on caltary electrophoresis (CE) coupled to laseduced fluorescence (LIF) detection to

analyse fluorescently abel | ed Ab. CE with UV detedcityviton has

identification of small mol ec on®&3hisinsovapive weeknt i al
was however limited due to the high concentrations of peptide required for the screening, which were

about 5 orders of magnitude higher than those fomndvo. More recently, Kateet al*°

reported a
CE-LIF method allowingthe antiaggregation features of molecules towards fibrils to be monitored.

However, those species are no longer considered to be the main toxic species 6¥ AD.

Consequently, a novel anal ytical met hod i s req!

resulting soluble oligomers.

Based on the work of De Lorenzid6s research
activity of small molecule®’ we report herein an analytical method able to monitor in real time the
bi ndi ng o fs nommessktd ranopafficles. Importantly, this is the first time that CE is
developed to evaluate nanocarriers as potential therapeutic agents for AD treatmeim wuihog
conditions compatible with clinical application/trials. This analytical method w#sefuassociated 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 withistimethod allowed nanoparticulate systems with potential

binding feature to the amyloid peptide to be readily screened and quantitatively evaluated.
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2. Experimental Section

2.1. Material and chemicals

Poly[hexadecyl cyanoacrylat-rhodamine B cyanoaglate-co-methoxypoly(ethylene
glycol)  cyanoacrylate] P(MePEGG#0o-RCA-co-HDCA)  copolymers!  poly[hexadecyl
cyanoacrylateo-methoxypoly(ethylene glycol) cyanoacrylate] P(MePEGEAHDCA)
copolymer® and poly(hexadecyl cyanoacrylate) P(HDCA) homopolyfievere obtained following
previously reported procedurdsaH,PO, (>99%) was purchased from Merck & Co (Fontenay Sous
Bois, France), N&dPO, (>98%) was obtained from Prolabo (Strasbourg, France), thioflavine (99%),
ammonium hydroxide (NFDH) 28.1% (m/V), Pluronic F68 (99%), 1,1,1,3,3;Bexafluore2-
propanol (HFIP) (99.8%), dimethyl sulfoxide (99.5%), sodium dodecyl sulphate (SDS, 99%), acetic
acid (99%), sodium acetate (99%), bovine serum albumin (BSA, 99%) and ethanolamine (99%) were
purchased from Sigmaldrich (St. Quentin Fallavier, France)o@um hydroxide aOH, 1 M) was
obtained from VWR (Fontenasous Bois, Francepcetone was purchased at the highest grade from
Carlo Erba (Val de Reuil, Francé)yophilized HiLyte Fluor™ 4 8 8 | a h.eadndAd.., peptides
were provided by ANASPECLe Perray en Yvelines, Francéjnti-Ab anti body 6E10 w

Covance (Princeton, New Jersey).

3. Apparatus

3.1. 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 um and 50 cm total length (40 cm
effective length was employed for the separatidi)buffers wereprepared with deionized water and
were filtered through a 0. Beforeanalysis ehembapilkanes we(eV WR)
preconditioned by the following rinsing sequen@g: M NaOH for 5 min, 1 M NaOH for 5 min and
then deionised water for 5 miiThe inbetweerruns rinsing cyclesvere 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 Wal)d 0.1 M NaOH for 5 minThe 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 l&¥ Idth 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 Lasénduced Fluorescence (LIF) detection system equipped with 3.5 mW-ingon
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laser with a wavelengtbxcitation of 488 nm, the emission being collected through a 520 nm band
pass filter or by Diodérray Detector (DAD) at 190 nnPeak areas were estimated using the 32

KaratE software (Beckman Coulter).

3.2.Confocal Laser Scanning Microscope

Observatios were made by sequential acquisition with a Zeiss 15381 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 obsdthed w
long-pass 560 nm emission filter and under a 543 nm laser illumination. Green fluorescence was
observed with a barplass 505 and 550 nm emission filter and under a 488 nm laser illumination. The
pinhole diameter was set at 61 um giving an opticali@edhickness of 0.6 um. Stacks of images
were collected every 0.3 um along the z axis. 12 bit numerical images were acquired with LSM 510

software version 3.2.

3.3. SPR apparatus

ProteOn XPR36 (Biorad) apparatus, which has six parallel flow chanalsah 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 anadytedifferent
nanoparticle preparationgyr 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 3QL.min™ at 30°C in PBST (Phosphate buffer saline + 0200Bveen20, pH
7.4).

4. Methods

4.1.Nanopatrticles preparation

Fluorescent and neftuorescennanoparticles were prepared using P(MePE@GARCA-co-
HDCA), P(MePEGCAco-HDCA) copolymers and P(HDCA) homopolymer according to protocols
recently published bgur group!* 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 instantanécesbne 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
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resuspended in the appropriate volume of deionizedrwatejield a 2.5 mg.mt nanoparticle

suspension.

4.2.Nanopatrticles characterization

The nanoparticle diameteldf) 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 investigapedelnyial
measurement at 25°C after dilution with 1 mM NacCl solution applying the Smoluchowski equation

and using the same apparatus.

4.3.Peptide samples prepartion and storage

Lyophilized A f4, andHiLyte Fluor™ | a b e |,.g peptidefvere dissolved in 0.16% (m/V)
ammonium hydroxide aqueous solution to reach a concentration of 2 rhgThe fluorescent and
nonlabeled peptide solutions were then divided into aliquots individually stor@dd which were
freshly defrosted prior analysis.

T h e 4Afeptide used for SPR experiments was prepared from a-Alépgi peptide
synthesizeds previously describéd This depsipeptide is much more soluble than the native peptide
and has also a much lower propensity to aggregate, thus preventing the spontaneous formation of
6seedsd 1 @he oh at. pemide Avas then obtainedofn the depspeptide by a
fiswitchingo procedur*® Tihrew.gipbptidersgutian obtamedringnediately  p H.
after switching was s hownpeptide obtaired byrtlaseprocedure sse e d .
therefore in its original statand, for the sake of simplicity; it will be referred here to as the
Aimonomer 0.

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.

