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Tailor-made degradable copolymers

for the design of advanced drug delivery systems

by Sébastien CAJOT

Over the last decades, polymer micelles have #&tnlaan increasing interest in dr
pharmaceutical research because they could beagsefficient drug delivery systems.
The goal of this thesis was centered on the desigmew smart nanocarriers and mc

particularly on the basis of reversibly redox-crbsked polymer micelles. The first part
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that work was dedicated to the synthesis of newromaclecular architectures associating

biodegradable hydrophobic polymers such as polye@ay. PCL), polycarbonate (e.
PTMC) or also polyphosphate (e.g. PBODOP) and th&emsoluble poly(ethylene oxid
(PEO) frequently used due to its biocompatible props. Well-defined block copolyme
have been synthesized by ring-opening polymerimatio

The second part of that work was focus on the dinksg of the hydrophobic block i
order to obtain well stabilized micelles. The cgpaérization of a-chloro€-caprolactone

(aCleCL) allows to easy functionalize the hydrophobiodi in order to reversibly cross-lin
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the future micelle core by the addition of a digldfbearing cross-linker. The self assembly

of theses copolymers and redox-dependent micedlizatehaviours have been studied
diffusion light scattering and transmission elecicanicroscopy.

Finally, the potential of these redox-sensitive eties as active drug delivery system |
been analysed by investigating their stealthy behas using the complement activati
(CH50) test, their cytotoxicity, their cellular erhalization and also the redox-sensit

profile of a hydrophobic dye.
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Copolyméres biodégradables sur mesure pour la conu#on de

systemes avanceés d'administration des médicaments

par Sébastien CAJOT

Au cours de ces dernieres décennies, la recherbbhempceutigue a marqué un intérét

croissant pour les micelles polyméres puisqu’gllegvent étre utilisées comme des systé

efficaces d’administration de médicaments.

mes

L'objectif de cette thése fut centré sur la corioeptie nouveaux nanovecteurs intelligents et

plus particulierement sur la base de micelles pehas a réticulation réversible selon
potentiel oxydo-réducteur. La premiere partie detregail fut consacrée a la synthése
nouvelles architectures macromoléculaires associaas polyméres hydrophob
biodégradables tels que les polyesters (ex. PEt)pblycarbonates (ex. PTMC) ou encore
polyphosphates (ex. PBODOP) ainsi que le polymgdedsoluble, le poly(oxyde d'éthylen
(PEO), frequemment utilisé en raison de son camdéocompatible. Des copolymer
séquences bien définis ont été synthétisés pamgoigation d’ouverture de cycle.

La deuxieme partie de ce travail a mis l'acceniauéticulation de la séquence hydroph
afin d'obtenir des micelles bien stabilisées. Laotymérisation di-chloro€-caprolactone
(aCleCL) permet de fonctionnaliser facilement la ségeehgdrophobe afin de réticuler (
facon réversible le coeur des futures micelles paragent réticulant porteur de poi

disulfures. L'auto-assemblage de ces copolymeres @ile leur micellisation en fonction ¢

potentiel oxydo-réducteur ont été étudiees pamsidin de la lumiére et par microscopi

électronique a transmission.
Enfin, le potentiel de ces micelles sensibles avilmnnement oxydo-réducteur en tant
systeme d’administration actif de médicaments agédysé en examinant leur comportem
furtif par l'intermédiaire du test d’activation diomplément (CH50), leur cytotoxicité, le
internalisation cellulaire et également le profé tbération d'un colorant hydrophobe

fonction du potentiel oxydo-réducteur.
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Aim of the thesis

Aim of the thesis

The aim of this thesis was to design new amphiphilacromolecules in order to build
well-defined nanocarriers in agueous media abldrive hydrophobic drugs specifically to

the targeted site, tumor tissues, with limited @Beon healthy organs.

The chapter | is focused on the synthesis of three-armBjAand four-arm (AB5)
star-shaped copolymers based on blocks commonly imsdrug delivery systems, i.e. the
poly(ethylene oxide) (PEO) and the pabkgaprolactone) (PCL). With the aim to study the
effect of the macromolecular architecture, theseshstar copolymers have been compared to
conventional diblock copolymers of PE®PCL in their ability to form micelles and to

stabilize PLA nanoparticles.

One of the major limitations of conventional sed6ambled nanocarriers is their lack
of stability towards high dilution, particularly caring upon administration by i.v. injection.
This leads to a premature release and precipitatidche encapsulated drug in non-targeted
sites. Thechapter Il aims at reviewing advances made in the last dedad&e development
of stable nanocarriers based on cross-linked systeuth as nanogels or cross-linked

micelles.

Thechapter Il is dedicated to the synthesis of irreversibly aoass-linked micelles
based on the synthesis of a new cyclic phosphateomer bearing an unsaturated group.
These vinylic side-groups along the polyphosphatekbone, allow the cross-linking of the

micelle core by simple UV irradiation of the seffsembled structures.

After the accumulation of the nanocarriers in tunuaedls by passive or active
targeting, the encapsulated drugs need to be esgleasracellularly from the nanocarriers.

This can be achieved by elaborating smart micedlele to dissociate in response to the
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reductive environment of the cytoplasm. This esakraspect will be the topic of the

chapterslIV to VIl .

To build such micelles, there is a need of reactbleck copolymers easily
functionalizable. These have been designed based bwdrophilic block of PEO and a
reactive hydrophobic block of PCL or poly(trimetege carbonate) (PTMC). This
hydrophobic block obtained by the random or sedakrbpolymerization of a functional
lactone, then-chloroe-caprolactone was easily derivatized further bgkclchemistry after
substitution for an azide. The synthesis of themeehamphiphilic reactive copolymers, their
self-assembly in aqueous media and the post-furaization by various alkyne-dyes of their

micelle core are described in tbleapter 1V.

Then, the cross-linking of such PCL based reaativeelles by a dedicated cross-
linker bearing a disulfide bridge has been considen thechapter V such as their stealthy
behaviors. Thechapter VI reports on the cytotoxicity, the cellular intetimation and the

glutathione-triggered drug release of these PCletbasre cross-linked micelles.

Finally, thechapter VIl is focused on reversibly cross-linked micelleghed PTMC
based copolymers. Their physico-chemical properthesr circulation life-time in the blood
stream, their cytotoxicity and their cellular uptakre studied and compared to previous

results obtained in thehapter V andVI for the PCL based cross-linked micelles.
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Novel amphiphilic mikto-arm star-shaped copolymers
for the preparation of PLA-based nanocarriers
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Macromolecular Symposi2011, 309/310, 111-122



Abstract

Three-arm (AB) and four-arm (AB,) star-shaped copolymers based on biocompatible and
biodegradable hydrophobic pody¢aprolactone) (PCL) (A arms) and biocompatible and
bioeliminable hydrophilic poly(ethylene oxide) (PE@ arms) were synthesized by the
coupling of anw-azide terminated PEO chains with PCL chain beadng (AB) or two
(A2B,) alkyne functions at the middle of the chain by ttopper mediated azide-alkyne
cycloaddition (CuAAC). The amphiphilic behavior thiese different stars was confirmed by
micellization experiments in water followed by dyma light scattering and transmission
electron microscopy analyses. The efficiency tbilze PLA nanoparticles was investigated

in function of the stars structure.
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1. Introduction

Nowadays, an increasing interest was paid to the afs nanoparticles for the
development of new drug delivery systems. Polymieles are well known nanoparticles
composed of biocompatible and biodegradable amplumopolymers already used for drug
encapsulation. Indeed, many new drugs are poollypkoin water, which leads to their rapid
elimination from the body by enzymatic degradation by metabolization. Drug
encapsulation in nanometric particles improvesrtbeiubility in water, increasing the action
time by controlling the drug release. Moreover, ogarticles prevent the chemical and
enzymatic degradation of the active principle amden it is necessary, decrease its
toxicity™2

Drug nanocarriers are characterized by colloidapsuasions of submicronic particles
in an aqueous medium that can be directly injeatethe blood strearn They have to be
composed of biocompatible polymers in order to prevthem from the effect of the stealth
defense against foreign bodies. Various kinds ofonarriers are described in the literature
such like micelle$*® nanoparticles’ and liposomés Polymer micelles are supramolecular
shell-core structures with a diameter of ten narterseand are composed of amphiphilic
block copolymers. By their supramolecular structpadymer micelles are able to encapsulate
a hydrophobic drug into their core, which allowsrgasing concentration to be reached in
water.

Polymer nanoparticles are another type of polymased nanocarrier generally
prepared starting from hydrophobic and biodegraa&imcompatible polymer, in which the
drug is encapsulated. Their sizes are generallyrar@ne hundred nanometers. The use of
amphiphilic copolymers is then required to stabilszich nanoparticles in aqueous media.
Aliphatic polyesters, such as paly§aprolactone) (PCL) or poly(lactide) (PLA), areglhly
reported in the literature for the preparationtefse nanocarriers. These polyesters are easily
degradable by hydrolysis of the ester bonds leatbng decrease of the molecular weight.

Short polymer chains are then removed by solultitimain the biological fluids or by
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phagocytosis. The degradation is catalyzed by amidsases for PCL (PCL is known as an
hydrolysable polymer) while enzymes catalyze theARlegradation which is an actual
biodegradable materiaf-®

The poly(ethylene oxide) (PEO) is frequently ussdhydrophilic block of amphiphilic
structures used in vectorisation? PEO is a neutral, hydrophilic, highly flexible dan
biocompatible polymer and is approved by the Fond Brug Administration (FDA) for
intravenous applications. Contrary to aliphaticyesters, PEO is not (bio)degradable but
bioeliminable by renal filtration when the moleaweeight remains lower than 20000 g/mol.
Moreover, the flexibility of the PEO, due to thesahce of bulky substituent and the easy
rotation of the ether bonds, disfavors the adsomnptif plasmic proteins at the surface of the
nanocarrier, leading to nanocarriers of second rg¢éina ** exhibiting prolonged circulation
in the blood stream. Such carrier thus can accumutatumors by the EPR effect (Enhanced
permeability and Retention Effecfy™

The synthesis and applications of amphiphilic diklcopolymers based on PEO and
PCL for pharmaceutical application are largely diésdl in the literature due to their ability
to form stable micellé& *" or to stabilize PLA nanoparticles in solution. Togily, when the
molecular weight of the hydrophilic block (PEO)higiher than the hydrophobic block (PCL)
(HLB > 10), the amphiphilic copolymers are gengragtone to form spherical micelles. In
contrast, when the molecular weight of the hydrdphdlock is higher than the hydrophilic
one (HLB<10), the copolymer is rather used for meambicles stabilization. As already
reported, the stabilization efficiency appears moty to depend on the copolymer
composition (or hydrophilic/lipophilic balance, H)hBout also on the architecture of the
copolymer. For example, palm-tree copolymers of P& PCL have been found more
efficient than diblock copolymers of the same HLBr fthe stabilisation of PLA
nanoparticleS

In this paper, we focus on another type of architeg i.e. star-shape copolymers with
the aim to evidence another architecture effect noigellization and/or nanoparticles
stabilization efficiency. Interestingly, these staystems allow to vary the number of PEO

arms (one or two) grafted on the mid-chain of a Pézckbone (Figure 1) and, to our
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knowledge, have so far not yet been investigatetdnomedecine. For this purpose, a novel
strategy to synthesize well-defined three- and-Byun star-shaped amphiphilic copolymers
based on PEO and PCL (Figure 1) has been firssiigated and is reported in the present
paper. Then, the micellization so as the efficietwgtabilize PLA nanopatrticle of these star
copolymers, have been studied in order to highltgbkt potential of such architecture to be
used in drug delivery systems. Particularly, th&eatf of these star architectures on the
micelles size and shape and on the nanoparticslization efficiency will be discussed

based on comparison to more conventional diblockgaaft copolymers.

. PCL block unit ‘ PEO block unit

Three arm copolymer (PCL),-(PEO) Fourra copolymer (PCL),-(PEO),

Figure 1. Structures of the three- and four-arm star-shapgdlymers

Such study requires first the careful synthesisvell-defined star copolymers. Two
similar routes were developed for the synthesithefthree-arm (/) (Scheme 1) and four-
arm (AB>) (Scheme 2) star-shaped copolymers based on gperccoatalyzed coupling aof-
azido-poly(ethylene oxide) with a poty€aprolactone) chain bearing one or two alkyne

groups at the mid-chain.
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2. Materials and methods

Materials

Monomethoxy poly(ethylene oxide) ¢M= 1000 and 2000 g/mol, MPEO-OH,
Aldrich), N,N-dimethylformamide (DMF, Aldrich), dimethylsulfoxed (DMSO, Aldrich)
methanol (Chem-lab), dichloromethane (CH, Chem-lab), heptane (Chem-lab), diethyl
ether (Chem-Lab), triethylamine (NtAldrich), tin 2-ethylhexanoate (SnQgctFluka),
sodium azide (Aldrich), copper(l) iodide (Cul, Aicin), poly(D,L-lactide) (PLA, Purac) were
used as received. The synthesis of 2-methyl-2-(grgp-1-yl)propane-1,3-diol and 2-
methyl-2-(prop-2-yn-1-yl)propane-1,3-diol were rejed elsewheré. e-caprolactone&CL)
(Aldrich) was dried over calcium hydride at roonmigerature for 48 h and distilled under
reduced pressure just before use. Toluene andodichkethane were dried on molecular

sieves under nitrogen.

Synthesis of the alkyne bearing polygtcaprolactone)

The polymerization of-CL was carried out at 110 °C in toluene. Typicallymethyl-
2-(prop-2-yn-1-yl)propane-1,3-diol or 2-methyl-2-gp-2-yn-1-yl)propane-1,3-diol (0.304 g,
1.997 mmol) was transferred in a previously driddsg reactor. After three azeotropic
distillations with toluenegCL (4 mL, 35 mmol) and anhydrous toluene (10 mL)reve
sequentially added to the reactor through a rulsleptum with a syringe equipped with a
stainless steel capillary. The reactor was themntbstated at 110 °C before adding the
catalyst (0.3 mL, 0.06 M SnQan toluene). After 5 h of polymerization, PCL watovered

by precipitation in cold heptarté.

PCL-(alkynes) *H NMR(CDCk) & (ppm) = 1 (s, 3H, C-B3), 1.4 (m, 2H, CO-CHCH.-
CH2-CHy-CH,-0-), 1.6 (m, 4H, CO-CHCH,-CH,-CH,-CH,-O-), 2 (m, 3H,HC=C-CH»),
2.4 (t, 2H, CO-@l»-CH,-CH-CH,-CH,-O-), 3.6 (t, 2H, terminated #&-OH), 4.1 (t, 2H,
CO-CH,-CH,-CH,-CH,-CH,-O- and 2H, -@&i,-O-CO-).
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PCL-(alkynes): *H NMR (CDCE) & (ppm) = 1.4 (m, 2H, CO-CHCH,-CHp-CH,-CH,-O-),
1.6 (M, 4H, CO-Ch#CHp-CHy-CH2-CHp-0-), 2 (m, 3HHC=C-CH>-), 2.4 (t, 2H, CO-@l»-
CH,-CHp-CHy-CHp-O-), 3.6 (t, 2H, terminated #&-OH), 4.1 (t, 2H, CO-ChCH,-CH,-
CH,-CH,-O- and 2H, -&,-O-CO-).

Synthesis of thew-azido terminated-poly(ethylene oxide)

Monomethoxy poly(ethylene oxide) (1.5 g, 1.2%1fol, M, = 1250 g/mol) was
transferred in a previously dried glass reactor @med by three azeotropic distillations with
anhydrous toluene. 15 mL of anhydrous dichloromehaere then added with an excess of
p-toluenesulfonyl chloride (0.02 g, 1.24@nol) and triethylamine (0.02 mL, 1.3 1Gnol).
The reaction was carried out at room temperaturd8dours. The organic phase was washed
two times with saturated solution of NI, one time with water before to be dried on
anhydrous MgS® The polymer was recovered by precipitation irdatiethyl ether. The-
tosyl-poly(ethylene oxide) (1.2 g, 9.6 4Gnol, M, = 1250 g/mol) was transferred in a
previously dried glass reactor and dried by thrmotopic distillations of anhydrous toluene.
120 mL ofN,N-dimethylformamide were added with an excess ofusndazide (0.09 g, 1.4
102 mol). The reaction was carried out overnight &tG3IDMF was removed under reduce
pressure. The polymer was dissolved in dichloroarhand was washed three times with
water then, them-azido-PEO was extracted from the collected aquemhases by using
dichloromethane. Organic phases were combined aiedl @bn anhydrous MgSO The

polymer was recovered by precipitation in cold layéether.

©-Tosyl-PEO:*H NMR (CDCh) 5 (ppm) = 2.4 (s, 3H, Bs-CeHaSOx), 3.4 (s, 3H, ®l5-0-),
3.6 (m, 4H, -®&,-CH»-0-), 4.1 (t, 2H, -G1,-O-SO-), 7.3 — 7.8 (d, 4H, -S£CsH 4-CH).
©-N3-PEO: *H NMR (CDCh) 5 (ppm) = 3.4 (s, 3H, Bs-O-), 3.6 (M, 4H, -El,-CHp-O-, -
CH2-Ns3).

Synthesis of the copolymers /B and A;B, by CUAAC
The coupling of thew-azido-poly(ethylene oxide) (0.4 g, 3.2 46nol, M,= 1250
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g/mol) with the poly¢-caprolactone) bearing the alkyne(s) (e.g. for B®&-alkyne: 0.77 g,
3.2 10* mol, M= 2400 g/mol) was carried out in a glass reactartaining THF. Cul (0.7
mg, 3.2 10 mol) and triethylamine (0.4 pL, 3.2 $6nol) were added to the polymer solution
and let reacted at 35°C during 4 hours. The staolgmers were recovered by two

precipitations in cold heptane.