4.4, Capillary electrophoresis experiments

To study the interaction between the monomeric form of tle,Apeptide and the
nanoparticles, aliquots of HiLyte Flu8tlabeledA f.,, peptide stock solutions were diluted in 20 mM
phosphate buffeNaH,PQ;) at pH 7.4 containing a 20 uM P(MePEG&#®»-RCA-co-HDCA)
nanoparticle suspension to obtain final peptide concentrations of 5, 1, 0.5 and 0.Uqud&mples

were then incubated at 37°C and analyzed by capillary electrophoresis every 2 h. The same protocol
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was followed with P(MePEGCACO-RCA-coHDCA) nanoparti cl e spupegiden si on
solution.

Similarly, a mixture of notiluorescentP(MePEGCAco-HDCA) or PHDCA nanopatrticle
suspensions (20 OM fi,matald uMowere aralyzed by Oisirmgrihe DADn d A b
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 &t 0 and the one observed at each incubation time.

4.5.Surface Plasmon Resonance experiments

A R4, monomers were immobilized in paralfsdw channels of a GLC sensor chip (Biorad)
using aminecoupling chemistry. Briefly, after surface activation theptjme solutions (10 pM in
acetate buffer pH 4.0) were injected for 5 min at a flow rate ofi3®in™ 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 mmtein.mnT). 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). B f or e performing experiments with nanopart:.i
can bind with high affinity to the arib anti body 6E10 (see Figure
P(MePEGCAco-PHDCA) NPs was diluted at different concentrations (0.3 tpMpand flowed into

the machine simultaneously.

4.6.Confocal Laser Scanning Microscopy analysis

The interaction between t heypppmideywasdnvestigated an o p a
by confocal laser scanning microscopy (CLSM) using HiLyte Elidr a b e | g gheptitih and
rhodamineéabelled P(MePEGCA0-RCA-co-HDCA) NPs.

T h e ,Adeptide aliquots were defrost, immediately diluted with 20 mM phosphate buffer and

incubated with 20 €M nanoparticle sotldpdemdds on t o
eM. A 10 €L deposit of this final i ncubation sar
CL S M. The remaining suspensions were incubated

withdrawn from the suspension and analyzed énstlime manner by CLSM.

142



Chapter 2 Section 1

4.7.Thioflavin T aggregation assay

Aby4, was dissolved in hexafluorisopropanol (HFIP) at a final concentration of 1 rﬁg.mL
sampled and allowed to evaporate. Foraggregation experiments, the peptide film was first
dissolvedin DMSO and sonicated in a bath sonicator for 10 min. Subsequeifily, was diluted in
phosphatéuffer saline (PBS, 20 mM sodium phosphate buffer, pH 7.4, containing 137 mM NaCl) to
a final concentration of 50 pM. This mixture was aggregated in theepce or absence of
P(MePEGCAco-HDCA) NPs for 24 h at 37°C. Aggregate.4,was diluted to a final concentration
of 5 UM into 50 mM glycine buffer at pH 7.4 containing 10 uM ThT. Fluorescence was measured in
96 well nonbinding plates (Greiner Bio Onésrickenhausen, Germany) using a Fluostar Omega

microplate reader at an excitation wavelength of 450 nm and emission at 485 nm.

5. Results and Discussion

The purified fluorescent and ndluorescent nanoparticles prepared by nanoprecipitation were
characte i z ed by -p@dnttl measarements. PEGylated nanoparticles presented an average
diameter in the 9000 nm range with narrow particle size distribution, whereasPi@ylated
counterparts were centered around 160 nm (see Figure S1). Those ndespaitiibited a negative
g-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 bigf@hpsphate
buffer pH 7.4, 20 mM) siassessed by DLS measurement during 72 h (Figure S1).

The CELIF method described in this study was developed to investigate the interaction
between rhodamine -Bibeled nanoparticles and HiLyte FIifdrl a b e | ,..dTheABF detection
allowed a loweiconcentration of peptide to be used than with UV detection, in order to better fit with
physiol ogi cal processes and conditions. Il ndeed,
cerebrespinal fluid (CSF), at nanomolar concentrations and thezed sensitive and discriminative
analytical method is required.

TheCELI F analysis of a s @ishoiwvedasingle peaktntigeating &atu or e s
~7.5 min and mainly constituted by the monomeric fdmterestingly, the electrophoretic prefibf
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.
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fluorescent P(MePEGGC&0-RCA-co-HDCA) nanoparticle suspension, a gradual decrease of the

monomeric peptide peak was observed (Figure 1b). These results indidatieraction between the

peptide and the nanopatrticles. In order to validate this finding, the method was then applied to other

NPs with different surface features; namely #iEGylated poly(hexadecyl cyanoacrylate) (PHDCA)

nanoparticles. Interestingly, neariation 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 welknown that PEG chains can interplay with protein environment altering their

solubility in aqueous medi& although the mechanism has not yet been fully eluciddtedour case,

it is believed that PEG chains locally modified the peptide solubility and thus triggered its uptake by

the nanopatrticles. Therefore, these results cortfiahthe analytical method presented in this study is

abl
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Similar experiments were then performed with flowrescent peptide and NPs to confirm the
prevous 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 obt ai ned, andhtodamiveB-taghged NPsu(figure 2)c B n t ADb
addition, multiple spikes exhibiting migration times aroundl10min 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 functimf time, were assigned to the association betweeHalmied peptide species
and the nanoparticles. However, these peaks were not observed with-tthé @Ethod likely due to

optical features of the LIF detection.
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Figure 2. Evolution of the electrophoretic profile as a function of time at 37°C of (a) a 10 fulM A
solution alone and (b) a 16M Ab, 4, solution incubated with a 26M P(MePEGCAco-HDCA)

nanoparticle suspension.

The CELIF method was also used to evaluate the kinetics of disappearance of the monomeric peptide
as a function of the concentration ratio between P(MePEGERCA-coHD C A) NPspaAnd AD
shown in Figure 3, whatever the concentration ratio, thene igotake 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
appro&h that theA f.4,-NPs interaction was governed by a fiostler kinetic, we have estimated the
affinity constantkg, for this interaction to b8.55uM (see Figures S2 and S3). Interestingly, for the
highest peptide concentrations, we observed a nonloisappearance of the monomeric peak over

time suggesting the formation of peptide aggregates at the surface of the nanopatrticles. Interestingly in
the absence of nanoparticles, the peptide did not spontaneously form any aggregate in the

concentration rage (0.055uM) of this experiment.
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To investigate whether the P(MePEGC&HDCA) NPs could indeed influence the aggregation
kinetics ofA f.4,, we performed a Thioflavin T assay in the absence or in the presence of these NPs.
ThT experiments performed at high gddpt concentration (50 puM), facilitating its aggregation,
confirmed that the P(MePEGCEo-HD C A) NPs st r omngaggregation (Figgea4e AD
Therefore, it is reasonable to assume that the aggregation of peptides is initiated by nanoparticle
surface. This hypothesis is completely supported by previous computational work reported k&t Auer
al.*® about the catalyzed/acceleration of peptide aggregation by nanoparticles.

CLSM was then employed for two main reasons: (i) to have a direct visualizdtiine o
binding process and thus to confirm previous results obtained BylECBnd (i) to have a better
insight into the nature of the aggregates that formed at the surface of thEndP§MePEGCAco-
RCA-co-HDCA) nanoparticle suspension was added tb u o r e g,gcselution atAdiferent ratios
( [ A$Q.0510 uM) 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 Babeled nanoparticles) channels was observed (Figure 4) evidencing a strong NP
peptide interaction. Moreover, a proportional decrease of the sihes# duafluorescent assemblies
was noticed as @NPspratic(Figure 4). Forfthe lowest peptildcpncentration, no

aggregate was formed (Figure 4e) suggesting the aggregation threshold was not reached.
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According to the literature, péide aggregation is concentratidapendent and the nucleation
reaction is believed to be the rate limiting stefi.can be therefore hypothesized that, when there is
an affinity between the peptide and some nanopatrticles, the interaction of the pehidbe
nanoparticle surface increases its local concentration, reaching the nucleation threshold which then

triggers the aggregation process.

Figure 4: Confocal microscopy images showing colocalization of Hilyte ENioA ., and
P(MePEGCAco-RCAcCOHD C A) nanoparticle suspensionggafter t
peptide (10 ¢&M) ( gr e e-00-RCAt@aHhDh@A)) n(abn)o pRA(rMe RE GGA (
channel) (c) merge of (a) and (b). Effect of the peptide concentration on thé ireassemblies: (d)

solution of Hilyte FluofMAfhse( 1 ¢ M) and -cBRMAeoMBDE&RA nanoparticles
(e) solution of Hilyte FludM A ., (50 nM) and P(MePEGGA0-RCAco-HDCA) nanoparticles (20

eM). Control exper i tafFdSA b,(10 uM) srwl I(gh P(MePEGGAOE Hi |y
RCAcoHDCA) nanoparticles (20 &gM).

At highest concentrations, the formation of aggregates and their modulation of size can be explained
by a selfaggregation of PEGylated nanoparticles driven by the presence of monomeric and/or peptide
oligomers on their surface and is thereby directly prigpnal to the amount of peptide available in

solution. These microscopy observations fully support the CE results regarding the ability of
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PEGyl ated poly(al kyl Cy anoa Gs mndnanereand tor@omote itsr t i ¢ |
aggregation at thesurface, 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 nanopatrticle surface, the dmggreghkes place, creating also
oligomer bridges between NPs.

To our knowledge, this is the first time that interaction between polymeric nanoparticles and
A B4, peptide in solution is experimentally monitored, described and quantified. Finally the
nano@r t i cl e abi |l ity i4 peptidenhigiighted by CRvand ¢onfdcdt microadopy
was evaluated by SPR experiments used as a complementary method. Increasing concentrations (0.3, 3
and 20 €M) of a s useRCA-coiHDCA) NPE weP flowesl BvEr@ Chip coated
with the mgyfor Brein.iThe re&uiting sensorgrams clearly showed a concentration
dependent interaction between the PEGylated nanoparticles and the peptide immobilized onto the chip
(Figure S6a). As a control, tharme experiment was performed on a B&#ated chip and revealed no
interaction with the nanoparticles (Figure S6b). This is quite striking as long as BSA is usually
considered as a fistickyd protein that sSeBSRPRds man

results confirmed the inter agpdptwen bet ween PEGy!l a

6. Conclusions

In this work a new method relying on €l was proposed to evidence the ability of
pol ymeri c nanopar tipeptide,sthe tmain rholeandspetiels énvolvel in the
pathological process of neurodegeneration in AD.

To this end, we have highlighted an interaction between PEGylated poly(alkyl cyanoacrylate)
nanoparticles ané f.4,. Importantly combining these results with confocal microscepyl surface
plasmon resonance allowed to demonstrate that these nanoparticles could thinednd 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 withf_ 4. However, the difference observed between
PEGylated and neREGylated nanopatrticles underlined the utility of thelEtechnique.

The proposed method exhibits highnsitivity, rapid analysis and great ability to minmc
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. ThereforelFCE

represents a clear advance and could open new routes for thérgcifenovel nanopartickbased
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drugs for amyloidogenic pathology treatménu t al so for the detection o

CSF to propose an early diagnosis of.AD
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Figure S1: : Evolution of average diameters and particle size distributions of P(MePE®BCA
HDCA), P(MePEGCAO0-RCAco-HDCA) and PHDCA nanoparticles in capillary electrophoresis

buffer (NaHBPO,/NaHPQ,) at 37 °C as a function of time.
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Figure S2 Fitting of p 1s0nonordes disappéatance gs funckiom of Airbe in the
presence of P(MePEGGC#0-RCAco-HDCA) nanoparticles.
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Figure S2 shows the fitting curves employedjtantitatively analyze the binding phenomenon using
the following considerations. We assumed that tAenAnoparticles interaction is governed by a first
order kinetics (see supporting material of Bornhop ef%IAll the fitting reported in the figurevere

obtained using eq 1:

CE(t)=100- Y, " (1)

The free parameter of the fksps has been extr act eid,concentrationk, f er ent

values have been plotted as a function of the peptide concentration (Figure S3).

00

pepticle (V)

Hm kdbs
—— Polynomial(x)

Figure S3kywsvs peptide concentration pl ot spgpthaonenv i ng

disappearance as function of time in the presence of P(MePEHBE®RIAco-HDCA) nanoparticles.