Three-arm star-shaped copolymer (PEPEO: *H NMR (CDCk) & (ppm) = 1 (s, 3H, C-
CHs), 1.4 (m, 2H, CO-CHCH,-CH>-CH,-CH,-O-), 1.6 (m, 4H, CO-CHCH,-CH,-CH»-
CH,-0-), 2 (m, 3H,HC=C-CH>-), 2.4 (t, 2H, CO-@l,-CH,-CHy-CH,-CH,-0-), 2.7 (s, 2H,
triazole-(H>-), 3.4 (s, 3H, CHO-) 3.6 (m, 4H, PEO -B,-CH»-0O-), 3.9 (m, 2H, -El,-O-
CO- and 2H, -@l,-CH,-triazole), 4.1 (t, 2H, CO-CHCH,-CH,-CH,-CH,-0O-), 4.5 (m, -CH-
CH,-triazole), 7.7 (s, 1H, triazole()

Four-arm star-shaped copolymer (PEb)PEO): *H NMR (CDCk) & (ppm) = 1.4 (m, 2H,
CO-CHy-CH,-CH2-CHp-CH,-0-), 1.6 (m, 4H, CO-CHCH»-CH,-CH,-CH»-O-), 2 (m, 3H,
HC=C-CHy), 2.4 (t, 2H, CO-®l,-CH,-CH,-CH,-CH»-0-), 2.7 (s, 2H, triazoled8,-), 3.4 (s,
3H, CH-O-) 3.6 (m, 4H, PEO -B,-CH»-O-), 3.9 (m, 2H, -El>-O-CO- and 2H, -E&l,-CH,-
triazole), 4.1 (t, 2H, CO-CHCH,-CH,-CH,-CH»-0O-), 4.5 (m, -CH-CH,-triazole), 7.7 (s, 1H,

triazoled))

Micellisation in water

Aqueous micelle dispersions of the star copolymeese obtained by addition of
water to an organic solution. A stock solution tdrscopolymer was prepared with a well-
defined concentration (1%) in DMF. Then, 20 mL daiter (Milli-Q) were added to 5 mL of
the organic solution under vigorous stirring forotours. The solutions were dialyzed

against water by using a cellulose dialysis memd(&pectrapor, cut-off 3500) overnight.

Formation of stabilized PLA nanoparticles in water
Nanoparticles of PLA were prepared by the nanopietion techniqué in presence

of various amounts of three or four-arm star-shapepolymers as already reported for
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diblock and palm-tree copolymers based on PEO &id.PTwo stock solutions of PLA (16
mg/mL) or star copolymers (16 mg/mL) were prepareDMSO. Various amounts of the star
solution (10, 20, 30, 40, 50, 60 and 70wt%) werdeadto 2 mL of PLA solution. Five
volumes of phosphate buffer (pH=7.4) were then dddehe organic mixture under vigorous
stirring for two hours. The solutions were dialyzeghinst water by using a cellulose dialysis

membrane (Spectrapor, cut-off 6000-8000) overnight.

Characterization techniques

Size exclusion chromatography (SEC) was carriedrotiHF at 45 °C at a flow rate
of 1 mL/min with a SFD S5200 auto sampler liquidarhatograph equipped with a SFD
refractometer index detector 2000. The PL gel 5 @67 A, 10" A, 10° A, and 100 A)
columns were calibrated with polystyrene standaFds. pure PCL samples, the molecular
weights were corrected by Mark-Houwink relation;(MICL) = 0.259Mn(PSY°" 'H NMR
spectra were recorded in CRG@It 400 MHz in the FT mode with a Bruker AN 400 aggtus
at 25°C. The infrared spectra were recorded witReakin-Elmer FT-IR 1720X. The IR
samples were prepared by slow evaporation of assiation, in THF, onto NaCl windows.
Dynamic light scattering measurements were perfdrasgng a Beckman Coulter Delsa Nano
C Particle analyzer and the data were treated &yD#sa Nano Ul 2.21 software. All the
measurements were carried out at 25 °C at a megsangle of 165°. The samples for
transmission electron microscopy (TEM) were pregdrg slow evaporation of the solutions
after DLS analysis on a formvar-coated copper grite excess of solution was removed with
a filter paper. The samples were analyzed withiegBHCM100 microscope equipped with an

Olympus camera and transferred to a computer egdipjith the Megaview system.
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3. Results and discussion

2-methyl-2-(prop-2-yn-1-yl)propane-1,3-diol and 2myl-2-(prop-2-yn-1-yl)propane-
1,3-diol are two diols already used in polyurethahemistry so that their synthesis is already
described in the literatuf® These two diols have been used here as difurattinitiator for
the ring opening polymerization @fCL in order to reach both targeted mono-alkyne-PCL
(PCL-(alkyne)) and bis-alkyne-PCL (PCL-(alkyng) respectively. The polymerization
performed in anhydrous toluene at 110°C in presenhc®nventional tin 2-ethylhexanoate as
catalyst with the same monomer to initiator raéd to two poly¢-caprolactone)s having the

macromolecular characteristics reported in table 1.

Table 1. Macromolecular characteristics of the obtained f&kyne) and PCL-(alkyne)

DP, a M b DPexp M n, exp DPexp M n, exp M W/M n

i nth HNMR)®  (*HNMR)?  (SEC)®  (SEQ)' (SEC)?®
(a'ljk?”';é) 18 2000 18.5 2100 17 1900 1.10
(afkihé} 18 2000 21 2400 23 2600 1.17

@ Theoretical value for the polymerization degre® 61 calculated by the [monomer] /[initiator] ratio
® Theoretical value for the molecular weight (g/muflPCL

¢ Polymerization degree determined of PCL'HYNMR

4 Molecular weight (g/mol) of PCL determined by NMR,

¢ Polymerization degree of PCL determined by SEC,

" Molecular weight (g/mol) of PCL measured by SE@iyarsal calibration),

9 Polydispersity index determined by SEC.

As an example, th&H NMR spectrum for the bis-alkyne-PCL is shown igufe 2
allowing determination of the molecular weight the tcomparison of the intensity of the
characteristic peaks of the alkyne at 2 ppm (fmeakdb, Fig. 2) with the protons at 4.2 ppm
of theeCL unit (peakh, Fig. 2) according to equation 1:

M, =—2 114 1)

Iq and b/3
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54 5.2 50 48 46 44 42 40 38 36 34 3.2 3.% (pZB) 26 24 22 20 18 16 14 12 10 08 06 04
pm

Figure 2. '"H NMR spectrum of the PCL-(alkyng CDClL

The *H NMR spectrum of PCL-(alkyne)Xnot shown) is quite similar excepted the
presence of an additional signal at 1 ppm corredipgnto the CH group present on the
initiator and gives the data reported in table dr. both polymers, a good agreement between
the theoretical and experimental molecular weightsbserved. Moreover, the polydispersity
indexes as determined by SEC are very low. Thedes R&hibiting one or two alkyne groups
at the middle of the chain will be used furtheatahor one or two PEO arms by CuAAC to
get the two targeted stars. This requires firstftimetionalization of PEO chain-end with an
azide group.

The conversion of the hydroxyl chain end of twemethoxye-hydroxy-PEO
(ML(PEQ,)=1000 g/mol and MPE(:)=2000 g/mol) into azide was performed by a twgste
reaction. First, the hydroxyl end-group was coreerinto tosylate, a better leaving group.
The 'H NMR spectrum corresponding to tosyl-PEQs shown Figure 2. The
functionalization yield was determined by compamisd the intensity of the methoxy protons

at 3.3 ppm and the protons of the tosyl group & ppm. A quantitative conversion was
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obtained with high yield (90%). Azide end-group wen obtained by reaction of the
tosylate terminated PEO with an excess of sodiuileal quantitative conversion was also
confirmed by a complete disappearance of the sgafthe aromatic protons of the tosyl
group at 2.4, 7.3 and 7.8 ppm and of the xOptotons at ther-position of the tosyl at 4.2
ppm. The presence of the azide group was confiloyeeTl IR analysis by the appearance of a
characteristic absorption band at 2106 “cr(Figure 3€). Except for the chain-end
functionality, the mild conditions used during ba#actions kept unchanged the PEO chains
as shown by the SEC elugrams recorded before dedrafictions (Figure B}. The same

conclusions can be drawn for the functionalizabdbRPEQG; even if the M is doubled.

26 27 28 29 30 31

Time (min)

Figure 3. (@) "H NMR spectrum of the-tosyl-PEQ, (M, = 1250 g/mol) in CDG] (b) SEC traces in
THF of o-hydroxy-PEQ (M, = 2100 g/mol) £ — )m-tosyl-PEQ (—) andw-azido-PEQ (....... )
and €) FITR spectrum ofv-tosyl-PEQ (black) andn-azido-PEQ (grey)

The coupling reaction between the PCL-(alkyr@)PCL-(alkyne) with the w-azido-
PEQ or 8 Was performed by CuUAAC in THF in presence of 10valf Cul and NEf The
progress of the reaction was followed by the des@exd the intensity of the azide band in the
IR spectrum. After four hours of reaction, the nd#iy of the azide band was low and
remained constant in time. This observation wasagx@d by the presence of a small excess

of w-azido-PEO during the reaction even if reactionstoechiometric conditions was
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targeted. The star copolymer obtained after pretipn was first analyzed by SEC which
confirmed by the shift of the SEC trace to lowartiein volume after the coupling reaction,
the quantitative conversion of PCL-(alkypednd PCL-(alkyne) in star copolymers of
expected three-arm (PGEPEQ; (Figure 4€) and four-arm (PCl}(PEO) (Figures 4a and
4-b). A small amount ofp-azido-PEO was still detected after purificationimhafrom the
catalyst by precipitation in cold heptane. Indedds solvent does not allowed the separation
of the residuatv-azido-PEO from the star. Nevertheless, the presehthis small amount of
free PEO chains in the star samples was not delegefor the formation of micelles or

nanoparticles as it will be shown later.

23 25 27 29 31 33 23 25 27 29 31 33 23 25 27 29 31 33

Figure 4: SEC traces recorded for the coupling betweerPtble-(alkyne) and PCL-(alkyne)with o-

azido-PEO:

a (PCL)-(PEQ), , PCL-(alkyne) , »-azido-PEQ (M,=2100g/mol)..........

b: (PCL)-(PEQ\)> — . —, PCL-(alkyne) , »-azido-PEQ (M,=1250g/mol)— . ..
c: (PCLY-PEQs — —, PCL-(alkyne) — — — , w-azido-PEQ (M, = 2100 g/mol)......... ,

'H NMR also confirmed the coupling thanks to theegpnce of a new signal at 7.7
ppm, characteristic of the proton of the triazahg r(peak f, Figure 5) and at 4.5 ppm and 2.7
ppm, corresponding to two GHiext to triazole ring (peak e and g, Figure 5yafo of 0.96
between the intensity of the two -gHjroups next to the triazole ring that belonghe PCL
(peak g, Figure 5) and PEO arms (peak e, Figured)firmed the quantitative coupling
reaction. The excess ofazido-PEO could not be determined’ByNMR since the signal of

the CH next to the azide is covered by the large sighti® proton of the PEO.
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Figure 5. 'H NMR spectrum of the (PCLYPEQ,), amphiphilic copolymer in CDGI

The table 2 summarizes the different charactesistit the stars obtained by this

coupling method and for which the behavior in agisemedia was investigated. For each

copolymer, the length of the PCL chain remainedstamt. In order to keep the same HLB for

the three-arm and four-arm stars, two azido-PEQMgf= 2100 and 1250 g/mol, were

respectively introduced to get the star. In additia third four-arm star copolymer has been

synthesized with a higher HLB but with PEO armgdantical length to the three-arm star.

The influence of the architecture and of the hytifiparms length of the star copolymers on

the objects formed in solution was so studied.

Table 2 Characteristics of the stars synthesized by éveldped strategy

PCL Arm content

PEO Arm content

Mu/M ,

Copolymers DP,, My ex DP, My ex L HLB
CHNMR)®  (HNMR)® | (CHNMR)® (‘HNMR)® | (SEC)
(PCL,-(PEQy): 185 2100 48 2100 113 10
(PCLY,-(PEQL), 21 2400 56 2500 116 102
(PCLY-(PEQy), 21 2400 96 4200 119 127

2 Polymerization degree of PCL determined'HyNMR for PCL-(alkyne) and PCL-(alkyne)before

coupling reaction

-33 -



Chapter | Novel amphiphilic mikto-arm sta-shaped copolymers for the preparation of PLA-basedhanocarriers

® Molecular weight (g/mol) of PCL determined By NMR for PCL-(alkyne) and PCL-(alkyne)
before coupling reaction

¢ Polymerization degree of PEO determinedNMR for thew-azido-PEO before coupling reaction
4 Molecular weight (g/mol) of PEO determined Hy NMR for the w-azido-PEO before coupling
reaction

¢ Polydispersity index measured by SEC after cogpi@action

M,, PCL

" Hydrophilic-Lypophilic Balance (HLB) determined Bpx(1 — S TOTALE (PCHPEO)

The micellization of the well-defined star-shapegh@ymers in water was achieved
by dissolving the copolymer into DMF, a good solvehall arms of the copolymer followed
by the rapid addition of water, a selective solvanthe hydrophilic arms. After two hours of
stirring, the solution was dialyzed against waterrémove the DMF. The size and the
polydispersity data of the objects in solution weodlected by DLS and are listed in table 3.
Small particles of around 20 nanometers are obdeavel no significant influence of the
molecular weight or the architecture of the copdysnis underlined. The spherical

morphology of the micelles was confirmed by TEMIgs& (Figure 6).

Table 3 DLS data for micelles of the various copolymersvater

Copolymers Dy age (M) [8] PDI [b]
(PCL)-(PEQs); — 4200 g/mol 18.6 nm 0.15
(PCL)-(PEQ,),— 4900 g/mol 18.4 nm 0.17
(PCL),-(PEQg), — 6600 g/mc 19.9 nn 0.13

Apparent hydrodynamic diameter [a] and PDI [b] deieed by DLS
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Figure 6. TEM images of micelles obtained for copolymers(PCL),-PEQ; (HLB = 10),b -
(PCLY-(PEQ)), (HLB= 10.2) anct - (PCL)-(PEG), (HLB=12.7)
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Nanoparticles of PLA were prepared by the nanopi@tion technique by the
addition of increasing amounts of copolymers (fra@th to 70% in weight) to a constant
volume of PLA in DMSO (concentration of 16 mg/mhe efficiency of these copolymers
to stabilize nanoparticles is presented in theet@blFor each copolymer synthesized in this
work, a concentration of 30 %weight is requiredstabilize the PLA nanoparticle solution.
Nevertheless, the better stabilization was obtaingd the four-arm star-shaped copolymer
(PCL),-(PEQ), with the HLB of 12.7 (the most hydrophilic copolgmused), whose the
longer PEO chains prevent the coalescence of thepaaticles (Figure €). For the two
copolymers of the same HLB (about 10), the three-star-shaped copolymer (Figurea)/-
exhibited a less efficient stabilization of the PhAnoparticles by comparison of the quantity
of PLA precipitated for the three-arm and four-astar-shaped copolymers (Figureb)-
Indeed, as depicted on the drawings of table 4 thhee-arm star-shaped copolymer could
present a lower density of PEO chain at the surfddbe PLA nanoparticles than the four-
arm star-shaped copolymer with the same HLB. Thiseovation is in line with already

published results comparing diblock and palm-trggotymers’.

1. NN il - i g |

Figure 7. Co-precipitation of PLA with increasing amountldf wt%, 20 wt% and 30 wt% (from left
to right) copolymersA - (PCL)-PEQ; (HLB = 10),B - (PCL)-(PEG,), (HLB= 10.2) andC -
(PCL)Y-(PEQ), (HLB=12.7).
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Table 4. Characterization of the stabilized nanoparticles

Star Copolymers Nanoparticles

M Tot HLB | wt% copolymers [a] Dp agp(nM) [b] PDI [c]
(PCL)-(PEQs); 4200 g/mol 10 10 PLA precipitation
20 PLA precipitation

5 ?x( S 30 165+1 0.16

LL?E% f}ff wf’ 40 163+1 0.16

50 160+1 0.11

;? PLA ?gl 60 15242 0.13

70 151+1 0.11
(PCL)-(PEG,), 4900 g/mol 10.2 10 PLA precipitation
20 PLA precipitation

52& j_{ 30 21744 0.17

lf‘i /’i{/ 40 20742 0.19

3 50 201+3 0.15

FEA A;j{: 60 198+1 0.13

70 21011 0.11
(PCL)-(PEQ), 6600 g/mol 12.7 10 PLA precipitation
20 PLA precipitation

jg/ /{/f 30 208+2 0.17

,gﬂ 40 191+1 0.18

»«K/w 50 21443 0.15

LS g 60 196+1 0.14

70 203+1 0.15

[a] wt% of copolymer in the (PLA + copolymer) mixéudissolved in DMSO (¢ = 16 mg/ml),
[b] Apparent diameter determined by DLS
[c] PDI determined by DLS

The star-shaped copolymers prepared during thi Wwave a comparable efficiency
to stabilize PLA nanoparticles, compared to grafiphiphilic copolymers PCIlg-PEO.
Indeed, 33 wt% of graft copolymers are requiredttbilize PLA nanoparticles solution but
didn’t require a high HLB (a HLB of 7.5 is enough stabilized nanoparticles). However,
amphiphilic diblock copolymers PERPCL are less efficient stabilizers compared ta-sta
shaped copolymer since higher amount of copolyr(edrsut 50 wt% for a HLB of 7.5) or
higher HLB value (33wt% for a HLB of 13) are requdrto stabilize PLA. The results
obtained for the star-shaped copolymer with thgédéorPEO chain are close to the results for
the amphiphilic diblock copolymer. However, onlyethmacromolecular architecture is

compared but another point to take into accoutttésmolecular weight. A higher molecular
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weight will probably favor the stabilization of &/ nanoparticles suspension. In case of the
synthesized stars, low molecular weight appeargive efficient stabilization, while higher
molecular weight of about 15 000 g/mol are ratleguired for the diblock copolymérs

As a rule, the nanoparticles have a diameter outali®0-200 nm, whatever the
macromolecular architecture and the amount of pehanstabilizer. The obtained sizes are
comparable to those observed with graft or bloggobpmers based on PEO and PCL. For the
three-arm star-shaped copolymers, the size of tierfanoparticles seemed to decrease when
the amount of polymer increases. No significantroepment was observed with the increase

of the HLB value for the four-arm star-shaped cgpwrs with an average size of 200 nm.