As shown in Figure S3, the evolutionlgfsi s | i near as a,cdnaemrationCo.l o f

and can be described by eq 2:

I(obs - kchbeta+ l& (2)

Where k; represents the slope of the linear fit dgdits intercept. According to the equilibrium
dissociation constanky = ky/k;. By a linear fit ofkyps VS Capeta PlOt, We extracted the values of the free
parameters; = 0.14uM™ andk, = 0.078. As consequence, the binding constant was estimatgd:to

0.55uM.
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Figure S4.Ab, 4, (50uM) was incubated in the presencéP@fePEGCAco-HDCA) NPsfor 24h at 37

UC. At the indicated ti me p o-sheet ®nteatlby theuThT assaywe r e
Each bar represents the absolute change in fluorescence for the differenslote. The graph
represents the mean £ SD (n=3) from one experiment. Results shown are representative of three
independent experiments.

Figure S5.CLSM images obtained immediately after mixing of P(MePEG&ERCAco-HDCA) NPs

with Hilyte Fluo™ ABs, (10 eM) . Visualization of (a) Ab pej
P(MePEGCACO-RCACOHDCA) nanoparticles (20 €M) (red chan
of a and b).

d P(MePEGCA-co-HDCA) b 5000 C
0,3 UM — :P(MePEGCA-co-HDCA) 20 UM
150° — :3puMm 4000
— :20uM 150
3000
:100 100
= 2 2000
50 50
1000
o ol a1 L i s s oo 0 | N
T T T —  --T-r-r-r-rTrTrT—TTTTTT T T T
0 300 600 900 0 300 600 900 0 300 600
time (s) time (s) time (s)

Figure S6.Sensorgrams of (a) P(MePEG&AHDCA) NPsf | owe d  @snimnoobilized gotd
chip and (b) P(MePEGG&0-HDCA) NPs flowed onto an BSA immobilized gold chip; (c) Binding of
the antiAb antibody 6E10 (100 nM) injected onto chip surface immobilizimgAnonomers.

1. Bornhop, D. J.; Latham, J.;&ussrow, A.; Markov, D. A.; Jones, R. D.; Sorensen, H5@ence
2007,317,1732.
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Section 2

I mplications dans le projet NAD

Dans cette section du chapitre, est décripta®p ar ati on dodédune petite I|ibra
but doé®tudier | 6influence des caract®risitiques
|l a charge de surface ou |l a pr®sence ahaveai® | cul e
peptide Ab. Toutes | es particules pr®par ®es ont

obtenus ont démontré que ces différentes caractéritiques des nanoparticules ont un réle fondamental

dans | 6interaction avec | e peptide.

I mplications in the NAD project

In the section of this chaptes describech small library of polymeric nanoparticlegiich have been
prepared in order to study the roles of piysicochemical characteristics such as the size, the surface
charge or the presice of surfactant molecules in surfdoe the interaction with the peptide. The
prepared nanoparticles have been screene@dpjillary ElectrophoresisThe results outlined that
these different characteristics of nanopartidiese a fundamental rol®n the interaction with the

peptide.
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Colloidal properties of biodegradable nanoparticles

Influence interaction with amylot@ peptide
Journal of Biotechnologyn Press doi:10.1016/j.jbiotec.2011.07.020
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N1: Poly(vinyl alcohol)
N2: Pluronic F-68
N3-N6: Sodium cholate
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Résumeé

La Maladie d'Alzheimer (MA) est une maladieurcdégénérative caractérisée par le dépot
extracellul aire de pepti des amyl opdes b (Ab) .
prometteuses, bas®es sur | es nanotechnol ogies, o
réduire sa toxicitéCette étude vise a étudier l'influence des propriétés colloidales des nanoparticules
surli nt eracti on awle2 {(lPeb plebputtiidliei shaft i ¥ adeemislda t e c h
montrer que des NPs biodégradables de poly(éthylene ghloakpolylactide (PEGh-PLA)
pouvaient i nter agdomduisant &9a captere teeraptdénerd. DA@us, nous avons
mis a jour le rdle crucial des propriétés colloidales des nanovecteurs sur la cinétique de capture. Alors
que des nanoparticulestabilisées par du cholate de sodium (donnant une taille de NPs plus petite et
une plus forte charge négative de surface) ont donné une cinétique d'adsorption optimale, leur
stabilisat i on-acpfaant peeréunioinedintetactions &aotre, la variation de la
densit® de PEG ndéa sembl ® avoir aucune influenc:
utilisé pour leur préparation. Cette étude entend aider a déterminer les meilleures caractéristiques des

nanoparticules pouralir des nouvelles stratégies thérapeutiques contre la MA.

Abstract
Al zhei mer s Disease (AD) is a neurodegener at
deposition of amyloib pepti des ( Ab) . During the pasnt few

nanotechnologies have emerged to alter Ab aggre
investigate the influence of the nanoppeptidte cl e c
1-4 2 {47 Osing capillary electrophoresis withserinduced fluorescence detection, it was shown

that biodegradable poly(ethylene glyeblpckpolylactide (PE@-PLA) nanoparticles were able to

i nt er ac t4 peptide Headiad 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 sanscpresented lower interactions.

In contrast, PEG density seemed to have no influence on the interaction when sodium cholate was
used for the preparation. T hi si4 peptideligteractiont vétm d s t o
nanoparticulate systes by helping to determine suitable nanoparticle characteristics regarding

forthcoming therapeutic strategies against AD.
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Keywords

AlzheimeiGs disease, nanoparticles, surface properties, ariylpabtide.

1. Introduction

Al zhei mer 6 s DrewaegasneratiyeAiBoydericharacterized by a progressive loss
of cognitive functions and characteristic pathological changes in the'tais histopathologically
characterized by two main hallmarks: (i) the extracellular deposition of amyloid plaoagsy
composed of amyloif peptides (Ab) and (ii) intracel l ul :
hyperphosphorylated p r.%d Amomgrhe different species, thebpeptide 14 2 (, Ai$believed
to be the most representative and the most tegiecies in AD physiopathology due to its high
tendency to spontaneously satfgregaté.Despite all scientific efforts, efficient pharmacotherapeutic
options for the prevention and the treatment of this disease are still Iacking.