4. Conclusion

Well-defined three and four-arm star-shaped copelgm were successfully
synthesized via an original pathway based on thgplow reaction between a PCL bearing
one or two alkyne groups at the middle of the chaitth an w-azido-poly(ethylene oxide).
Moreover, the synthesis strategy elaborated coeldedsily adapted to the synthesis of a
variety of star-shaped copolymers by adapting taeire of the alkyne initiated monomer
or/and the nature af-azido-functional polymer. The ability of theserstapolymers to form
micelles in aqueous solution was assessed by DUSBM which did not evidence a strong
effect of the numbers and length of the hydroplahims on the size and shape of the micelles
that remain spherical with a diameter around 20 Besides micellization, the efficiency of
these star copolymers to stabilize PLA nanopadiblas been studied and compared to more
conventional diblock and graft copolymers. Starggthcopolymers appeared to exhibit an
intermediate behavior between these two other @aaires in terms of PLA stabilization
efficiency. These novel star copolymers, that wabtined via a quite simple synthesis route,

have thus quite promising future in the elaboratbdrug delivery systems.
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CHAPTER II

Cross-linked Nanosystems
as New Drug Delivery Systems
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Abstract

The recent past has witnessed a huge research effarder to overcome the intrinsic

limitations of conventional drug administratiorg.ilack of selectivity and damages to healthy
tissues. Among the new drug delivery systems tharevdevised until now, nano-systems,
such as nanogels and micelles, are very promisatguse of good mechanical properties,
tunable size in the range of tens nanometers amy® lsurface area. This paper aims at
reviewing the recent advances in the preparatiomoti nanogels and cross-linked-micelles.
The cross-linking of these nanomaterials is theaedor significantly improved mechanical

properties compared to traditional micelles pregpaard tested earlier. Although the cross-
linking strategies are similar, these two typesahoparticles differ one from the other in a

way that will be discussed hereafter.
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1.

Introduction

Nanogels are tridimensional nanostructures (tyjyicall00 nm) consisting of cross-

linked hydrophilic macromolecules. They thus belaigthe large family of hydrogels

together with macro- and microgels, which are havewut of the scope of this review. High

water content, biocompatibility and good mechanigalperties make them candidates of

choice for biomedical applications, among whichgddelivery systems, tissue engineering

and implants may be mentioned. Hydrogels have la &ifjnity for water which accounts for

their biocompatibility, but also requires the crisging of the constitutive chains for them to

resist water dissolutidif. Actually, two types of hydrogels have to be digtiished

depending whether the cross-linking is physicalusthbased on non-covalent chain

interactions or chemicht:

Physical cross-linking approachin this case, the structure and composition ef th
hydrophilic chains are such that they associatentsppeously into a tridimensional
network in water. The interchain bonding is rev@ssiand may operate though a
variety of interactions, exemplified by electro&tdbrces, hydrophobic interactions,
Van der Waals forces, hydrogen bonds, complexatm@hhost guest interactions. The
stability of this first type of nanogels directlgpkends on the strength of the interchain
bonding in close relation to the environmental ¢bods. Once their structure is
properly designed (nature and content of the iotarg moieties), chains can self-
associate in water into hydrogels endowed with stdjple characteristics, particularly
the swelling degree.

Chemical cross-linking approachCompared to the former case, an additional
chemical reaction is required for the constitutoreins to be part of a permanent
tridimensional network. As a rule, the original gisamust contain chemical groups
reactive toward a bi-or multifunctional reagentclsuhat a typical organic reaction
(esterification, amidation...) can be carried out.ahéver chain synthesis and cross-

linking can be conducted simultaneously, thus i @ot, a one step process is
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possible. Step-growth reactions and radical cheattions are currently reported in
the scientific literature. Although the chemicaloss-linking is known as non
reversible, the chemical interaction bonding magélected for sensitivity to external
stimuli, e.g. hydrazone or ester sensitive to thegmnd disulfide sensitive to redox
agents. Then, reversibility can be triggered orppse under specific conditions.

- A typical process followed to reduce the size oéseh hydrogels to nanometric
dimensions is the use of reverse mini-emulsions.dxample, polymerization in the
aqueous phase of an inverse mini-emulsion of tlrduel precursors (monomer(s),
cross-linker, initiator...) (Figure 1A) leads todmggels with a size controlled by the

water nanodroplets of the mini-emulsion, i.e. ie tange of tens of nanometérs

Besides this strategy that requires significant am® of surfactants, self-assembly of
amphiphilic copolymers is a quite straightforwapgpeoach to build well-defined nanocarriers
below 100 nm diameter. The major difference betwesamogel and micelle nanosystems has
to be found in the original chemical structure &k tchains, which are amphiphilic
macromolecules when micelles are concerned. Inrwisiee micelles are stabilized by a
hydrophobic core surrounded by a hydrophilic shedw far the hydrophobic interactions in
the core, added with the core-water repulsion, atthmthe shell-water interactions is the
deciding parameter on the micelle stability. Ithss clear that the chemical cross-linking of
the core is the way to provide micelles with higmot permanent stability. Micelles are
typically smaller (tens of nanometers) than narogéhose size may reach a few hundred
nanometers and their structure is dual as resulthef intimate combination of two
components of opposite hydrophilicity. Neverthelgsgrids of nanogels and cross-linked
micelles are known as transient structures in tie@aration of nanogels (Figure 1B). Indeed,
micelles of amphiphiles are first prepared, follom®y the cross-linking of either the core or
the shell. In the final step known as hydrophitansition, the originally hydrophobic core is
converted into a hydrophilic component such thatwimole system becomes hydrophilic as a

nanogel must be. The so-prepared nanogels hawwit§ea size typical of micell&s
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Figure 1. Nanogel formation byX) reverse mini-emulsion process aBj (nicelle template

Hereafter, recent advances in the design of nas@gel cross-linked micelles will be
overviewed within the prospect of finalizing verffeetive drug delivery systems. A special

attention will be paid to stimuli responsive syssenf these advanced nanomaterials.

2. Nanogels

When poured in water, cross-linked hydrophilic naarticles swell rather than to be
dissolved. Therefore, any drugs pre-dissolved itewean penetrate the nanoparticles which
are then nothing but a container and a potentiaicle for them. The degree of cross-linking
of the constitutive chains, together with theiiratf for water, regulates the drug loading and
the kinetics of drug release. Of course, any sjedfug-chain segment interactions can
modify these characteristic features, that wouldniygroved in case of attractive interactions
(high loading, slower release, restricted burseajt*. In addition to the drug loading and
release, the possible targeting of specific tissise®f the utmost importance for the

therapeutic activity of the drug to be optimumisithus clear that a series of stringent criteria

A7-



Chapter Il CrossKed Nanosystems as New Drug Delivery Systems

have to be met for nanogels to be effective drdiyely systems. In addition to the criteria
of high loading and sustained release at predetednitargets, biocompatibility and
stealthiness of the nanogels are additional majacerns for the lifetime of the nanogels in
the bloodstream to be as long as possible. Foptitigose, poly(ethylene oxide) (PEO) is the
polymer the most frequently used in vectorisattof¥: Indeed, it is a neutral, hydrophilic,
highly flexible and biocompatible polymer approvieyl the Food and Drug Administration
(FDA) for intravenous applications. Moreover, thexibility of the PEO, due to the absence
of bulky substituent and the easy rotation of tlieee bonds, disfavor the adsorption of
plasmatic proteins at the surface of the nanocaexibiting prolonged circulation in the
bloodstream. The stimuli responsiveness of the nanogels mayeadgnored as a trick for
triggering the drug release at the right place.s€éhpreliminary comments emphasize how
challenging is the design of nanogels to be usettheénapeutic applications. Let us discuss

now how nanogels can be endowed with stimuli-respemess.

Non covalent stimuli responsive nanogels

Various kinds of polymers have been described éliterature as suitable materials
for hydrogel formation due to their ability to saelésemble in aqueous media by physical
cross-links, such as hydrogen bonds, which mightrdeersible depending on external
conditions such as temperature or pH. In orderlitaio a nanogel of these materials, a
specific attention needs to be paid to the prooéself-assembly which might already occur
during the polymerization. Reverse mini-emulsionghhalso advantageously used to control
the nanogel size.

lonic polymers of the polyacrylate type as poly{éicracid) (PAA), poly(methacrylic
acid) (PMAA) form a first class of polymers usedrianogel formatior?. The degree of
swelling of these nanogels is directly governedhsyionization of the weak carboxylic acid
substituents, thus by the pH of the surroundingeags phasé’’ At low pH, mutual
interactions of the protonated acidic side-grougshipdrogen bonding are responsible for
cross-linking. Upon increasing the pH, the carbmxycids are increasingly deprotonated,

which results in ionic repulsions, less effectiv@ss-linking and thus higher degree of
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swelling. A difference in the concentration of tbeunterions within the nanogels and the
external solution triggers an osmotic pressure alsd controls the swelling of the nanogels.
Such pH-responsive nanogels are effective in ptioigdrug against acidic degradation in the
stomach in case of oral administration. Indeedeurdtidic conditions, the drug is protected
by encapsulation within a collapsed nanogel. Furitné¢he digestive tract at a higher pH, the
nanogel is expanded (deprotonation) and the noraded drug is releasedi*®

Most attention is however paid to temperature-rasp@ nanogel in the scientific
literature. Particularly, poly(N-isopropylamide)NFPAM) exhibiting a temperature induced
sol-gel transition that can be adjusted close ® libdy temperature, is considered as an
interesting candidate to achieve temperature traghdrug delivery systems. More precisely,
PNIPAM modified by a few percentage (of about 12%a¥ acrylic acid was reported to be a
biocompatible material that exhibits a lower catisolution temperature (LCST) higher than
50°C at pH 7.4. This LCST however decreases aphhis decreased. As illustrated in Figure
2, the copolymer is solvated by water at 37°C aHd7p4 (physiological conditions) but it
self-associates into a typical nanogel through &gen bonding at lower pH. Under
hyperthermia conditions (43°C), although the nahogmains stable at the characteristic pH
of normal cells (7.4), it collapses at the lower pHcancer cells (6.8) which allow it to
penetrate the endosomes and to expel pre-encaasuwampounds in the right place. In an
improved version of this system, an anticancer dmag been covalently attached to the
polyacrylamide chains through pH-sensitive bondg,, énydrazones. At the low pH of the
endosomes (5.3), the drug, doxorubicin (DOX) igaskd in situ, which makes the treatment
highly selective!’. The former nanogels exhibit sizes of 150 to 3#b depending on the
temperature and allowed to specifically release Dfootn them at pH lower than 5.3.
Significant decreased of the cell viability wasealdy observeah vitro at pH 6.8 and at 43°C
compared to physiological conditions. The propelotimg of the dual temperature-pH
sensitivity imparted to a biocompatible nanogel asathus possible high performances in the
treatment of tumor. Moreover, the addition of ligarat the surface of the nanogel, i.e. folic

acid, may induced a specific targeting of the tunslis that over-express folate recept8rs
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pH7.4,37°C pH 7.4, 43°C pHE.8, 43°C pH53
Physiological Condition Hyperthermia Treatment Hyperthermia Treatment Endosomes/Lysosomes
of Normal Cells of Cancer Cells
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Temperature 3 o ;,w_;;réi‘ o
s LCST Decreased with Decreasing of pH ’
1 |
|
Lower than LCST Higher than LCST Drug Release
Hydrophilic State Hydrophobic State

Figure 2. Phase transition of a poly(N-isopropylacrylamaeacrylic acid) nanogels

Covalently cross-linked nanogels

Photochemical reactions are very well-suited to ttleemical cross-linking of
hydrogels since they advantageously do not nedssaquire the synthesis and reaction of
mutually reactive groups attached to hydrophiliaios with an additional cross-linker. As an
example, Wang dl. reported on a template free strategy to prepareobnpatible nanogels
based on the photo cross-linking of the hydrophabie of micelles followed by hydrophilic
transition as schematized in Figure 1B. A BAB witk copolymer based on poly(ethylene
glycol) (PEG) (A) and poly(ethyl ethylene phosphateEEP) (B) was functionalized by
acrylate (Acr) as end-groups, (Acr-PEBRREGH-PEEP-Acr) and dissolved in water. Salt
addition triggered the collapse and self-associatd the B block, locating the acrylate
groups in the core of the accordingly formed flowke assemblies, which were then
permanently cross-linked by UV irradiation at 366.1mhe hydrophilicity of the B block was
restored by eliminating the salt by dialysis. Thsulting nanogel was drug loaded (DOX) and
targeted to hepatocellular carcinoma cells withabsistance of a Latosyl end group attached
at the end of the A block of a diblock copolymeR#G and PEEP (AB) (Acr-PEBRPEG-
Lac) added to the system (Figure 3). By this precéise size of the nanogels could be
adjusted between 70 to 550 nm by tuning the conagom of polymer and/or salt. A
constantly accelerated drug released of the entapduwdrug was observed in the presence of
the enzyme phosphodiesterase |, present in manmeibs, which catalyzes the degradation

of the phosphoester linkagEs
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Figure 3. Nanogels engineering by photo-cross-linking dif isaluced polymer micelles

based on poly(ethyl ethylene phosphate) and pdlyi@te glycol)

Kabanov etal. exploited the same concept with a hydrophiliclatk copolymer of
poly(ethylene oxide) (PEO) and partially ionizedydmethacrylic acid) (PMAA). The self-
assembly into micelles was caused by the additfadiv@lent cations, such as €gor B&*
and Sf") that collapsed the ionic block into a micellareavhich was chemically cross-
linked by reaction of part of the carboxylic aciadgps with 1,2-ethylenediamine. Finally, the
metal cations were complexed with ethylenediamingeetic acid (EDTA) and removed by
dialysis, such that the micellar structure was eoted into a nanogel as a result of the so-
called hydrophilic transition. Former nanoparticteshibited size change from 170 to 290 nm
which is governed by the pH but also by variatidrthee ionic strength. Encapsulation of
Cisplatin, an anticancer drug, significantly dese=athe particle size from 290 nm to 125 nm
probably due to the contraction of the cross-linlRdAA core by the neutralization of the

PMA segments by the added dréy Preparing nanogels by this transient assistarfice o

-51-



Chapter Il CrossKed Nanosystems as New Drug Delivery Systems

polymeric micelles bypasses the emulsion polym&dnaand its drawbacks (contamination
by surfactants, unreacted monomers, initiator tess)i thus the key step of the classical

method of nanogels preparation.

Biopolymer-based nanogels

The advantage of preparing nanogels with naturbinpers such as polysaccharides
(hyaluronic acid, chitosan, heparin, dextran..., véhegucture is shown in Scheme 1) and
proteins, e.g. collagen, has to be found in theique hydrophilicity and self-assembling
properties hardly achieved with synthetic polym&& In addition, they were found quite
biocompatible with a low toxicity. Moreover, theyeamade available from renewable and
more abundant sources than synthetic polymersr €beipositions and structures might also

be largely varied or adjusted.
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Scheme 1Chemical structures of polymers from renewabs®ueces

Hyaluronic acid is a glucosaminoglycan made of a¢ge disaccharide units

commonly used in medical applications because oktoricity, nhon-immunogenicity and
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non-inflammatory properties. Its nanogel formatgemerally relies on chemical cross-linking
in several steps. Purposely, the polymer is amihate reaction of the acid units with a
diamine®® or hydrazine**? The side amino groups are then reacted with andifonal
compound, such as dialdehyd&sdiepoxides’ or carboxylic diacid$®. It must be noted that
modification by hydrazine has the advantage to inphl sensitivity to the polyme?*®.
Interestingly enough, esterification of the alcahof the disaccharide units by methacrylic
anhydride is a way to make the polymer photo cliogsble >°.

Similar strategies are also applicable to chitosalmear polysaccharide that contains
a primary amine in the repeating units. This bigpwr obtained by hydrolysis of chitin, can
be degraded in the lysosomes which makes it a gaodidate for the development of drug
delivery systemé&®.

Quite an interesting nanogel was prepared by Pai.drom a thiolated heparin
(glycosaminoglycan composed of repeating units yaiposyluronic acid and glucosamine
residues) known for anti-tumor properties. Suclolgted version of heparin interacts by
hydrogen bonding with repeating ether-oxide unifsea., poly(ethylene oxide¥® and
Pluronic®, which leads to a physically cross-linked nanogdon oxidation of the thiols,
disulfide bridges are formed (chemical cross-liggiand the complexing agent (at the origin
of the physical cross-linking) is eliminated by lgigas under sonication (Figure 4). Disulfide
cross-linked heparin nanogels were produced witlyairodynamic diameter of about 200

nm. These nanogels which are redox-sensitive, {eoua)

Red

-S-S-+2H+2¢€ 2 -SH

Oxy (1)

can be internalized into cells, where the disulfishits are rapidly reduced into thiols by the
tripeptide glutathione (GSH), available at high eemtration (10 mM) in the intracellular
compartment (compared to 10uM in the extracellut@ampartment). The nanogel is
accordingly destroyed and the heparin releasedunls vitro studies highlighted a triggered
release of heparin at high concentration of GSHna@dt 65% of free heparin was released

from the nanogels at 5mM of GSH while less thanv@4é released in the absence of GSH.
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Figure 4. Formation of disulfide cross-linked heparin nagisg
3. Cross-linked micelles

Whenever amphiphiles form micelles above the stedalCritical Micellar
Concentration (CMC), a dynamic equilibrium is e$isited between unimers (non associated
molecules) and micelles. Dilution of such a miaefialf-assembly causes a displacement of
this equilibrium towards the unimers. Because fgiiesnomenon occurs when micelles are
injected in the bloodstream, part of the micellesppear and release their content (drug) at
the expense of the expected controlled deliverjviact®*%. An efficient way to prevent
micelles from being dissociated upon dilution ishve them chemically cross-linked within
either the shell or the core depending on whichstitutive block is better suited to chemical

modification.

Non-reversibly cross-linked micelles

As mentioned earlier, photochemistry is a very @ment approach to have micelles
cross-linked. UV-induced [2+2] cycloaddition reactiof cinnamates is a typical illustration

of that concept whenever one of the block of dikI&®® or triblock 394

used as precursors
of micelles, are grafted by cinnamate groups. Bh@tegy was also reported for the cross-

linking of spherical nanocapsules made of vinyltagring phospholipidé®. Straightforward
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cross-linking without the need of additional reagéeross-linker, initiator) is the major
advantage of the process.

Nevertheless, less direct photo cross-linking veg®rted that required the addition of
a difunctional low molecular weight reagent. JK8n et al. reported on the cross-linking of
the core of PEG®-P(HEMA-co-MMA) micelles in the presence of molecules contagrtwo
benzophenone groups (BPD in Figure 5) under U\diatéon. A radical-radical combination
between the excited benzophenone units and thée l&dlydrogen atoms of HEMA (2-
hydroxyethyl methacrylate) units both located ie tmydrophobic block mainly based on
PMMA, actually occurs (Figure 5% Along this strategy based on the addition of
multifunctional cross-linking agents, traditionahemnistry was also used instead of

photochemistry, such as click chemistfyand amidation reactioH.
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Figure 5. Formation of core-cross-linked micelles from PEG{HEMA-co-MMA) block

copolymer

In another strategy, macromonomer polymerizatiors watended to the chemical
cross-linking of micelles, as exemplified by theical polymerization of vinyl groups at the
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free end of the hydrophobic block of PEG-lipid anmpiiles initiated by AIBN (2,2’-azo-
isobutyronitrile) (Figure 6)*. First, a branched hydrophobic domain was prepéngd
acylation of 2,2-bis(hydroxymethyl)propionic acidNIAP) with 10-undecanoyl chloride and
conjugated to monohydroxyl poly(ethylene glycol¥eom the branched polymer amphiphile.
Then, radical polymerization of the periphericatierof the 10-undecanoyl acid chains was
investigated as a model reaction for the crossHumlof the hydrophobic core of the PEG-
lipid micelles. Well-defined cross-linked micellesre obtained with a size range of 15-20
nm whose the stability is maintained under varisolwents and temperate up to 75°C. The
drug loaded capacity was investigated by the efficiencapsulation of triclosan, a
hydrophobic bactericide. This method is howeveritioh to the cross-linking of micellar
cores by the selective polymerization of the unsaéa end-groups of the hydrophobic

subchains.

2 H;CU 0,
ii 200 2 o OCHQ‘;CH

%l\ DCH
W ,_

OCH
- /\’P\/}\O‘CHE

Figure 6. Core Cross-linkable core of micelles of PEG-liprdphiphiles

Other monomers as MAC (5-methyl-5-allyloxycarboty8-dioxan-2-one)® would
also afford the cross-linking of the micellar cahge to its pendant vinyl functions. Let also
mention the synthesis of macromonomers as PDMAYy(RgN,N-dimethylamino)ethyl

methacrylate)) whose copolymerization with a hydwagc macromonomer as i.e. paly(
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caprolactone) allows the formation of core-surfaess-linked micelles of amphiphilic brush
copolymers. Instead of the core, the shell of nesetan be cross-linked in order to stabilize
them. Wooley etal. engaged themselves in this direction and intreduthe concept of
“nanoscale cage-like structure” in the case of &ppers consisting of a poly(acrylic actb-
acrylamide) hydrophilic block and either a polyfisdprene) or a polg{caprolactone)
hydrophobic block. In a further step, hollow nanticées were prepared as result of the
degradation of the hydrophobic core, including atgsis (Figure 7)*"*° The ultimate
purpose is to have hydrophilic guests sequestrattiiin the nanocage. The shell cross-
linking was carried out by covalent reaction ofydicracid units with a diamino cross-linker,
a 2,2’-(ethylenedioxy)bis(ethylamine). Due to tlaeboxylic acid groups of acrylic acid units,
the size of these hollow particles is pH dependémieed, increasing the pH induces
significant volume expansion from about 80 nm at%pkb 100 nm at pH 9. Moreover, the
degradation of the hydrophobic core leaves ketark adehyde functionalities lining the

nanocage which may be used for the attachmentezifspguests within the cage.

Figure 7. Production of nanocages resulting from the ozgimtlegradation of

the poly(isoprene) core of shell cross-linked paymicelle template
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Reversibly and stimuli responsive cross-linked Hese

The interest of having drugs encapsulated withasstlinked micelles is only justified
whether they can be released when desired in artewestternal stimuli such as a change in
pH, temperature or chemical composition (e.g. iespnce of an oxidizing agent or a
reductant).

Acid-labile cross-linking was searched for with therpose to have micelles stable
under physiological conditions and prone to de$itation by hydrolysis of the cross-linking
bonds in more acidic media followed by de-assammtbelow the CMC. Because the
environmental pH of tumor cells is lower (about)6&mpared to the physiological
conditions, drugs might be released preferentiallthe surrounding of these cells. Whenever
this type of micelles is internalized in targetedlls; the chance for them to be destabilized
and drug to be released in the endosomes or lyss@much higher because of a local pH
as low as about 5. The pH lability of cross-linkgiast pH is thus of a crucial importance.

P> and estef* bonds were mainly considered in the scientifieréiture.

Labile aceta
As previously discussed, disulfides are redox-smmescross-linkers that can be cleaved by
reduction into thiols (e.g. by reaction with gliiane). Various strategies were reported on
how to promote disulfide bridging, e.g. by polynzation off3-benzyloxycarbonyl-L-cysteine
2 and by grafting of cystamine groupsor pyridyldisulfide (PDS) one¥">° lllustrative of
this type of stimulus (Figure 8), Murthy ef. *° designed core cross-linked micelles of
poly(ethylene glycol) and poly(L-lysine) modifiedy @isulfides, i.e. thiopyridal group (I)
diblock copolymers as a robust and simple strafegyhe development delivery vehicles of
about 50 nm for vaccine peptides. The copolymef-assembly was carried out in the
presence of an immunostimulator (ISS-DNA) that vemsordingly encapsulated. Cross-
linking was the result of an exchange redox reactetween the disulfide groups and a
tetrathiol, i.e. a cystein-modified antigenic pdpti(ll). After phagocytosis by antigen-
presenting cells (APCs), the peptides cross-linkecklles were de-assembled by disulfide

reduction (cleavage) with glutathione (GSH) anchbibie immunostimulatory molecules and

the peptide antigens were released in situ. Higitighe release level (close to one hundred
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percents) was observed in presence of 50 mM of @®8He only 10 % of release was

measured in absence of glutathione.

Uncrosslinked

micelle

\ @&
PEG\\:\
+

Micelle
formation | 3,
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PEG-PLL-thiopyridal

Peptide crosslinked
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Release of
11 and ISS DNA

(II)

Peptide antigen

Figure 8. Peptide disulfide core-cross-linked micelles-sasl$embled by DNA complexation

Redox sensitivity was imparted to polymer miceltgsdifferent routes of reversible
cross-linking by disulfide bridges®°’*® For instance, the hydrophobic block of an
amphiphilic diblock was synthesized by ring-openicgpolymerization ofe-caprolactone
(eCL) with an azido-substituteeCL. The core of the former micelles of PECR(aNs-co-¢-
CL) was cross-linked by reaction of the side azjdaups with a bis-alkyne disulfide by click
chemistry (Figure 9). Stable micelles of about ADwere obtained upon dilution and also in
a non selective solvent while the presence of alitineitol (DTT), as a reducing agent, leads

to the destabilization of the micelle structtife
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Figure 9. Synthesis of core cross-linked micelles of PER@N;cCL-co-CL)

In another example, core cross-linking of poly(mbhylene glycol methyl ether
methacrylate3-poly(5’-O-methacryloyluridine) (PPEGMEMA-PMAU) micelles was
achieved by radical copolymerization (RAFT mechami®f the core side of methacrylate
groups and bis(2-methacryloyloxyethyl)disulfide SDMA) (Figure 10). These cross-linked
micelles exhibited sizes of about one hundred natemn water. In reductive environment,
these ones loose their stability but are permaypentss-linked to a small extend due to the
presence of chain transfer reaction to the disailjcbups. Nevertheless, high release rate of
about 60-70% are reached after 7 hours of incubatith DTT at a concentration of 0.65

mM %8,
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Figure 10. Synthesis and degradation of core cross-linkextiis of PPEGMEMA-PMAU

As already mentioned above, photochemistry is lgaEn an attractive approach to
induce cross-linking. Most of the photo cross-limkireactions used result in irreversible
covalent bonds by [2+2] cycloaddition. An exceptioay however be found in the controlled
dimerization of coumarin. Jiang el. synthesized block copolymers of hydrophilic
poly(ethylene oxide) and hydrophobic poly(coumarmethacrylate) (PCMA) and
poly(methylmethacrylate) (PMMA). Micelles were csdiked by photodimerization of the
coumarin groups at > 310 nm. The accordingly formed cyclobutane ke&lgan be cleaved
by UV irradiation at 260 nm and consequently theathe destabilization can be triggered by
external UV irradiation. Micelles of about 130 nnen& obtained with this system from which
the release of a hydrophobic dye, the Nile Red, masstigated by comparing uncross-linked
micelles, photo cross-linked micelles with variaegree of cross-linking and photo de-cross-
linked micelles. As expected, the release rateedsed as the percentage of cross-linking
(dimerization) is increased. After de-cross-linkimg changing the wavelength of irradiation,
the rate of release was increased again thouglowtitecovering the initial rate of the starting

uncross-linked micelles. That effect could be ex@d by an incomplete photocleavage of
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coumarin dimers, since a photostationary state lmmeached due to some dimerization

reactions under used irradiation wavelengtk 60 nm)>°.

4. Double hydrophilic block copolymers (DHBCP) as prearsors of cross-linked

micelles and nanogels

Block copolymers that consist of a hydrophilic toassociated to a smart block
whose philicity can be reversibly switched from fghilic to hydrophobic under an external
stimulation, have great potential in the desigrdfg delivery nanoparticles. Indeed, when
amphiphilic, these copolymers spontaneously forrreites in water. A second prerequisite is
however that the micelle core is covalently croskdble. Then, the switching of the core
forming block of the cross-linked micelles from hgphobic to hydrophilic, causes the
transition from cross-linked micelles to nanogeld ¢he faster release of in-core encapsulated
drug.

In an alternative version, the shell of the miceiie covalently cross-linked, whereas
the hydrophobic (and switchable) core is pH-sersitiAs a result, the protonation of an
aminated core by reducing the pH makes it hydraplaihd allows the core content to be
released. Accordingly, Jiang ak synthesized triblock copolymers of poly(ethylemede)
(PEO), poly(glycerol monomethacrylate) (PGMA) andolyg2-(diethylamino)ethyl
methacrylate) (PDEA) (PEG-PGMA-b-PDEA). The micelles shell was made photo cross-
linkable by the grafting of cinnamoyl groups ontGMA (PCGMA units). At low pH, the
hydrophobic PDEA block was protonated, the micethee was swollen and the size of the
micelles increased from about 24 to 39 nm allowiing release of the encapsulated drug

(Figure 11)°.
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Figure 11 UV shell cross-linking (SCL) and pH dependencéibfock copolymers
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A lower critical solution temperature (LCST) makeNIPAM switchable from water
soluble (below LCST) to collapsed in water (abov@SIT). Liu etal. investigated the
synthesis of poly(N,N’-dimethylacrylamidé&}poly(N-isopropylacrylamideso-3-
azidopropylacrylamide) diblock (PDMA-P(NIPAM-co-AzPAM)) copolymers as precursors
of either core cross-linked micelles (T>LCST) onogels (T<LCST). The switchable block
was covalently cross-linked by click chemistry, gty the addition of a dialkyne (propargyl
ether) onto the azide groups. The temperature diegpee of the size of the core cross-linked
micelles was followed by dynamic light scatteridgsignificant variation of the micelle size
occurs within the temperature range of 30-35°C42C, an average hydrodynamic diameter
of 50 nm was observed, whereas at 25°C, the swadlithe core cross-linked micelles by the
solubilization of the PNIPAM block leads to the fmation of nanogels with an average
hydrodynamic diameter of 68 ntfi

Similarly block copolymers of poly(ethylene oxida)d poly(N-isopropylacrylamide-
co-N-acryloxysuccinimide) (PE®-P(NIPAM-co-NAS)) form thermally reversible micelles
as a consequence of the LCST of the PNIPAM bitfckThe core can be cross-linked by

reaction of cystamine, a disulfide containing pniyndiamine, with the NAS side groups.
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Upon decreasing temperature below the LCST of PINIPAanogels are formed at the
expense of the cross-linked micelles. The crodsHdmis however reversible upon addition of
DTT (Figure 12). When this addition occurs below ttCST of PNIPAM, the micelles are
then destabilized. The thermoresponsive micelbratiehavior was evaluated at 25 and 40°C.
At the lower temperature, an average hydrodynana@meter of about 6 nm was measured
corresponding to unimers of the diblock copolymédsove the critical micellar temperature
(CMT) of 40°C, well-defined micelles of 26 nm weobserved. After the addition of
cystamine, effective core cross-linked micelles evebserved by the preservation of the

micelle structure at 25°C.

m Heating

e
PEQ P(NIPAM-co-NAS) Cooling

Unimers at 25°C

PNIPAM-Core
Micelles at 45°C

La DTT][ Cystamine

Heating

Cooling

Swollen CCL Micelles CCL Micelles
ar25°C at 45 °C

Figure 12 Reversible core cross-linked micelles and narsolgated on

the double hydrophilic block copolymer PEO-b-P(NNA0-NAS)

Zhao etal. proposed a general strategy to prepare core -bnkgsl micelles and
nanogels from a double hydrophilic block copolyroépoly(ethylene oxide) and poly[2-(2-
methoxyethoxy) ethyl methacrylat®-4-methyl-[7-(methacryloyl)oxyethyloxy]lcoumarin]
(PEObH-P(MEOMA-co-CMA)). Micelles were formed at T > LCST of the PE@MA-co-
CMA) block followed by their cross-linking by dimeation of the coumarin groups of the
PMEOMA block at 310 nm with an average hydrodynacimmeter of 35 nm. Nanogels

resulting from the cooling of the cross-linked nllieg at T < LCST with a Pof about 40 nm
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were thus observed. Under irradiation at 260 nmedization was partially reversible leading
to an extra swelling of the nanogels up to 49 nnthieyreduced cross-linking density (Figure
13). The release of an encapsulated dye could hevax by either direct photo de-cross-

linking of the nanogel or by tuning the cross-limidegree when preparing the nandgel
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Figure 13. Preparation of core cross-linked micelles andgigontrolled volume change

of PEOb-P(MEOMA-co-CMA) nanogels

Both core and shell cross-linked micelles and naflsowere prepared from double
hydrophilic copolymers of poly[N,N-dimethylacrylad@-co-4-methyl-[7-
(methacryloyl)oxyethyloxylcoumarin] and  poly[N-is@pylacrylamideco-4-methyl-[7-
(methacryloyl)oxyethyloxy]lcoumarin] (P(DMAe-CMA)-b-P(NIPAM-co-CMA)) as a new
thermal- and photoresponsive core-shell partidiée. shell and the core blocks may be both
cross-linked due to the presence of coumarin umitde the PNIPAM units located in the

core of the micelles insure thermal transition kestw cross-linked micelles and nanodéls
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Finally, Ji etal. prepared core or shell photo cross-linked misedlied nanogels with a
double responsive behavior (pH and thermal) frony(patanedioic acid, 1-[3[(2-methyl-1-
0xo0-2-propen-1-yl)oxy]propyl] estef-poly(methoxydi(-ethylene glycol) methacrylate-4-
methyl-[7-(methacryloyl)oxyethyloxy]  coumarin)  (PBIRA-b-P(DEGMMA-co-CMA)).
Micellization can be triggered by a change in eitteenperature or pH. Although soluble in
water at 20°C and pH 10, the P(DEGMMA-CMA) block collapses when the temperature is
increased up to 35°C at constant pH. Conversety PBPMA block forms the micelle core
when the pH is decreased down to 3 at constantaetye. Partially reversible cross-linking
of the micelles is achieved by the dimerizatiorntted coumarin units under UV irradiation.
Nanogels are finally prepared by making the corenfing block hydrophilic by the proper

adjustment of pH or temperature (Figure 14)

- K=K

.
20°C,pH 3 20°C,pH 3 e, |.]||u 355, pil 10
SCL micalle PSPMA-core micelle PDEGMMA-core micelle
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0 (0]
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/ —
20°C, pH 10 o

Nanogel no
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Nanegel
PSPMA-b-FIDEGMAMA-co-UMA)

Figure 14. Thermo- and pH-responsive micellization and plwtss-linking of

PSPMAb-P(DEGMMA-co-CMA) block copolymer
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5. Conclusions

In the recent past, the design of drug deliverytesys with steadily increasing
performances has been a great concern particwdtly the advent of nanotechnologies.
Although the potential of nanoparticles as nanaslebi has been extensively investigated,
how to control on demand the nanoparticle stabiktyains a key issue for drug delivery to
be a very selective and highly effective proceshis Tpaper has reviewed the most
representative achievements in the synthesis afsdimoked nanoparticles, with a special
emphasis on nanogels and micelles. The cross-tin&fnthese particles formed in water is
very instrumental for improving both the stabileyd the mechanical properties. The most
remarkable progress results however from the plesséversibility of the cross-linking and

its triggering off by stimuli responsive mechanisms
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Novel unsaturated polyphosphate containing

amphiphilic block copolymers as promoter
of core cross-linked micelles
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Abstract

A new amphiphilic block copolymer consisting of thimcompatible blocks, i.e. polyethylene
oxide and polyphosphate, was synthesized for pateag drug carrier. Stability was imparted
to the micelles formed in water, even at high ddliit by cross-linking of the hydrophobic
polyphosphate core. Typically, an unsaturated gd®mip was attached to the phosphate
monomer in a one-step reaction. Polymerization bis t2-(but-3-en-1-yloxy)-1,3,2
dioxaphospholane 2-oxide monomer was initiated byolyethylene oxide macroinitiator.
Micelles formed in water by the accordingly premhadiblock copolymer were analyzed (size
and morphology) by dynamic light scattering andhsraission electron microscopy. They
were then UV irradiated in order to induce the coress-linking by polyaddition of the
unsaturated side groups. Effectiveness of the dnossg was evaluated from the stability of

the micelles in DMF, a good solvent for the bothstdutive blocks.
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1. Introduction

Double affinity for water and hydrophobic media rmaak amphiphilic block
copolymers highly specialized macromolecules. Idddbey are prone to self-organize in
water with formation of nanometric well-defined wsttures*?. Among the variety of the
possible supramolecular assemblies, spherical leg;elith a hydrophobic core surrounded
by a hydrophilic shell, are most commonly obserfedNevertheless, depending on the
molecular architecture of the block copolymers g#in star-shaped, comb-shaped...) the
number of block and their relative length, much en@aborated nanostructures can be
formed, including crew-cut, flower-like and vesiaumicelles”™. It is thus justified to speak
about engineering of micelles, which is an excitisgk for the polymer chemist.