During the past few yes, promising developments in relation to passive and active drug
delivery to the brain using nanoparticles have been witnésiseg@arallel, remarkable approaches
based on nanotechnol ogies that can al teeaa Ab ag
circulation thus aiding experimental AD therapy have emetdedhis view, a novel application of
capillary electrophoresis with lasegrduced fluorescence detection (CE) was recently proposed to
efficiently detect and monitor interaction betwepolymeric nanoparticles anfél f.4, peptide at
concentrations close to physiological conditigBsambilla et al., 2010)It was demonstrated that
PEGyl ated poly(al kyl cyanoacr vyl atpoéptidea monamerar t i c |
and influence its aggregation kinetics whereas RiGylatedcounterpartslid not lead to detectable
interaction thus suggesting the crucial role of the colloidal properties of the nanoparticles employed.
Moreover, other experiments using surface plasmon resohaneeevidenced a certain specificity of
the interaction between PEGyl ated NPs and the A
under identical experimental conditions between these NPs and BSA, a major serund protein

Herein, we wish to go a stdprther 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 interactionbyithp@ptide
(Figure 1). To achieve this goal, we have selected poly(ethylene gblookpolylactide (PEGb-

PLA) copolymer nanoparticles, which represent a wigdshployed class of nanocarriers for

biomedical purposesThe colloidal features of the nanapieles were modulated by playing with the
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nature of the surfactant, whereas the density of PEG chains displayed at the nanoparticle surface was

finely tuned by using various PEGPLA/PLA blend ratios during nanoparticle preparation.

ABy 4, 2

Kapar

N1: Poly(vinyl alcohol)
N2: Pluronic F-68
N3-N6: Sodium cholate

Figure 1. Schematic representation of poly(ethylene glybtitkpolylactide (PEGbh-PLA)
copolymer nanoparticles prepared with different surfactants and subsequent interactionbwjth A
peptide.

2. Results and Discussion

A small library of PEGb-PLA nanopartite suspensiondN\{1i 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 negatieblgrged 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 PBBPLA/PLA blendratio upon nanoparticle preparation, as

previously described by Gref et®df
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Table 1.Preparation of PEGylated, biodegradalsianoparticles with various colloidal properties.

Nanoparticles ~ PEGb-PLA%PLA® Surfactartt g PEG distance

Wt./wt. nnt nm

N1 100:0 PVA (30-70 kDa) 0.60 0.78

N2 100:0 Pluronic F68 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

®PLA-b-PEG block copolymers were synthesized by ring opening polymerization. To a solution of
methoxypoly(ethylene glycol) (M 2000 g.mof, 500 mg, 0.24 mmol) in 5.2 mL of anhydrous toluene,
was added,L-lactide (2.43 g, 16.9 mmol) and Sn(Qd§.4 pL, 16.5umol). The reaction mixture

was degassed by bubbling nitrogen for 30 min and then stirred in-bgated 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 ther precipitated twice in water and subsequently frehiad
overnight to yield a white powder (conversion = 93%, m = 1.7 guM= 12200 g.mof, M, sec=

12400 g.mot; My/M,, = 1.12).°M, ~ 23000 g.mat (Boehringeringelheim, GermanyfNanoparticle
suspensionsN1i N6) were prepared by the emulsion/evaporation procedure. 10 mg obfREG
copolymer were dissolved in 4 mL of dichloromethane (ethyl acetatd?joand added to a 10 mL
agueous solution of surfactant (1 wt.%). The resulting sample ordsxed two times for 1 min at
3200 rpm and ultrasonicated on ice for 1 min at 300 W (40%) using a MibHakonicator. The
organic solvent was evaporated at atmospheric (reducedN®)rpressure and room temperature
under magnetic stirring. The resulgnnanoparticles were purified from free surfactant by
ultracentrifugation (21000 g, 20 min, 4 °C) and resuspended in deionized Weter.surface (S)
available for each PEG chain at the nanoparticle surface (also caldeG) is described by S =
(6.M,ped/(d.Na.f.}), with d the nanoparticle mean diameter, the Avogadro number (6.022 107

mol™), M, pecthe numbetaverage molar mass of PEG (2000 g.mpf the PEG weight fraction in the
PEGb-PLA/PLA blend ang the density of the nanoparticles (1,27 gJriPEG distance represents

the spatial gap between each PEG chain at the

In all cases, stable nanoparticles with relatively narrow particle size distributions were obtained,
exhibing average diameters in thei2®0 nm range depending on the surfactant ud&d N6,
Figure 2a). In addition, zetpotential @) values were in good agreement with the nature of the

surfactant (Figure-B). Indeed, PVA conducted to a nearly neutral sgrfehargeN1), Pluronic F68
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gave a slightly negative surface charge of aid& mV (N2), close to literature dafd,and sodium
cholate yielded strongly negatigepotential values below30 mV (N3i N6). However, by modifying
the surface occupied by eaPEG chain at the nanoparticle surface from 0 to 46 3(fiable 1), no

detectable changes in the colloidal characteristic of the nanoparticles were obtained ¢B)gure 2
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Figure 2. Evolution of average diameters and particle size distribution in 20NaM,PO, buffer (a)
andg-potential measured in a 1 mM KCI solution (b) of P-REG nanoparticlesN1i 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° scattgriangle) at a temperature of 37 °C. Tie

potential was calculated with the same apparatus.

T h e 4,Apeptide was incubated with nanoparticsi N6 and its uptake by the colloidal
nanocarriers was monitoreta CE-LIF,” by following the disappearance of the fluorescetiheled
A B4, peptide monomer peak with time (Figure 3). Importantly, we observed a dramatic influence of

the nanoparticle colloidal properties over the uptake kinetics. Whereas sodium -staiddizxl
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nanoparticlesN3), which exhibited the lowest mean diameter and the most negative charge, yielded
t he f astpeptdé uptdke kinetics, nanoparticles stabilized by PMA&) @nd Pluronic F68

(N2) exhibited slower kinetics. It is noteworthy that R¥gtabilized 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 sodiurrstdloilated
nanopartles (N3i N6). In particular, the high peptide uptake of nanopartitlés 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 phaydportant role
during the int el paptidé and thaw inandpartitidh urfack fichemistry must be
precisely tuned in order to achieve an efficient uptake. However, from our results, it seems that the
surface chemistry deriving from the sutiant 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 théiontevile 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.
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Figure 3. Corrected aras of theAb, ,, monomer peak as a function of time upon incubation in the
presence of different surfao@ated nanoparticles. The nanoparticles (@) were incubated with
the Hilyte Fluor™ | a b e |..g peptideb(5 uM) in phosphate buffer (N#&,, 20 mM), stored at
37°C and analyzed every 2 h Gf-LIF as previously described.
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3. Conclusions

We have shown by GEIF that wellestablished, biodegradable PIB&LA nanoparticles
were abl e t o 4 peptiderlending tovits uptake A fratheroghtime 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 sodiumotéte 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
i ntends t o gi Vv e peptide intemastiongwlitit nenopantidulate sgsbdyselping to

determine suitable nanoparticle characteristics for forthcoming therapeutic strategies against AD.
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Section 3

I mplications dans le projet NAD

Des études dd EEctrophoése Capillaire et de Bsonance Plasmonique @&urface nous dn
permis didentifier le réle magu joué par les chaines PEG présentent a la surface de nanoparticules
pourl 6 i nt ae @ dernieras avecpee p t i .¢b.ePendalmt cette étude, plusieurs expériences
ont été réalisées pour mieux compdre les mécanismes mis en jeux lors de cette interaction. Des
études de modélisation moléculaire, entre autres, ont permis de mettre apjmiralelemécanisme

mol ®cul ai re potentiel de | 6interaction

I mplications in the NAD project

The Capillary Electrophoresis and Surface Plasmon Resonance experimentsthleowajbr
role of the PEG chains at the surface of the nanopatrticles foiithet er act i oppeptidet h t he
During this study several experiments have been performedrdar to better understand the
mechanism ofhis interaction. Molecular modeling studjemmong other onesutlined theprobable

molecularmechanism of interaction.
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Resumeé

Le mécanisme par lequel la couronne de polyéthylene glycol (PEG) a la surface des
nanoparticules de poly(cyanoacr yl bB,&étédadgarhekty | ) ( F
étud ® dans | e but de concevoir des nanom®di cament
atteindre cet objectif, | 6interaction des nanop
peptide A4 (c 6 e st & peptider rmonomére, les oligomersslubles et les fibriles),

correspondant s aux di ff ®rentes ®t apes de son

ol )

combinaison de plusieurs techniques | 6 ® ectrophor se capillaire,
sur face, I 6 anal lpsieroscopid canfotale etde$ éx@érichniorsdico.T , L6 ensembl e
des résultats ont montré que les nanoparticules de poly[hexadécyl cyanoacrylate
méthoxypoly(éthyléne glycol) cyanoacrylate] (P(HDE€&MePEGCA)) interagissent avec la

ci n®t i quien dd peptglevi®lg aapture de saes formes les plus toxiques ont mis en

évidence le rble clé des chaines de PEG dans cette interaction. Les expérisitioesont démontré

que le PEG, largement utilisé pour couvrir les nanovecteurs, pouvaiagimtervec les résidus
hydrophobes et hydrophiles du peptide et ainsi induire un changement de conformatierguie

d®cl encherait son agr ®gation " | a surface des
| 6adsorption de | 0 Apptide B4y a été peéasorbdNrié sontagnadifiésdCelh e
suggere que ces NPs, agissant comme des particules LDL, pourrait capturer le peptide sous ses formes
solubles dans | e sang et augmenter son ®|iminat
| Geffet sink». Tous les résultats suggérent que les NPs de P(HiadMePEGCA) sont un

nanom®di cament prometteur contre | a maladie doAl

Abstract

The mechanism by which the polyethylene glycol (PEG) corona at the surface of poly(alkyl
cyanoacriate) (PACA) nanoparticles interacts with thé,4 peptide has been deeply investigated in
order to design suitable and ef f i Toithesmparposeaheo me di
binding of these polymeric PEGylated PACA nanoparticles withf f er ent ,fie.thmms o f A
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 resonae, thioflavine T assay, confocal microscopy amdailico experiments. The overall
results evidenced that poly[hexadecyl cyanoacndatmethoxypoly(ethylene glycol) cyanoacrylate]

(P(HDCA-co-MePEGCA)) NPs interfere with the peptide aggregation kindtictive uptake of its

170



Chapter 2, Section 3

most toxic forms and revealed the pivotal role of PEG chains regarding this bihdirsjico
experiments indicated that PEG, widely employed to cloak nanocarriers, can intéhadioth
hydrophobic and hydrophilic residues of teptide, thus leading to its conformational change widely
believed to trigger its aggregatiat the nanoparticle surfac€omplement activation and Apo E
adsorption by these NPs when preadsorbed Afithy, peptide are not modified suggesting that these

NPs, acting as LDilike particles, might capture the peptide soluble forms in blood and increase its
clearance from blood and brain thanks to the s

P(HDCA-co-MePEGCA) NPs are a promising nanomedicineragat Al zhei mer 6s di sea:

Keywords
Polyethylene gl vig0l Al mhaeiomperrdd cdiese a sAd.

1. Introduction

Al zhei merds disease (AD) is the most common f
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 plaquesitaapmainly
composeeamylfoif pepti de (Ab) and intracellul ar
hyper phos gtoein AD ia liketydhe fdsult of a multifactorial process in which genetic and
environmental factors are involved. Unfortungtéie etiology of the disease is still under debate in
the scientific community AD treatment constitutes a major challenge in medicinallasurrent
therapies are just palliative and only oriented to AD symptoms alleviation
Important evidencep oi nt ed out t hat progressive producti o]
peptide, leading to the formation of amyloid plaques, were observed in pasients ¥ Asbpeptides
are produced by numerous cells such as neurons from the proteolysis ofidARrdoursor Protein
(APP). In AD patients, APP ipr ef erenti ally but fb-paad olsexretasgsi c al |y
forming A bpeptides with varying number of amiaaids ranging from 39 to 42 The origin of the
Ab peptide that adsctllnncleasd however, iomce reléased ib tha brain, the
monomer can cross the blebdain barrier (BBB) likely due to the lipoprotein receptor related protein
(LRP)'° and apolipoprotein E (Apo Ej,reaching the bloodstream where it can be efficiently cleared.