A major incentive to design micelles with a wellided morphology has to be found
in the need for nanocarriers for hydrophobic poa@bjuble drugs in water. Indeed, the
encapsulation of drugs in an effective way is adneeprovide protection against degradation
in a hostile environment and to improve its usubdly biodisponibility™’. According to their
structural complexity and thus performances, nahicles are ranked in terms of generation.
Nanovectors of the first generation are liposome®sicles composed of a lipid bilayer-,
basically intended to liver pathology because dfirtHast recognition by macrophafes
Nanovectors of the second generation were desifpregestricting rapid elimination by the
immune system. Their coating by a flexible and bythilic polymer, typically poly(ethylene
oxide) (PEO), is actually a break to the adsorptanplasmic proteins responsible for
recognition as foreign bodyMoreover, a proper control of their size allolsrh to penetrate
the tumor cells more rapidly than normal cells adow to the so-called enhanced
permeability and retention (EPR) eff€ctThe third generation of nanovectors has the
capacity of targeting specific tissues becausehefavailability of recognition molecules at
their surface. These pilot molecules recognizecep®r typical of the targeted cells, which

enhances the nanovector endocytosis and thus likergieof the drug within the cytoplasth
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It is needless to say that the polymeric constitueh nanovectors must be
biocompatible and biodegradable or bioeliminableemdver pharmaceutical or biomedical
applications are concerned. For nanovectors to tomiph the stealthiness, the hydrophilic
block of amphiphilic block copolymers is usuallybaocompatible and bioeliminable short
length poly(ethylene oxide) (PEO). Biocompatibled dniodegradable aliphatic polyesters,
such as polytcaprolactone) (PCL) and polylactides (PLX)are preferably used as the
hydrophobic block. PEOb-PCL copolymer is one of the amphiphilic block clymeers
most studied worldwide for nanovector applicatiéité

An important issue is however the unstability of @de micellar systems, thus
including the micellar nanovectors because of ttaldishment of an equilibrium between
unimers and micelles. Actually, below the criticaicellar concentration (CMC), only
unimers persist and any pre-encapsulated drugeased. The only way of preventing this
damage from occurring in the bloodstream just aftgrction is to have the shell or the core
of the micelles cross-linké@?° Although making PEO cross-linkable is quite ahtem,
synthesis of aliphatic polyesters modified by sigactive groups has been repofteahich
offers opportunities of cross-linking. Nevertheledse hydrolytic degradation of PCL and
PLA has an impact on the local pH, which is deadasThis acidification may have
undesirable side effect on living tissues.

This work aims at reporting on the synthesis ofea mmphiphilic block copolymer
for the design of core cross-linked micelles pagdiyt applicable as nanovectors of the
second generation. PEO is the hydrophilic blockenshs the choice of polyphosphate has
been made as the hydrophobic block. Indeed, pokitetes, which are biocompatible and
biodegradable, are increasingly used in the biocaédield?*?3 Their degradation does not
change significantly the local pH and they are Ilgasiynthesized by ring-opening
polymerization (ROP) of cyclic phosphates. Moreotke synthesis of a new polyphosphate
based copolymer bearing a functional side-groupwaiig further cross-linking is targeted.
For this purpose, the choice of a polyphosphatekblzearing an unsaturation prone to be

cross-linked under UV irradiation, appears strdigitard from literature investigatioffs
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The strategy consists of the addition of a funalaacohol (F-R-OH) onto 2-chloro-1,3,2-
dioxaphospholane 2-oxide as shown in Scheme lowell by coordinative ring-opening

polymerization (ROP) of the cyclic phosphate.

@] o e
\\P/CI \\P/ORF o .
O/ \O F-R-OH O/ \O ROP \//

e U Bl

Scheme 1General synthesis of polyphosphates by ring-ogepolymerization

Synthesis of the amphiphilic PE®polyphosphate block copolymer envisioned in
this work relies on the initiation of ROP of an ele substituted cyclic phosphate by a
monomethoxy poly(ethylene oxide) macroinitiatortive presence of a catalytic amount of

FDA approved tin octoate (SnQc{Scheme 2).

F
N N\ O\/\//O(\/\ y I
O/ \O ~ O F O/ \O o 112 /OM %P\ /\/O?\
\ / NEts, THF \ / SnOcty, toluene 0112c|> ° mH

Scheme 2Proposed strategy for the synthesis of poly(ethgloxides-poly(2-(but-3-en-1-yloxy)-
1,3,2 dioxaphospholane 2-oxide) (PBEBODOP) amphiphilic copolymer

Micelles of this novel copolymer will be preparad water and characterized by
dynamic light scattering (DLS) and transmissionctten microscopy (TEM). Finally, the
cross-linking effectiveness of the micelle coreemdV irradiation will be evaluated from the

stability of the cross-linked micelles in a goodveat of both blocks.
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2. Materials and Methods

Materials

2-chloro-1,3,2-dioxaphospholane  2-oxide  (CIDOP, 083r monomethoxy
poly(ethylene oxide) (MPEO, M= 5000 g/mol, Aldrich), triethylamine (Aldrich) drdiethyl
ether (VWR) were used as received. 3-buten-1-odriéh), tetrahydrofuran (THF) and
toluene (Chem-Lab) were flown over molecular siemesrder to remove water. SnQ@¢Alfa

Aesar) was dissolved in anhydrous toluene (0.5M)stared under nitrogen.

Synthesis of 2-(but-3-en-1-yloxy)-1,3,2 dioxaphosplane 2-oxide (BODOP)

5.3 mL of 3-buten-ol (55 mmol) and 8.3 mL of trigiiimine (55 mmol) were
dissolved in 50 mL of anhydrous THF in a flame drigass reactor of 250 mL under nitrogen
at 0°C. 5.2 mL of 2-chloro-1,3,2-dioxaphospholarexzle (61 mmol) were dissolved in 50
mL of anhydrous THF and added dropwise to the previsolution under stirring over a
period of 3 h. After one additional hour of stigimmt room temperature, triethylamine
hydrochloride was filtered out, and the solvent waaporated under reduced pressure. The
final product was purified by fractionated distiltan under reduced pressure (bp = 75°C, 0.1

Torr) and kept at -20°C under nitrogen.

'H NMR (CDCk): & (ppm): 5.75 (m, 1H, CpCH-CHy), 5.12 (m, 2H, El,=CH-CHy), 4.38
(m, 4H, (RO)P(0)O-H,-CH,-O(0)P(ORY)), 4.15 (M, 2H, (RQ}P(0)-O-tH»-CHy), 2.46
(m, 2H, CH-CH,-CH=CH).

¥C NMR (CDC}): & (ppm): 132.7 CH,=CH-CH,), 117.9 (CH=CH-CH,), 65.7 (CH-CHy-

0), 34.7 (CH=CH-CHb,).
¥P NMR (CDC}): 6 (ppm): 17.5 ppm
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Synthesis of poly(BODOP)

Typically, 1.1 g of BODOP (6.2 mmol) was dried iglass reactor by three azeotropic
distillations of anhydrous toluene. 0.1 mL of th M solution of SnOgtand 0.5 mL of a 0.2
M solution of benzyl alcohol solution in toluene.JOmmol) were added through a rubber
septum via a stainless steel capillary. The salutvas then stirred at 55°C. After 24 hours of
polymerization, a drop of pure acetic acid was ddadad the copolymer was recovered by

precipitation in cold diethyl ether.

'H NMR(CDCL): & (ppm): 7.38 (m, €Hs-CH,O(O)P) 5.75 (m, ChHCH-CHy), 5.12 (m,

CH,=CH-CH,), 4.26 (m, (ROJP(O)O-CH»-CH,-O(O)P(ORY), 4.15 (m, (RO}P(0)-O-CH -
CH,), 3.79 (M, GHs-CH,0(0)P), 2.46 (M, CHCH,-CH=CH).
13C NMR(CDCE): & (ppm): 133 (s, ChECH), 118 (s, CHEHj), 77 (m, CH-CH,-0), 66 (m,

C-CH,-0), 34 (s, CH-CH,-CH)

Synthesis of MPEOb-poly(BODOP)

Typically, 2 g of MPEO (0.4 mmol of OH end-group)da0.9 g of BODOP (5 mmol)
were separately dried in a glass reactor by threeteopic distillations of anhydrous toluene.
In the BODOP containing reactor, 5 ml of anhydrteisene was added, and the monomer
solution was transferred into the MPEO containit@sg reactor through a freshly flamed
stainless capillary. 0.1 mL of the 0.5 M solutionSmOct (0.5 mmol) was added through a
rubber septum via a stainless steel capillary, thedtemperature was increased up to 55°C.
After 24 h of polymerization, a drop of pure acedmd was added, and the copolymer was

recovered by precipitation in cold diethyl ether.

'H NMR (CDCk): & (ppm) : 5.75 (m, CBECH-CH,), 5.12 (m, G1,=CH-CHp), 4.26 (m,

(ROXLP(O)O-CH,-CH-O(O)P(OR), 4.15 (m, (ROy)P(0)-O-(H,-CHy), 3.64 (m, O-Ci,-
CH2-0), 2.46 (m, CiH+CH>-CH=CH,).
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Characterization methods

Size exclusion chromatography (SEC) was carriedroliHF at 45°C at a flow rate of
1 mL/min with a SFD S5200 auto sampler liquid chatograph equipped with a SFD
refractometer index detector 2000. The PL gel 5(uén, 10°, 10°, and 100 A) columns were
calibrated with polystyrene standardd. NMR spectra were recorded in CR@t 400 MHz
in the FT mode with a Bruker AN 400 apparatus &23 he infrared spectra were recorded
with a Perkin-Elmer FT-IR 1720X. The IR samples evprepared by slow evaporation of a
polymer solution in THF, onto NaCl windows. Diffetteal scanning calorimetry (DSC) was
carried out with a TA DSC Q 100 thermal analyzdibcated with indium. Glass transition
and melting temperatures were measured, afteistadoling (- 80°C) and heating (100°C)
cycle. Thermograms were recorded during the sechedting cycle at 10°C/min.
Thermogravimetric analysis (TGA) was carried outhva TA Q 500 thermal analyzer under

nitrogen atmosphere at 10°C/min.

Micellization

Micelles of the amphiphilic MPE®-poly(BODOP) block copolymers were prepared
by a co-solvent process. A 1% stock solution ofdbpolymer was prepared in DMF added
with a catalytic amount of benzophenone. 20 mL dfii® water were added to 5 mL of this
organic solution under vigorous stirring for 2 hick®lles were purified by dialysis overnight
against 1L of water with a cellulose dialysis meam& (Spectrapor, cut-off 3500). The cross-
linking reaction proceeded under UV irradiation {L©riel, Hg vapor, 200 Watts) of a

degassed micellar solution for 4 h.

Micelles characterization methods
Dynamic light scattering (DLS) was carried out wittBeckman Coulter Delsa Nano
C Particle analyzer, and the data were treatechbyDelsa Nano Ul 2.21 software. All the

measurements were carried out at 25°C at an ahdes5. Samples for transmission electron
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microscopy (TEM) were prepared by slow evaporatbthe micellar solutions analyzed by
DLS on a formvar-coated copper grid. The excesohition was removed with a filter paper.
The samples were analyzed with a Philips CM100 osmope equipped with an Olympus

camera, and the data were transferred to a comeqgtgoped with the Megaview system.

3. Results and discussion

Synthesis of 2-(but-3-en-1-yloxy)-1,3,2 dioxaphosplane 2-oxide (BODOP)

2-(but-3-en-1-yloxy)-1,3,2 dioxaphospholane 2-ox{BODOP) was synthesized by a
procedure already reported in the literature fdreotfunctional alcohofé. Typically, an
excess of 2-chloro-1,3,2-dioxaphospholane 2-oxides weacted with 3-buten-1-ol in the
presence of a stoechiometric amount of triethyl@nais detailed in the experimental part. The
final yield in this monomer after purification w&9%. The IR spectrum of the collected
product showed characteristic absorption band$4 and 1304 cihtypical of the C=C and

P=0 elongation, respectively. THel NMR spectrum (Figure 1) confirmed the expected
structure for BODOP.

46

576 M

05

Figure 1."H NMR spectrum of BODOP monomer
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The 1:4 ratio for the intensity of peak E chardste of the CH=C proton and peaks
A and B typical of the intracyclic methylene prosowas an experimental evidence for the
quantitative addition of 3-buten-1-ol to the phosghchloride.>’P NMR analysis of the

purified monomer was also carried out (Figure 2).

Figure 2.3'P NMR spectrum of CIDOP (grey line) and BODOP mogofblack line)

The successful addition of 3-buten-1-ol onto CID@4ds again confirmed by the shift
of the signal of CIDOP from 23 ppm (grey line) t@.3 ppm (black line) after reaction.
Moreover, the presence of a unique signal at 1@rb (black curve) assessed the high purity
of the monomer after only one run of fractionatestitation. *H-‘H COSY and**C-'H
HMQC also supported the structure of the monomégu(és 3 and 4). Th#H-'H COSY
spectrum allows to underline the correlation betwdee protons of the molecule; especially
the coupling between protons separated by thredsb@dyy) but also protons separated by
four bonds {Ju+) when double bonds are concerned, as it is the fomghe protons D and F.
The **C-'H HMQC correlates the protons to their correspogditoms. These two analyses

definitely confirm the structure of the new monomer
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Figure 4. *C-'H HMQC spectrum of PBODOP monomer

-83-



Chapter Ill Novel unsaturated polyphosphate containing arphiphilic block copolymer as promoter of

core cross-linked micelles

Stability of BODOP towards hydrolysis was investegh by '"H NMR analysis of
BODOP dissolved in BD. After only 30 min, this monomer was completebgrhded as
shown by the complete disappearance of the signfaBODOP in favor of new signals
characteristic of 3-buten-1-ol and ethylene gly&#. NMR analysis showed a single signal at
0 ppm, which was attributed to phosphoric acid. sThihe expected high sensitivity of
BODOP to hydrolysis was confirmed, which was thaso: for keeping the monomer under
an inert atmosphere. The monomer was also storéalvatemperature in order to prevent

thermal degradation.

Synthesis of poly(BODOP)

Polymerizability of BODOP was tested with benzyafcohol as an initiator and
Sn(Oct) as a catalyst in toluene at 55°C, by the classicatdination —insertion mechanism
previously described for the ring opening polymatizn of lactones or lactid®s Progress of
the polymerization was followed By and*'P NMR analyses of the reacting solution. After
24 h of reaction, the intensity of the signal of tnonomer at 4.4 ppm, corresponding to the
two intracyclic methylene protons had decreasedcontrast to peaks characteristic of
poly(BODOP) at 4.3 ppm. THEP NMR spectrum also recorded after 24h of polynation,
confirmed the high conversion of BODOP by the appeee of a new signal of high intensity
centered at -1.4 ppm, assigned to the phosphotous @ poly(BODOP). The polyphosphate
was purified by precipitation in cold diethyl etheollected by decantation and dried in
vacuo. Poly(BODOP) was amorphous with goT -28°C as measured by DSC. TheNMR

spectrum of purified poly(BODOP) is shown in Fige
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Figure 5.'"H NMR spectrum of poly(BODOP)

The 'H signal of the two intracyclic methylene groupsdks A and B, Figure 2) was
shifted from 4.38 ppm to 4.26 ppm (peaks C andiBure 5) as result of the opening of the
cyclic phosphate upon the polymerization. The mogooonversion could not be determined
because of both the overlapping of the monomertlamgolymer signals. Thel signal of the
benzyl end-group (protons A) at 7.38 ppm (initiatbagment) allowed the average

polymerization degree (DP) and the average molassmd}) of poly(BODOP) to be

calculated according the following equations.

leoe /6
1,/5

DP =
[1]

M, =DPx1781243+108137¢ 2]

Experimental DP was 50, thus lower than the tloabrialue of 56 calculated from the
monomer to initiator molar ratio at complete comsvan. From these data, and on the
assumption of a living polymerization quantitativehitiated by the benzylic alcohol, the

monomer conversion was estimated at 89%. This waasgein rather good agreement with the
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approximate value of 81% calculated from the intgnstio of the monomer and polymer

signals in thé'P NMR spectrum (Figure 6) recorded after 24 h dfperization.

Figure 6. 3P NMR spectrum of the homopolymerization of the BI®vs. time

The SEC chromatogram showed a monomodal traceanvitiw polydispersity index
of 1.15 (Figure 7). The results of BODOP homopolsizagion are reported in table 1. It must
be noted that a shoulder appear on the low molasre@e of the SEC chromatogram when
the polymerization time exceeded 24 h, which is endikely the signature of

transesterification side-reactions (Figure 7).

1,8h
—19h
—24h
—27h

23 26 27 29 31 33

Elution time (min)

Figure 7. SEC traces of the homopolymerisation of the BOR®Rime
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Table 1.Cumulative results for the homopolymerization @BOP

M ne
My DPA Mu/M
DP? Conversiorf (*H NMR)
(g/mol) (*H NMR) (SEC)
(g/mol)
56 10 000 89 % 50 8 900 1.15

a: theoretical polymerization degree calculatednftbe initial [monomer]/[initiator] ratio at compike
conversion

b: theoretical molar mass of the polymer calculagd}= DP X MMgopop

c: Conversion of the BODOP monomer

d: experimental polymerization degree determinet-bilMR according to equation 1

e: experimental molar mass determined#NMR according to equation 2

f: polydispersity index measured by SEC

Stability of poly(BODOP) was evaluated in two saits, i.e. THF and a phosphate
buffer (pH = 7.2). Solution of the polymer in THRddispersion in the phosphate buffer
were each transferred into a glass flask that weatéed and kept at room temperature (20°C).
The SEC chromatogram was recorded at different stim& shown in Figures 8 and 9.
Sampling of the THF solution was directly injectedthe chromatograph. In contrast, the
polymer dispersed in the phosphate buffer, wasvexed by water lyophilization, then
dissolved in THF and analyzed by SEC.
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24 25 26 27 28 29 30 31 32 33 34
Elution time (min)

Figure 8. Stability of poly(BOBOP) in THF after 1 hours_( , } week (_ ), 1 month.(C )

and 2 months (. ).

24 25 26 27 28 29 30 31 32 33 34
Elution time(min.)

Figure 9. Stability of poly(BOBOP) in phosphate buffer (pH2yafter 1h (_ ), 3days( )

and 1 week ().

Poly(BODOP) is thus reasonably stable in a potavent. Indeed, only a small
increase in polydispersity beyond 1 week in THFolserved that could be accounted for
transesterification reactions. Conversely, degiadawas very pronounced after only 3 days
of contact with the phosphate buffer, which proubdt polyphosphate are more easily
hydrolyzed compared to aliphatic polyesters, siwP@L, largely reported as building block

of drug delivery vehicles.
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Synthesis of MPEOb-poly(BODOP)

Because polymerization of BODOP was successfulliiated by an alcohol, the
synthesis of a novel amphiphilic PE&poly(BODOP) block copolymer was tested by
initiating the BODOP polymerization by a MPEO-OH cranitiator under the same
experimental conditions as for the homopolymeraratirom benzylic alcohol. Amphiphilic
block copolymers with a hydrophilic-lipophilic balee (HLB) around 15 is usually
recommended when the parent micelles are interatedrfig delivery applicatioRS Indeed,
when molecular weight of the hydrophilic block (PE® higher than the hydrophobic block
(poly(BODOP)) (HLB > 10), amphiphilic copolymersegorone to form spherical micelles. In
contrast, when the molecular weight of the hydrdptdlock is higher than the hydrophilic
one (HLB<10), the copolymer is rather used as kxabiof nanoparticles. Therefore, because
the molar mass of the PEO macroinitiator availdbtethis study was 5000 g/mol, a molar
mass of 2000 g/mol was targeted for the hydrophgiaty(BODOP) block. As for
homopolymerization, a high monomer conversion ofartbhan 90 percents was observed by
'H NMR after 24 h in toluene at 55°C. After purifilcan by precipitation in cold diethyl ether,
the PEOb-poly(BODOP) copolymer was analyzed %y NMR.
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Figure 10. 'H NMR spectrum of PE®-poly(BODOP) amphiphilic copolymer

TheH NMR spectrum (Figure 10) was the same as foptiig(BODOP), excepted
for two additional signals characteristic of theGPBlock at 3.6 ppm and 3.4 ppm assigned to
the methyl protons of the ethylene oxide repeatimits and the methoxy end-group,
respectively. The molar mass of the poly(BODOP)Xklavas calculated from the relative
intensity of peaks (H+l) for the three olefinic pyos and peak A typical of the methoxy end-
group of the PEO block. However, the molar masthefpoly(BODOP) block (3200 g/mol)

was higher than the targeted value of 2000 g/mol.

Table 2 Cumulative results for the synthesis of PEQely(BODOP)

M° DP*
DP? Conversiorf (*H NMR)
(g/mol) (*H NMR)
(g/mol)
11 2 000 g/mol >92 % 18 3 200 g/mol
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a: theoretical polymerization degree calculatednftbe initial [monomer]/[initiator] ratio at 100% o
conversion

b: theoretical molar mass of the polymer,&MDP X MMgopop)

c: Conversion of BODOP monomer

d: experimental polymerization degree determined-blMR according to equation 1

e: experimental molar mass determined#NMR according to equation 2

Nevertheless, the success of the copolymerizatafdaot be undoubtedly confirmed
by the SEC analysis. Indeed, the SEC trace appealsmodal with a new peak at low
elution time corresponding to chains of very higblesular mass, together with a peak close
to the initial PEO macroinitiator but slightly stafl towards higher M showing a more
complex polymerization from the polymeric initiat@s compared to benzylic alcohol (Figure
11). However, due to the high sensitivity of théypbosphate towards hydrolysis, no further

purification by dialysis was attempted and the makevas thus used as such in the following.

— T T T T T T T T T T T T T T T T T T 1

22 24 26 28 30
Elution time (min)

Figure 11 SEC traces of the PEO macroinitiator (grey liaedl
the PEOb-poly(BODOP) copolymer (black line)

DSC analysis showed that the sample is semi-dirsa(Ty = -29,4°C and {§ =

54,3°C), showing that the amorphous poly(BODOPXkI®s unable to prevent PEO from
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crystallizing. The thermal stability of the PH&poly(BODOP) copolymer was investigated
by TGA analysis. No weight loss was observed bef208°C showing a good thermal

stability.
Micelles formation and cross-linking

Micellization of the amphiphilic PE®-poly(BODOP) block copolymer was carried
out by a traditional method. Typically, the copomwas dissolved in DMF, a good solvent
for both the hydrophobic (poly(BODOP)) and the loghilic (PEO) blocks, followed by the
rapid addition of water, a selective solvent of BE£O block, under vigorous stirring. After 2
h, DMF was removed by dialysis. Excepted for a sipait kept as a reference, the micellar
solution was submitted to UV irradiation in orderttave the hydrophobic core cross-linking
as result of the [2+2] cycloaddition of the sidkesle groups into cyclobutane orfégFigure
12). This reaction occurred in the presence of atg@itiator, benzophenone, that was
previously added to the copolymer solution in DNUfpon water addition, the hydrophobic

photoinitiator was expected to be located in thérbghobic core of the micelles.

o
I
/O\(\/\O/)f(/l\:\o/\/O\)WH ?
{O /O%\/\o/)f(/g\o/\/oﬁm\H
|

/

(6]
|
\O/(/\/O\)?(\TI‘D‘)/O\/\O/)?H /O\(\/\O/)n/%g\o/\/oﬂm\H
O

Figure 12 Cross-linking of the micelle core by a [2+2] ayatidition reaction
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The core cross-linked micelles were characterizgdDhS comparatively to the

reference micelles. The results are summarizedbiel3 and Figure 13.

Table 3. DLS data for the cross-linked and non cross-lihkeicelles of PEQs-poly(BODOP) in

water.

Non cross-linked micelles  Cross-linked micelles
Copolymer

Dh, app M) B PDIPT Dy, oo (nm) B PDI !

PEOb-PBODOP 100 0.2 90 0.2

[a] Apparent hydrodynamic diameter ; [b] polydisgigrindex determined by DLS

1.2

10 100 1000

Hydrodynamique diameter (nm)

Figure 13 Size distribution of the non cross-linked PE®BODOP micelles in 0 (—— ) and of
the cross-linked PE®-poly(BODOP) micelles in kD ( — — ) and DMF ( — ).

The average size ([3pp of the non cross-linked micelles in water waswldd0 nm,
thus twice the size (50 nm) of PEEPCL micelles of comparable composition and*bpP
This apparent hydrodynamic diameter decreased byriQpon the core cross-linking, which
suggests that the intermolecular cycloaddition tieacis responsible for a higher
compactness of the poly(BODOP) chains in the core.

The spherical morphology of the previously driedssrlinked micelles was observed

by TEM in agreement with the relative length of thlecks (Figure 14). The phosphorus
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atoms in the hydrophobic core provided it with ghhcontrast, whereas the PEO corona was

collapsed and this unobserved.

Figure 14. TEM picture of the cross-linked micelles of PBE@oly(BODOP)

The efficiency of the core cross-linking reactioasaalso assessed by the resistance of
the micelles against solubilization in DMF, a gosdlvent for both the PEO and the
poly(BODOP) blocks. Nevertheless, the cross-linkedly(BODOP) core was solvated by
DMF, which accounts for a substantial increasaza,grom 100 nm in water up to 230 nm in
DMF (Figure 13). The reference micelles were extahg soluble, although not completely,
in DMF. This observation strongly suggests that tmess-linking reaction may occur
independently of a photoinitiator and UV irradiatio

Another evidence of the cross-linking of the corasvgiven by NMR analysis of the
micelles in DO before and after photo cross-linking (Figure ¥)ecrease in intensity of
the signals of the alkene protons (at 5.45 and f@f) and the methylene protonsdn
position of the alkene (at 2.75 ppm) was obseneethé benefit of signals typical of the
cyclobutane protons. Broadening of the signaldiefdore protons were observed as result of
the restricted mobility of the chains in line wite cross-linking reaction. According tbl

NMR, 80% of the alkenes were converted into cyclabe.
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65 6.0 55 5.0 4.5 40 35 3.0 25 2.0 1.5 1.0 0.5
Déplacement (ppm)

Figure 15. 'H NMR spectrum of non cross-linked micelles (3l @noss-linked micelles® ) of

PEOb-poly(BODOP) in BO.

4. Conclusions

A new alkene containing cyclic phosphate (BODOP3 waccessfully synthesized by
a straightforward one-step reaction of addition ®buten-1-ol onto 2-chloro-1,3,2-
dioxaphospholane 2-oxide. After complete charazsétion by spectroscopic methods,
polymerizability of this monomer was assessed biyrperization initiated by benzylic
alcohol in presence of a catalytic amount of tintoate in toluene at 55°C. The
macromolecular parameters, determined by SEC ‘®hdIMR analysis, were in good
agreement with the theoretical values predictedaise of a living polymerization. With the
purpose to synthesize a novel amphiphilic PE@sly(BODOP) block copolymer,
polymerization of the BODOP monomer was initiated dm a-methoxy, o-hydroxyl-PEO
macroinitiator. Even if this macroinitiator does tnappear to prevent the BODOP
polymerization as confirmed by NMR data, a reldtiveoor control of the polymerization

initiated by this macromonomer was evidenced by S#&Vertheless, the recovered material
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forms well-defined micelles in water which were lgmad by DLS and TEM. Micelles with
an average diameter of 100 nm were observed. Toellar core could be cross-linked by UV
irradiation, so accounting for resistance of theeites in DMF, a good solvent for the two
blocks. Moreover, an increase in the average diemveds measured in DMF as a result of the
swelling of the cross-linked polyphosphate core.

As perspective, the unsaturations of the core @hticelles might be used not only for
cross-linking purpose but also for having activelenoles attached by a thiol-ene reaction
within the prospect of sustained release. This msdibe interest of such diblock copolymer.
Nevertheless, the polymerization from the macr@tot should be investigated further in
order to optimize the synthesis of the desiredatiblcopolymer.

However, the very fast hydrolysis of the poly(phuesie) appears to us as a limiting
point to the development of long-circulating druglidery systems and the development of
stimuli responsive nanocarriers. For these reasant)e following of this thesis, we will
rather focus on aliphatic polyesters and partitylan poly-€-caprolactone as hydrolyzable
hydrophobic partner to form well-defined core crbisked micelles sensitive to a specific

stimulus.
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Abstract

Amphiphilic biocompatible copolymers are promisimgaterials for the elaboration of
nanosystems for drug delivery applications. Thipgpaaims at reporting on the synthesis of
new functional amphiphilic copolymers based on bimopatible and bioeliminable blocks.
Poly(ethylene oxide) was selected as the hydrapbilbock, whereas an aliphatic polyester,
i.e. polyg-caprolactone), or a polycarbonate, i.e. poly(tthgene carbonate), were chosen
as the degradable hydrophobic block. In orderltmaa post-functionalization of the micelles
core, azide groups were introduced on the hydrojphs#ggment to provide reactivity towards
functional alkyne derivatives by the copper azidgsaze cycloaddition (CUAAC). For this
purpose, a functional lactone, i.e-chloro€-caprolactone was introduced during the
polymerization of the hydrophobic block before lgeoonverted into azide on the preformed
copolymer. Such reactivity of the block copolymersd their self-assemblies is of prime
interest for drugs or fluorescent dyes graftingasdor micelles cross-linking. The influence
of the azides distribution along the degradableclblon the micelles post-functionalization
ability has been studied by using alkyne bearingrééscent dyes as model for drugs. The
hydrophilicity of the dye on the micelles post-ftinnalization efficiency has also been

investigated.
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1. Introduction

Micellar self-assemblies of biocompatible amphighiblock copolymers have
attracted an increasing interest in the field afioraedecines since they appear as promising
carriers to improve the bioavailability of hydropfio drugs®. Indeed, the supramolecular
self-organization in water of amphiphilic block abymers having appropriate
hydrophilic/lipophilic balance (HLB) leads to spload core/shell micelles with a diameter of
a few tens of nanometers able to encapsulate plgdhic drugs in their corg®. Aliphatic
polyesters, such as paty€aprolactone) (PCL), and polycarbonates, such as
poly(trimethylene carbonate) (PTMC) are good caaidis for the elaboration of the
hydrophobic core of the micelles due to their rdmable degradable and biocompatible
properties, while poly(ethylene oxide) (PEO) is alsudesirable to form the hydrophilic
shell. Such micelles of PEBPCL and PEG-PTMC block copolymers™ were found
particularly well-suited to encapsulate hydrophgbeorly soluble drugs and to protect them
against early elimination from the bloodstrearfiherefore, they are used today as therapeutic
drug delivery systems that are able of passiveetamg of tumor cells by the so-called
enhanced permeability and retention (EPR) effect

The post-functionalization of such micelles hasrb&sund particularly interesting.
For example, the grafting, at the shell periphefyp@formed micelles, of a specific pilot
molecule for active targeting, has been recentlyored °** offering the advantage of
minimum handling of the carrier once labeled withmgtimes sensitive moieties (e.qg.
antibodies). Other examples lie in the chemica$sdinking of the micelles core or sh&if
which increases drastically the nanocarrier stgtaluring the dilution upon injection.

On the other hand, the anchoring of a drug or laibaling agent (e.g. a fluorescent dye) on
the degradable polymer backbone is also an effisi@y to direct and control the release of
the drug by the polymer degradation rate or toofelthe fate of the carrier by fluorescent

techniques*.
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All these strategies rely on the synthesis of meactopolymers as first step, the
specific distribution of the reactive sites alofg tcopolymer backbone directing the final
location of the post-functionalization. For exam@=Ob-PCL chains bearing an aldehyde
group at thea-chain-end can be synthesized by anionic polymeoizaof ethylene oxide
initiated by an appropriate functional initiatordansed to graft the targeting unit, e.g. amino-
mannose by reductive amination, at the outer peripbf the resulting reactive micell&s
As far as reactivity should be imparted to the ddgble segment, theend chain, generally
a hydroxyl group is available for functionalizationgrafting. Nevertheless, several strategies
are reported in the literature to increase thetfanality by grafting reactive groups along the
polyester backbone. For example, Vettal. investigated the direct functionalization of PCL
chains by a two-step anionic process, which retiedhe capture of the-carbonyl proton of
the polymer chain with formation of the correspagdpolyenolate, followed by the addition
of an electrophile. Remarkably, no toxic residussh as metal catalyst, are used during the
reaction but an important degradation of the pdBreshains was observéd An alternative
strategy based on the synthesis and the (co)poigatien of functional lactones was also
reported. If the preparation of such functional wmers generally requires multi-step
synthesis reducing the final yief§*’, the copolymerization conditions allow to limiteth
polymer degradation which is determinant as fawal-defined architectures such as block
copolymers are targeted. Recently, Emetlal. described the synthesis of an alkyne bearing
valerolactone with the purpose to functionalize R&@polymers by the copper azide-alkyne
cycloaddition (CUAAC)*®. CUAAC is characterized by a high tolerance to ynfamctional
groups or water and oxygen and can be carried mdeérumild conditions, which is of prime
importance when the functionalization of degradgtdéymers is concerned. By a similar
strategy, Rivaet al. copolymerizeda-chloro--caprolactone olCleCL) with e-caprolactone
(eCL) *° and used the hanging chloro atoms of paBiCL-co-¢CL) to introduce pendent
hydroxyl or carboxylic acid groups by reaction withe corresponding alkene by an atom
transfer radical addition (ATRA) process. Later dhge chloro hanging groups were

judiciously converted into azide by reaction of topolyester with sodium azide allowing a
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functionalization by CuUAAC. Compared to the ATRAasegy, the CUAAC is more efficient
and more versatile with a less contamination offited product by copper residug®?.