Other pathways foA bpeptide eliminationthat avoid its accumulation in healthy brain, are also
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described in the literatuf® Under pathological conditions, the clearancédfpeptide fronthe body

seems dramatically decreased, thus leading to peptide accumulation in the brain that progressively
aggregates in small oligomers, solubleheet aggregates, fibrils and finally plagti®§ Among these
different species, theA bpeptide 142 (A fh.4;) monomer isconsidered nowadays as the most toxic
isoform due to its higher hydrophobic nature and tendency to agdréfathile plaques, fibrils and
especially solubleA f., oligomers are known to be responsible of toxic effects on netitths.
Considering this, great efforts have been so far devoted to the development of new molecules which
can interact withA bpeptideat different steps of its aggregation pathway in order to favour its
elimination and to reach the equilibrium between productind clearance or to slow down the
fibrillogenesis process.

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? Thereby, these NPs have been used as potential carriers for drug targeting and
nanomedicine purposes. PACA NPs are actually in phase Il clinical trials for an application in the
treatment of MDR hepatocarcinorfia.

A milestone of thesparticles has been the synthesis of the PEGylated form of the polymer able to self
assemble in stealth nanopartictésndeed, the PEG shell drastically increases the bloodlifealbf

the NPs by decreasing the opsonin adsorption and allowing the ésmapghe 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 concentratf6ff. These nanoparticles are finally degraded by serum
esterases and eliminateg 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 circulatingeptide.
Recently,a powerful application using capillary electrophoresis coupled to-iadeced fluorescence
detection (CELIF) was proposed to efficiently monitor the interactions between nanoparticles and

A R, monomers at concentrations close to physiological conditfolise results suggested that
P(HDCA-co-MePEGCA) nanoparticles can bindhe peptide and that their n®EGylated
counterparts cannot, thus pointing out the essential role of PEG chains at the nanoparticle surface for
this interaction.

In the present studyn vitro andin silico experiments were performed to investigate iratetthe
mechanism by which the interaction between PEG)
from. For this purpose, the interplay B(HDCA-cooMePEGCA)n anopar t i gdpepsideati t h AD
different steps of aggregation (i.e., monomeric pepsdell and soluble oligomers and fibrils) was

studied by complementary analytical methods. Their-PBGylated counterparts were used as
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negative control. The influence of either the nanoparticle core or the PEG outer shell regarding this
binding was also arried out using CEIF by measuring the uptake of the monomeric peptide by
methoxypoly(ethylene glycdd-poly(lactic acid) (MePE@-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 experinterwere conductedrinally, the complement activation and the

Apo E adsorption by these NPs weJpeptidsinorder®d i n

anticipatein vivo ability of these NPs to increase peptide clearance in AD patient.

2. Results &ad discussion

The interaction ofA f.4, peptide with PEG and NPs with various size, surface charge and
composition (Tab. 1) was investigated by complementary technigu€E-LIF/UV, surface plasmon
resonance (SPR), thioflavine T assay, confocal lassamnéieg microscopy (CLSM) and molecular

modelling.

Table 1.PhysiceChemical Properties of the Nanoparticles Used iAL@EEXperiments.

Sample P(HDCA) P(MePEGCACO-RCA- PLA PLA-PEG
co-HDCA)
Mean diameter (nm’ 160 124 105 110
Polydispersity index 0.14 0.11 0.22 0.21
Zetapotential (mV) 26+ 7 -35+3 -10+4 -15+5
PEGdistance (nm) - 1.21 - 0.91

2.1.Monitoring of monomeric forms of A f4,by CE-LIF

Previous studies have highlightdak ability of CELIF to monitor and quantify the interaction
bet ween a fubpepidemcsNPE!Th e Al i n escapture m fiquedilis buffer solution
containing P(MePEGCAco-HDCA) NPs evidencedthat the peptide disappearance is directly
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correlated with its local surface adsorption onto NPs, involtheglecrease of the concentration of its

free form in solution.

Hereint hi s met hod has been adapt ed jsdsappedranceiinthee st i g
buffer containingeither free PEG or PEG covalently attached at the surface of twe ayp®lymeric
nanoparticles (PACA and PL A)spefdtitleqeakwas felloveed asg o f t
function of time by capillary electrophoresis and corresponding kinetics were compared. Thé figure

s hows 1% omcenrdition variatiofexpressed 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, FédlLa) where no significant change diet
monomer peak concentration was observed.s 2 Figure
decrease upon incubation with free linear MePEG (MW 2 kDa) as compared to the control (peptide
alone), suggesting either a simple affinity between the peptidta PEG or a t ggtaddency O
aggregate in presence of P E &, andTtheedifferenttNiP& was nt er a
evaluated under the same -CE conditions. The results obtained with the investigated P(MePEGCA
co-RCA-co-HDCA) or unmodified P(HDCA) NPs and PERLA or unmodified PLA NPs are showed

in Figure 1b and Figurdc, respectively. Whatever the nature of the polymeric core of NPs, higher
decreases of the free monomer peak concentration were observed with PEGylated NPsheven if
kinetics were different. Figure 1b showed that the incubatioR(MePEGCAco-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 remamsthnged in presence of

P(HDCA) NPs. The peptide uptake by the surfacePlePEGCAco-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 ammi remains in solution. In the case of PLA NPs (FédLc),

a decrease of the monomer peak was observed for both PEGylated éPE@ylated 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 analysi®LIPEG

NPs were more efficient than PLA ones to interact withmlen o mer and exhi bi ted al
kinetico: a high decrease around 75% of monomer
10% of uptake in 5/6 h) and a final phase marked by a very slow decrease 12 hours after the beginning

of the andysis.

All the tested samples, excepted for P(HDCA) NPs, presented an affinity for the monomeric peptide

but with different kineticgFigure 1). Thus, this result could provide an efficient tool to scieentro
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and predict the potential of NPs to intetravith Ab peptidein 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 arf(MePEGCAco-RCA-co-HDCA) NPs respectivel§ the first

6-7 hours of incubation is the key period to evaluate their respective binding efficacy. During this

i ncubat i on stmommer uptakeewas/Achassified as folloWEMePEGCAco-RCA-co-

HDCA) NPs > PEGPLA 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
monomerthat 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 bimiiMgRBEGCAco-
RCA-ca-HDCA) NPs compared to that observed on PEG®\ NPs even if the PE@Gensity 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 mtide monomef? In the present study, the lower zeta potential

value ofP(MePEGCAco-RCA-co-HDCA) NPs, due to the presence of rhodamine B labeffifgab.

1) could also explain their higher affinity for the peptitkeevious studies, comparing PEEA,
PEGPLGA and PEGPCL 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 adenrptito the NPs surfad&® In this work,
interestingly, PLA NP g, péptidd in appositeon with PHDCAANPS whith t y  f ¢
exhibit a lower zeta potential but a higher mean diameter. This evidences that the PLA core can favour
the peptile affinity. However, after PEGylation, PHDCA NPs were more efficient to bind the peptide
than NPs composed of a PLA co®ur data suggest that the adsorptionfof.4, peptide on
PEGylated NPs is principally driven by the PE®ractions that can madhet core effect but it is also
influenced by parameters such as the nanoparticulate colloidal features (size and surface charge).
Finally among all the investigated NAR(MePEGCAco-RCA-co-HDCA) ones appear as the most
promising nanocarriers for potentiabatment in AD pathology due to its high propensity to capture

the peptide monomer.
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Figure 1. CE-LIF experiments. Evolution of the monomer peak intensity as a function of time at 37°C

of (@) 5 uM Hilyte Fluo™ Afhs,s ol ut i on al onper e(s®e)ncandfi 20t leeM o f
MePEG (), (b) 5 uM Hilyte Fluo™ Ahs,i n the presence ebRCA®D &M P(
HDCA)(’) or PHDCA nanoparticle susp®ABsinpresencedoj and
PEGPLA(¢G) or PLA (08) mamoparticle suspen

22Binding experiments withpby8PRomers and fibrils

To further investigate the behaviour B{MePEGCAco-HDCA) NPst owar d 144 he AD

peptide, the binding properties BEGylated and non PEGylated PAQ¥Ps with monomers and

fibrils of A h4, were evaluated by SPR analyses. The figures 3a and ¢ show good affinities of
circulatingP(MePEGCAco-HDCA) NPs for both the peptide monomers and fibrils (immobilized on

the chip), respectively at concentrations greater than 3 pM. On the contidiyding was observed

between PHDCA NPs and the peptide under both isoforms even at higher NPs concer2tatidbhs (

Figure 3b and d).Moreover, control experiments with BSA immobilized on the chip revealed the
absence of signal upon injection of NRsgension at the highest concentration (20 uM, data not

shown).
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Figure 2. Surface Plasmon Resonance experiments. Sensorgrams of (a, ¢) P(MeP&BDEA)
NPs and (b, d) PHDCA NPs suspensigpmanemerafa, blor 3 an
fibrils (c, d) immobilized gold chip.

A second set of SPR experiments (FgS1) allowed the determination &f values of 234
and 99 uM for the affinity betweeR(MePEGCAco-HDCA) NP s  a nsgdmonbimer or fibrils,
respectively. Morever the fluorescer?(MePEGCAco-RCA-co-HDCA) NPs in which rhodamine B
is covalently linked to the copolymer used for the-IGE experiments were also evaluated by SPR
analyses revealing lowég values: 161 and 51 uM for the monomer and fibrils, respelgti All these
results indicate a higher affinity of PEGylated NPs for the aggregated forms of the peptide such as
fibrils. In addition, theky values determined by SPR for the peptide monomer are higher than the ones
calculated from previous GEIF expeiments (0.55 pMY2 likely due to the intrinsic differences

between the two techniques due to the fixation of the peptide in SPR experiments.

23.Bi ndi ng e xp e riimyehioftaine Wassayp andGL I

To confirm these results, a thioflavin TT h T) assay was perfp,or med
aggregation through b-s h e e t f or mat i, e peptideawab wmeulgajed with br without
P(MePEGCAco-HDCA) and P(HDCA) NPs. The peptide/NP molar ratio was tuned from 1/0 to 1/4
and the fluorescence inten t vy , arising from thioflavin T but
b-sheet amount in the sample, was measured at different incubation times (from 0.5 to 2drb) (Fig
3). ThT experiments were performadhigher peptide concentration (50 puM) 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 fluzzranstamsity
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(due to the increase dfsheets structuresgds a function of timeHigure 3, ratio 1/0). After the
incubation with NPs, and whatever tAeh 4,o/NPs molar ratio employed, PHDCA NPs had no effect

on peptide aggregation kinetics (kig 3, molar ratios A h.4/NPs = 1/2 and 1/4) whereas
P(MePEGCAco-HDCA) NPs strongly increaseiolsheet amount and formation rgtéigure 3, A .

4INPs = 1/2 and 1/4)These results suggest a higher and quicker peptide aggregation in the presence
of PEGylated NPsartdhi s phenomenon iggNPmea mtodopsndovenn t he AD

Figure 3. ThT assayAb; 4, (50 uM) was incubated in the presenceR§{MePEGCAco-HDCA) or
PHDCA NPsat different peptide/NP molar ratios for 24 h at 37°C. At the indicated time points
aliquots wer e t-shéeecontentdby thee Thallagsay eEadh bae repbesents the absolute
change in fluorescence for the different time slots. The graph mmsthe mean + SD (n=3) from

one experiment. Results shown are representative of three independent experiments.

Previous experiments by confocal microscopy have also evidenced the ability of the peptide to
adsorb and aggregate at the surface of PEGyNR=dwhen high peptide (10 pM) and NPs (20 uM)
concentrations are usétin this study, CSM experiments were performed under the same conditions
on nonrPEGylated NPs, evidencing neither interaction between PHDCA NPs and the peptide nor
peptide aggregatio (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 onddaees.

24NPs i nf | ug@aggregatomby GH

In order to have a bettarsight 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 @ksheet in solution during the CE protocol. An aggtéeng
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