In this framework, the present paper aims at repgpn the synthesis of sets of novel
amphiphilic block copolymers based on a PEO hydtaptblock and a degradable
hydrophobic one based on PCL or PTMC which inclug€gCL as comonomer with the
purpose to generate reactive sites selectivelyiloiged along the hydrophobic backbone and
available for post-functionalization. Two sets e&ctive diblock or triblock copolymers have
been targeted by copolymerizing eithe€L or TMC with aCleCL as a mixture or
sequentially, from a monomethoxy poly(ethylene eXi(MPEO) macroinitiator (Scheme 1).
The influence of the copolymer architecture onpghaperties of the nano-assemblies formed
in water has been studied. The post-functionabpatif these micelles by either hydrophilic
or hydrophobic dyes via the CUAAC reaction has besricularly investigated and will be

discussed.

—— MPEO () aCleCL () eCLor TMC

Scheme 1Targeted architectures for the two sets of rea@mphiphilic copolymers based

on either polyester or polycarbonate hydrophobtt @egradable block.
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2. Materials and methods

Materials

Monomethoxy poly(ethylene oxide) (MPEO, M = 5000 g/mol), 2-
chlorocyclohexanonem-chloroperoxybenzoic acid, 1-pyrenebutyric acidogargylamine,
rhodamine B thiocyanatéy,N’-dicyclohexylcarbodiimide (DCC), 4-dimethylaminoine
(DMAP) triethylamine (NEJ), copper sulfate (CuS{) and ascorbic acid sodium salt were
purchased from Aldrich and used as receive@aprolactonegCL) (Janssen Chimica) was
stirred over calcium hydride for 48 hours at ro@mperature and distilled under reduced
pressure before use. Toluene (Chem-Lab) and tetrafuran (Chem-Lab) were flown over
molecular sieves in order to eliminate water. Sp@&tfa Aesar) was diluted in anhydrous
toluene (0.06M) and stored under nitrogenChloro€-caprolactone CleCL) #* and

trimethylene carbonate (TMGJ were synthesized as already reported elsewhere.

Reactive copolymer synthesis

Synthesis of MPE(bh-poly(ECL-co-aCleCL) (1a)

Typically, 4.26 g of MPEO (0.85 mmol of terminal Qjfioup) and 0.71 g afCleCL
(4.77 mmol) were dried by three azeotropic dididias with anhydrous toluene into two
different glass reactors. In th€leCL containing reactor, 1 g @CL (8.77 mmol) and 5 ml of
anhydrous toluene were added through a rubber reepia a stainless steel capillary. The
monomer solution was then transferred into the sglesactor containing MPEO with a
previously flamed stainless steel capillary. 2.8 ofLSnOct 0.06 M (1.5 wt % in toluene)
and 30 mL of anhydrous toluene were finally added the reaction solution was refluxed for
24 hours. After polymerization, a drop of pure acretcid was added, the solution was

concentrated and the copolymer was recovered loypitegtion in cold heptane.

My, = 7100 g/mol{H NMR), My/M, = 1.10 (SEC)
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'H NMR (CDCE) : & (ppm), 1.2 to 1.8 (m, 6H, CO-CHCH,-CH»-CH,-CH,-O- and m, 4H, CO-
CH(CI)-CH,-CH,-CH,-CH,-0-), 2 (m, 2H, CO-CH(CI)-8,-CH,-CHy-CH,-0-) , 2.4 (t, 2H, CO-
CH2-CHp-CHo-CH,-CH,-0-), 3.3 (s, 1H, €3-0-), 3.6 (m, 4H, O-8l,-CH,-0-), 4.1 (t, 2H, CO-
CHy-CH,-CHy-CH,-CH,-0-), 4.1 to 4.3 (m, 3H, CO(CI)-CH,-CH,-CHy-CH-O-).

Synthesis of MPE-PCL-b-poly(@CleCL)(2a)

Typically, 4.26 g of MPEO (0.85 mmol) was dried thyee azeotropic distillations with
anhydrous toluene before adding 1 gGL (8.77 mmol) and 2.8 ml of SnQcolution (0.06
M) through a rubber septum with a syringe equippétl a stainless capillary. The reaction
medium was stirred in bulk at 130°C for 72 hourieApolymerization, a drop of pure acetic
acid was added and the solid was dissolved inteeted. The MPE®-PCL block copolymer
was recovered by precipitation in cold heptaneedftltration and drying under vacuum,
MPEO--PCL was dried by three azeotropic distillationgshwanhydrous toluene. 0.71 g of
freshly driedaCleCL (4.77 mmol) dissolved into 5 ml of anhydrousuerie was added
through the rubber septum to the glass reactoragung MPEOb-PCL. 2.8 mL of SnOet
0.06 M (1.5 wt%) and 30 mL of toluene were thenextlédnd the reaction solution was
refluxed for 24 hours. After polymerization, a drofpgpure acetic acid was added, the solution

was concentrated and the copolymer was recovergaddaypitation in cold heptane.

M,= 7200 g/mol {H NMR), My,/M,, = 1.10 (SEC)

'H NMR (CDCE) : 6 (ppm),1.2 to 1.8 (m, 6H, CO-CHCH,-CH»-CH,-CH,-O- and m, 4H, CO-
CH(CI)-CH,-CH>-CH»-CH,-0O-), 2 (m, 2H, CO-CH(CI)-8,-CH,-CH,-CH,-O-) , 2.4 (t, 2H, CO-

Cﬂz-CHz-CHz-CHz-CHz-O-), 3.3 (S, 1H, gg-o-), 3.6 (m, 4H, gz-Cﬂz-O-), 4.1 (t, 2H, CO-
CHy-CHy-CHy-CH,-CH»-O-), 4.1 to 4.3 (m, 3H, CO4&(CI)-CH,-CH,-CH,-CH,-O-).
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Synthesis of MPEs-poly(@CleCL)-b-PCL (3a)

Typically, 4.26 g of MPEO (0.85 mmol) and 0.71o&@lsCL(4.77 mmol) were dried
by three azeotropic distillations of anhydrous éwle in two different glass reactoesCleCL
was dissolved in 5 ml of anhydrous toluene and tiizdively transferred into the MPEO
containing reactor via a stainless steel capillar§.mL of SnO¢t0.06 M (1.5 wt%) and 30
mL of anhydrous toluene were finally added and réeection solution was refluxed for 24
hours. After complete conversion of th€leCL, 1 g ofeCL (8.77 mmol) was added to the
solution for a second 24 hours of reflux. Afteryokrization, a drop of pure acetic acid was
added, the solution was concentrated and the coyolyvas recovered by precipitation in

cold heptane.

M, = 6900 g/mol {H NMR), M,/M, = 1.10 (SEC)

'H NMR (CDCE) :  (ppm),1.2 to 1.8 (m, 6H, CO-CHCH,-CH,-CH»-CH,-O- and m, 4H, CO-
CH(CI)-CH,-CH,-CH,-CH,-0-), 2 (m, 2H, CO-CH(CI)-8,-CH,-CHy-CH,-0-) , 2.4 (t, 2H, CO-
CHy-CHp-CHo-CHp-CH,-0-), 3.3 (s, 1H, €3-0-), 3.6 (M, 4H, ©,-CH,-0-), 4.1 (t, 2H, CO-
CHy-CH,-CHy-CH,-CH,-0-), 4.1 to 4.3 (m, 3H, CO(CI)-CH,-CH,-CHy-CH-O-).

Synthesis of MPEs-poly(TMC-o-aCleCL) (1a")

Typically, 2.23 g MPEO (0.45 mmol), 0.40 g @€leCL (2.7 mmol) and 0.50 g of
freshly recrystallized TMC (4.9 mmol) were dried biyee azeotropic distillations with
anhydrous toluene into two different glass reactdhe aCleCL and TMC mixture was then
dissolved in anhydrous toluene and added throughbbaer septum via a stainless steel
capillary to the glass reactor containing MPEO. 2 ah SnOct 0.06 M (2 wt % in toluene)
and 20 mL of anhydrous toluene were added anddaetion solution was refluxed for 24
hours. After polymerization, a drop of pure ace#icid was added, the solution was

concentrated and the copolymer was recovered loypitegtion in cold heptane.

M= 6500 g/mol {H NMR), M./M,, = 1.05 (SEC)
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'H NMR (CDCk) : & (ppm), 1.3 to 1.8 (m, 4H, CO-CH(CI)-CHCH»-CH,-CH,-0O-), 1.8 to 2.2
(M, 2H, CO-CH(Cl)-@1,-CH,-CHp-CH,-O- and m, 2H, CO-O-CHCH,-CH,-O-), 3.3 (s, 1H,
CH3-O-), 3.6 (M, 4H, €l,-CH,-O-), 4.1 to 4.4 (t, 4H, CO-O&,-CH,-CH,-O- and m, 3H, CO-
CH(CI)-CHz-CH,-CHp-CH-O-).

Synthesis of MPEM-PTMC-b-poly(@CleCL) (2a’)

Typically, 2.23 g of MPEO (0.45 mmol), 0.40 galeCL (2.7 mmol) and 0.50 g of
freshly recrystallized TMC (4.9 mmol) were prevityudried by three azeotropic distillation
with anhydrous toluene before polymerization. TM&swdissolved in anhydrous toluene and
added through a rubber septum via a stainless cigdlary to the glass reactor containing
MPEO. 2 mL of SnOgt0.06 M (2 wt%) and 20 mL of anhydrous toluene watded and the
reaction solution was refluxed for 24 hours. Aftemplete conversion of TMGyCleCL,
dissolved into 5 ml of toluene, was added for aosdc24 hours of refluxing. After
polymerization, a drop of pure acetic acid was dddee solution was concentrated and the

copolymer was recovered by precipitation in coldthae.

My, = 6800 g/mol {H NMR), M/M, = 1.05 (SEC)

'H NMR (CDCk) : § (ppm), 1.3 to 1.8 (m, 4H, CO-CH(CI)-CHCH»-CH»-CH,-O-), 1.8 to 2.2
(M, 2H, CO-CH(Cl)-@1,-CH,-CH,-CH,-O- and m, 2H, CO-O-CHCH,-CH,-O-), 3.3 (s, 1H,
CH3-0-), 3.6 (M, 4H, €l,-CH,-O-), 4.1 to 4.4 (t, 4H, CO-O&,-CH,-CH,-O- and m, 3H, CO-
CH(CI)-CHp-CH,-CH,-CH-O-).

Synthesis of MPEs-poly(@CleCL)-b-PTMC (3a)

Typically, 2.23 g of MPEO (0.45 mmol), 0.4 g @€leCL (2.7 mmol) and 0.50 g of
freshly recrystallized TMC (4.9 mmol) were dried biyee azeotropic distillations with
anhydrous toluene before polymerizatio€CleCL was dissolved into 2 ml of anhydrous

toluene and transferred through a rubber septuna\gtinless steel capillary into the glass
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reactor containing MPEO. 1.7 mL of Sn@0t06 M (2 wt%) and 20 mL of anhydrous toluene
were added and the reaction solution was reflured% hours. After polymerization, a drop
of pure acetic acid was added, the solution wascernated and the copolymer was
recovered by precipitation in cold heptane. The @REpoly(aCleCL) block copolymer was
dried by three azeotropic distillations with antous toluene. TMC, dissolved into 5 ml of
anhydrous toluene, was added through the rubbdureepo the glass reactor containing
MPEO-b-poly(aCleCL). 2 mL of SnOct (2 wt%) in 10 ml of anhydrous toluene was added
and the solution was refluxed for 15 hours. Aftetymerization, a drop of pure acetic acid
was added, the solution was concentrated and thelysuer was recovered by precipitation

in cold heptane.

My= 7000 g/mol {H NMR), Mw/M, = 1.10 (SEC)

'H NMR (CDCl) : & (ppm), 1.3 to 1.8 (m, 4H, CO-CH(CI)-GHH,-CH,-CH,-O-), 1.8 to 2.2
(M, 2H, CO-CH(Cl)-@1,-CH,-CHp-CH,-O- and m, 2H, CO-O-CHCH,-CH,-O-), 3.3 (s, 1H,
CH3-O-), 3.6 (M, 4H, €l,-CH,-O-), 4.1 to 4.4 (t, 4H, CO-O&,-CH,-CH,-O- and m, 3H, CO-
CH(CI)-CHz-CH,-CHp-CH-O-).

Substitution of chloro atoms into azide groups

2 g of MPEOBb-poly(TMC-co-aCleCL) (1a’) (0.305 mmol) (or MPEMQ-PTMCh-
poly(aCleCL) (2a’) or MPEOb-poly(aCleCL)-b-PTMC (3a’)) was dissolved into 20 mL of
DMF. 0.175 g of sodium azide (2.75 mmol, 150 mol8schloro atoms) was added and the
solution was stirred at room temperature overnighe solvent was removed under vacuum
and the resulting product was dissolved into toduelmsoluble salts were removed by
centrifugation (15k rpm, 15 min, rt). The azide @ copolymer was recovered by
precipitation in cold heptane. For copolymers basadpolyester backbone (la to 1c), a

similar process already described in the literahare been pursuéd
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Synthesis of alkyne-pyrene and alkyne—rhodamine

Alkyne-pyrene 0.5 g of 1-pyrenebutyric acid (3.5 mmol) and @18l of
propargylamine (4.16 mmol) were dissolved in 5 mawhydrous THF. 0.43 g of DCC (4.16
mmol) and 4 mg of DMAP (3.5-T0mmol) were added to the solution and the reaction
solution was stirred at room temperature for 72redy,N’-dicyclohexylurea (DCU) formed
during the reaction was eliminated by filtrationdathe alkyne-pyrene was purified by
successive precipitations in cold heptane.

Alkyne-rhodamine0.2 g rhodamine B isothiocyanate (0.97mmol) ant4d ml of
propargylamine (1.16 mmol) were dissolved into 3 ofLanhydrous THF. 10 pl of Nt
(9.7-10° mmol) was added to the solution and the reactimntisn was stirred at room
temperature for 72 hours. Both NEind the excess of propargylamine were removed by

evaporation under vacuum and alkyne bearing rhatlamas precipitated in cold heptane.

Characterization methods

Size exclusion chromatography (SEC) was carriedrodiHF at 45 °C at a flow rate
of 1 mL/min with a SFD S5200 auto sampler liquidathatograph equipped with a SFD
refractometer index detector 2000. The PL gel 5 @67 A, 10 A, 10° A, and 100 A)
columns were calibrated with polystyrene standdid$\MR spectra were recorded in CRCI
at 400 MHz in the FT mode with a Bruker AN 400 agyas at 25°C. The infrared spectra
were recorded with a Perkin-Elmer FT-IR 1720X. Baeples for IR were prepared by slow

evaporation of a solution in THF onto NaCl windows.

Micellization

Micellization of the azide bearing copolymers wasamed by a co-solvent process. A
1% stock solution of the copolymetk, @ or 3) was prepared in DMF. 20 mL of Milli-Q water
were added to 5 mL of this DMF solution under vy stirring for two hours. Polymer
micelles were purified by dialysis overnight agaiig of water using cellulose dialysis
membrane (Spectrapor, cut-off 3500). Dynamic ligdtattering measurements were

performed using a Beckman Coulter Delsa Nano ddRagnalyzer and the data were treated

-109-



Chapter IV Novel functional degradable block copolymers for tk building of reactive micelles

by the Delsa Nano Ul 2.21 software. All the measwaets were carried out at 25°C at a
measuring angle of 165°. The samples for transorissiectron microscopy (TEM) were

prepared by slow evaporation of the solutions dde$ analysis on a formvar-coated copper
grid. The excess of solution was removed withtarfipaper. The samples were analyzed with
a Philips CM100 microscope equipped with an Olymmasnera and transferred to a

computer equipped with the Megaview system.

Post-functionalization of reactive micelles by alkge-pyrene and alkyne
rhodamine by CuAAC

An aqueous dispersion of micelles was prepareddoitian of 20 mL of water to 5
mL stock solution of the corresponding azide bepgopolymers dissolved in DMF. After
removing the remaining DMF by dialysis against watgkyne—rhodamine (150 mol % vs.
azide groups), CuSd25 mol %) and ascorbic acid sodium salt (25 mpl¥ére added to the
agueous micelle solution. The solution was stiae85°C during 24 hours. The micelles were
then dialyzed against 1:4 (v:v) water.DMF to remoweeacted alkyne-rhodamine and finally
against water.

The grafting of the alkyne-pyrene was performedimilar conditions but in presence
of DMF. Indeed, after two hours of stirring of tagueous dispersion of micelles prepared by
addition of 20 mL of water to 5 mL of the DMF stosklution of the corresponding azide
bearing copolymers, alkyne-pyrene (150 mol % v&eagroups), CuS©O(25 mol %) and
ascorbic acid sodium salt (25 mol %) were addedht aqueous micelle solution. The
solution was stirred at 35°C during 24 hours. Theeltes were then dialyzed against 1:4

(v:v) water:DMF to remove unreacted alkyne-pyrene @inally against water.

3. Results and discussion

Copolymer synthesis
The strategies for the synthesis of the differagotymers targeted in this work are

detailed in Scheme 2.
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Scheme2. Strategy for the synthesis of MPHEsoly(eCL-co-aN3zeCL] (1b), MPEOb-poly(TMC-
co-aN3zeCL] (1b’), MPEOb-PCL-b-poly(aNseCL) (2¢), MPEOb-PTMC-b-poly(aNzeCL) (2¢'),
MPEODb-poly(aNzeCL)-b-PCL (3¢), MPEOb-poly(aNzeCL)-b-PTMC 3c’)

Copolymers based on PCL
The MPEOBb-poly(eCL-co-aCleCL) diblock copolymer (Scheme 1la) was
synthesized by ring-opening polymerization (ROPae€L andaCleCL mixture, initiated by

a poly(ethylene oxide) bearing one hydroxyl grothaw-chain end (MPEO) in presence of
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tin octoate as catalyst. As demonstrated by Vamgeital. and later by Riegeet al, a
PEO.1+b-PCLss gives stealthy and spherical micelles of aboutr®s >°2° A similar
composition has thus been targeted in this workttier azide bearing copolymer. For this
purpose, a MPEO macroinitiator with a molar masss@d0 g/mol was selected and the
amount of lactone monomers was adjusted to regoblyanerization degree (DP) of 16 at
100% conversion. In order to determine the infleeatthe molar fraction odNzeCL in the
copolymer, two copolymers, with a comonomer ratiOL(aCleCL) of 75:25 and 65:35 were
synthesized leading to an average number of azmgpg per polymer chain of 4 and 6 units
respectively. In a previous paper, the conditiamsthie controlled copolymerization e€L
and aCleCL initiated by the dibutylstannadioxepane wereoregd *°. Later on, Huangt al.
successfully initiated the homopolymerization ofCleCL starting from a MPEO
macroinitiator?’. As this strategy was closer to this present wdhkese conditions were
applied for the random copolymerization e€L with aCleCL initiated from MPEO.
Typically, the copolymerization occurred in tolueaiereflux during 24 hours. As far as the
triblock copolymer PEM-PCL-b-poly(aCleCL) (2a) is concerned, the diblock copolymer
PEObH-PCL formed after polymerization of the first monemvas purified by precipitation in
heptane in order to completely remove traces oidues monomers able to generate a
gradient copolymer during the synthesis of thedtthtock. That purification step is not
required for the triblock copolymer PBE®poly(aCleCL)-b-PCL @a) whose the conversion
of theaCleCL is quantitative. The composition and the molacweight were kept constant
for all of the synthesized copolymers. It is wortlbting that a better control for the
homopolymerization ofeCL from the PEO macroinitiator was observed wher th
polymerization was performed in bulk instead ofaluene.

A complete conversion of both monomers was obtairdger 24 hours of
polymerization as confirmed by the absence of mansignals in théH NMR spectrum of
the polymerization medium. The molar fraction é68L and aCleCL in the final block
copolymer was determined by comparison of the nalegf one proton of the PCL and the

poly(aCleCL) units of the copolymer according to equaticentl 2, respectively.
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i e (1)

i e (2)

The molar fractions in botfCL (F.c.) andaCleCL (FycicL) in the copolymers agreed

with the composition in the comonomer feed (Tabje The *H NMR spectrum of the

copolymer MPEQs-poly(aCleCL)-b-PCL (3a) is shown in Figure 1 as representative

spectrum for all the PCL based copolymers prepardflis work. For each copolymer, the

molar mass of the PCL and the pol@(cCL) blocks were determined by the comparison of

the relative intensity of the proton of the meth@xd group of the MPEO at 3.3 ppm (peak a,

Figure 1) and the CHC(O) protons at 2.3 ppm (peak i, Figure 1) of R&lthe CH-CHCI

protons at 2.05 ppm (peak e, Figure 1) of paBIECL), respectively. The calculated molar

masses were in good agreement with the theoretdaés for all the copolymers (Table 1).

(o]
a b f h 9 j I
0)
\0%\/(7‘6‘)\/\/\0)’91\/\/\/ 2\H
c a d e g € i k m
o

62.48

i jtk+l+f+g

T
6.0 5.5

(ppm)

Figure 1. 'H NMR spectrum in CDGlof MPEOb-poly(aCleCL)-b-PCL (34)
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Further analysis of the copolymers by SEC evidermedhcreasing of the molar mass

after polymerization by the shift towards lowertaln time after each block addition with a

narrow polydispersity (Figure 2). Moreover, theee of residual MPEO was in agreement

with a quantitative initiation by the PEO macraiaior without transesterification reactions in

line with reported data on the ROP (co)polymerirastarting from small size initiatot3

Time (min)

Time (min)

Time (min)

Figure 2. SEC traces recorded in THF for: [A] the MPEO magit@tor (- - -) and MPE»-

poly(eCL-co- aCleCL) (—) (1a), [B] the MPEO macroinitiator (- - -), MPE®G-PCL (-.-.-) and

MPEOD-PCL-b-poly(aCleCL) (2a) and [C] the MPEO macroinitiator (- - -), the EB-b-

poly(aCleCL) (-.-.-) and the MPE®-poly(aCleCL)-b-PCL () (34)

The macromolecular parameters of the obtained P&ded copolymers are summarized in

table 1.

Table 1 Characteristics of the copolymers obtained by ROFL andaCleCL initiated from MPEO

M, =5000 g/mol as presented in the Scheme 2.

Oforg '\(/I n/rt:] ;T)L polszl::L) focLl/ M(n ' 7;\:]2;))& p':ﬂ;c'\llli) FecL / Mw/Mp
yer ?D Py (of mObl) faciecL” ?Dp)d (g/mol) Facicl' (SECY
(DP) (DP)*
la-l| 137002 590 @) 7525 1500 13 600 @) 76124 1.10
2| 1170000  890(6)  65/35  1100(10) 1000 (7) 60/40 1.10
2a-1| 137002 590 @) 7525 1400 12) 400 Q) 80120 1.05
2| 1170000  890(6)  65/35 1300 (11) 900 (6) 65/35 1.10
3a-1| 137042 590 &) 7525 1400 (@2 700 6) 70730 1.05
2| 1170000 890(6)  65/35  1100(10) 800 (5.5) 65/35 1.10

® Theoretical molar mass of the PCL block determimgthe MPEQICL ratio
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® Theoretical molar mass of the pal@lsCL) block determined by the MPE@EZIeCL ratio

¢ Theoretical composition of the copolyester bloekedmined by theCleCL/eCL ratio

4 Experimental molar mass of the PCL block deterchimgH NMR based on the integration of peak
| and a (Figure 1)

¢ Experimental molar mass of the pal@sCL) block determined bjH NMR based on the
integration of peak e and a (Figure 1)

" Experimental composition of the copolyester bldekermined by the polyClsCL)/PCL ratio

9 polydispersity index measured by SEC (polystyreadiration)

Copolymers based on PTMC

The substitution of the PCL block by a PTMC blockuhd allow the modulation of
the physico-chemical properties of the copolymerd hence of the nanovectors formed in
water. Indeed, in contrast to PCL, PTMC is an arnogs polymer, and hence known to high
drug encapsulation abilities and appropriate relepmfile of the encapsulated drid
Statistic copolymers adCleCL andsCL are amorphous when the molar fractioru@leCL
was higher than 30 mol%, while pol&leCL) are totally non crystallin€’. Data about the
random copolymerizationCL and TMC initiated by a MPEO macroinitiator weakeady
reported®®. To our knowledge, no example of copolymerizatafnuCleCL with TMC is
reported in the literature. Thereby, the ring-opgrpolymerization of theCleCL and TMC
initiated by a MPEO macroinitiatior in presence afcatalytic amount of SnQctwas
performed under the same conditions as the onesrtegp above for the PCL based
copolymers. Typically, random copolymerization dfAC with aCleCL required only 24
hours to reach high conversion of both monomermftete conversion for theCleCL and
more than 80% for TMC) when performed in toluenée Thomopolymerization of the
aCleCL initiated by the MPEO macroinitiator was compbktin 15 hours. Surprisingly, and
unlike PCL based copolymers, a better control ef $finthesis of the triblock copolymers
PEOb-poly(aCleCL)-b-PTMC (@a’) was obtained when a purification of the MBO-
poly(aCleCL) diblock copolymer by precipitation into heptam@as carried out before the
synthesis of the PCL third block. Indeed, in orttefavor the polymerization of TMC from
this macroinitiator and avoid the polleCL) block degradation, a more concentrated
solution of the PE-poly(aCleCL) macroinitiator in anhydrous toluene was used #re

polymerization time was reduced.
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As representative example, thd NMR spectrum of the MPE®-poly(aCleCL-co-
TMC) (1@) is presented at the Figure 3. As explained fer BCL based copolymers, the
molar mass of the polyCleCL) block was easily calculated by the relativeensity of the
methoxy protons of MPEO end-group at 3.3 ppm (peakigure 3) and the intensity of the
two CH, group of the poly{CleCL) (peak i and j, Figure 3). In the case of PTMGch, the
measurement of the molar mass was more difficudt tduthe overlap of the signal of PTMC
with poly(@CleCL) around 4 ppm hpm). This problem was bypassed by the subtractidhef
poly(aCleCL) contribution determined with the intensities wgaks i and j from thissdpm
peak. Accordingly, the molar masses determinedrbj{MR were in good agreement with
the theoretical ones for each TMC based copolyittez.molar fractions in TMC an@CleCL

in the final block copolymer were determined fraqh according equation 3.

3
I4ppm_Z(|i +Ij)
FTMC: 1
I4ppm+Z(|i+|j) (3)
20, +1))
_ 4
FO'CI.ECL_ 1
I4ppm+Z(|i+|j) (4)
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Figure 3. 'H NMR spectrum in CDGlof MPEOb-poly(aCleCL-co-TMC) (1a’)

Further analysis of the copolymers by SEC evideraredhcrease of the molar mass

after polymerization by the shift towards lowertaln time after each block addition with a

narrow polydispersity (Figure 4).

29 25 26 27 27 28 29
Time (min)

25 26 27 28
Time (min) Time (min)

Figure 4. SEC traces recorded in THF for: [A] the MPEO noawitiator (- - -) and MPEQ-
poly(TMC-co- aCleCL) (—) (1), [B] the MPEO macroinitiator (- - -), MPEGPTMC (-.-.-) and

MPEO-bh-PTMC-h-poly(aCleCL) (2a’) and [C] the MPEO macroinitiator (- - -), the MOb-
poly(aCleCL) (-.-.-) and the MPE®-poly(aCleCL)-b-PTMC () (3a")

The macromolecular parameters of the obtained TM#Seth copolymers are

summarized in table 2.
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Table 2 Characteristics of the copolymers obtained byPR®D TMC andaCleCL from MPEO M,
=5000 g/mol following the Scheme 2.

O(i:OrE Nln' /t:npgi\;c pmtiz;zu frmc/ Mpt:(':w ) plzfl;(::ﬁci) Frvc/ MV:/M

ol opy @M faa®  (@mo)  (g/mo) Fuckey  (SEC)
(DP) (DP) (DPY° ;

1a’ | 1120@1) 890 ) 65/35 9009) 600 @) 69/31 1.05

2a’ | 11201 890 @) 65/35 100010) 700 6) 66/34 1.05

3a | 1120@1) 890 ) 65/35  100010) 900 6) 63/37 1.10

@ Theoretical molar mass of the PTMC block deterhibg the MPEO/TMC ratio

® Theoretical molar mass of the pal@lsCL) block determined by the MPE@ZIsCL ratio
¢ Theoretical composition of the copolyester bloekedmined by theCleCL/TMC ratio

4 Experimental molar mass of the TMC block determibg™H NMR

¢ Experimental molar mass of the pal@sCL) block determined b{H NMR

" Experimental composition of the copolyester bldekermined by theCleCL/TMC ratio
9 polydispersity index measured by SEC (PS calibmti

Substitution of chloro atoms by azide groups

The copolymers structure and composition beindicoed, the hanging chloro atoms
were converted into azide by a substitution readticorder to allow the grafting of functional
alkyne by a CuAAC process. The substitution reactieas performed in DMF, a good
solvent for each block of the copolymers, in presemf sodium azide following the
conditions reported in the literature for aliphatilyesters”. This reaction occurred at room
temperature under mild conditions to preserve tpolymers from degradation. An excess of
1.5 eq. of sodium azide compared to hanging chdboms was used to ensure a quantitative
conversion. After substitution, FTIR analysis of ttopolymers clearly showed the apparition

of a new absorption band at 2106 toharacteristic of the azide functions (Figure 5).
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%T
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Figure 5. FTIR spectra ofd] PEOb-PTMC-b-poly(aCleCL) (2a") and p] PEOb-PTMC-b-
poly(aNseCL) (2b’)

The quantitative conversion of the chloro atonts &wide groups was confirmed ty
NMR (Figure 6) with the complete disappearancehef @1CI signal at 4.25 ppm and the
appearance of a new signal at 3.85 ppmiANg). In addition, SEC shows that no degradation
occurred during substitution. Indeed, althoughetuion time of the azide bearing-copolymer
was smaller than the corresponding chloro bearomplymer, due to a modification of the
hydrodynamic volume, the polydispersity index remeai quite narrow after substitution

(Figure 7).
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Figure 6. "H NMR spectrum in CDGlof PEOb-PTMC-b-poly(aNzeCL) (2b’)
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Figure 7. SEC traces in THF for the PEB®OPTMCh-poly(aCleCL) (—) (2a’) and the PEQ-
PTMC-b-poly(aNzeCL) (- - -) 2b")

Similar results of successful sodium azide sulstituwere obtained for the PCL

based copolymers as expected from literature @gtarting on statistic copolymers of paly(

caprolactone and poky{chloro-¢-caprolactonej”.
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Micellization

The ability of the different copolymers made aualdain this work, to self-assemble in
spherical micelles in water and hence act as patemanocarriers was then investigated.
Well-defined micelles were achieved by dissolviingtfthe copolymers into DMF, a good
solvent of the hydrophilic and hydrophobic blockldwed by the rapid addition of a four
times higher volume of water, a selective solvdrthe hydrophilic block. After two hours of
stirring, the solution was dialyzed against waterrémove DMF. Probably due to the
relatively high molecular mass of the semi-crystellPEO, the use of a co-solvent (DMF) is
required for the micelle formation of all the copmolers even based on PTMC block, in
contrast with low molecular mass “liquid” terpolymseof PEO, PCL and PTMC which are
able to self-assemble directly in watér

The size and polydispersity index of the micellesppred with each copolymer were
measured by DLS. All these data are collected Iiet88. In case of polyester based
copolymers, micelles with an apparent mean dian@t80 nm were mainly observed with a
low polydispersity, except for the amorphous randmpolymer of higher size. These data
are in agreement with previous study made on RHE®PCL;s *°. In case of PTMC
copolymers, larger micelles were observed probabig to the absence of crystallization,
which generally increases the micellar core deresity thus make the micelles more compact
29 The spherical morphology was confirmed by TEMdbikinds of copolymer architectures

as illustrated in Figure 8.
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Table 3.DLS data of the micelles formed with the differesctive copolymers in water

Copolymers Code® Dy app(hm)®  PDIC
PEQL.4b-poly(aNssCL,co-CLy) 1b -1 41 0.23
PEO,14b-poly(aNseCL7-co-CLy) 1b -2 32 0.09
PEQ.1,+b-PCLy»-b-poly(aNseCL)s 2b -1 30 0.18
PEQ114b-PCLy1-b-poly(aNsCL)s 2b -2 29 0.14
PEO,14b-poly(aN;eCL)s-b-PCLy, 3b-1 30 0.19
PEO,14-b-poly(aNseCL)s-b-PCLyg 3b -2 33 0.13
PEQ 14b-poly(aN3eCL4-co-TMCy) 1b’ 45 0.22
PEQ.+b-PTMCirb-poly(@NseCL)s  2b’ 53 0.23
PEQ.+b-poly(@@NgeCL)s-b-PTMCyy  3b’ 57 0.22

(a) based on Scheme 2,
(b) apparent hydrodynamic diameter and (c) PDletsrchined by DLS

Figure 8. TEM images of micelles registered for copolymérsPEOb-poly(aNzcCL-co-CL) (1b-2),

B. PEOb-PCLb-poly(@NsCL) (2b-2), C. PEOb-poly(aNs£CL)-b-PCL (3b-2), D. PEOb-
poly(aN:£CL-co-TMC) (1b’), E. PEOb-PTMC-b-poly(aNseCL) (2b’) F. PEOb-poly(aNseCL)-b-
PTMC @3b’)

Since these novel amphiphilic copolymers have leand able to self-assemble in

water into spherical micelles, they appear thuataactive candidates for the elaboration of
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advanced drug delivery systems. Indeed, the presehazide groups at different location
within these micelles could be used to label theth & fluorescent dye for analytical purpose
or to anchor a drug in order to sustain the relelasthe last following section, we have been
investigating the possibility to post-functionalileese micelles by CuAAC chemistry by
using fluorescent dyes as model compounds. Two Hges been used for this study, i.e.
alkyne rhodamine, a hydrophilic and highly watelubte dye and alkyne-pyrene, a highly
hydrophobic compound, in order to compare the iefficy of grafting on the various reactive

micellar systems.

Post-functionalization of reactive micelles by alkge-pyrene and alkyne-

rhodamine by CuAAC

The functionalization of azide groups of the hydrolpic core of the micelles by the
selected fluorescent dyes, i.e. pyrene or rhodanviaethe CuAAC requires firstly to attach
an alkyne group to the dyes. These alkyne beatirggeflscent probes were synthesized by
reaction of the isothiocyanate group of rhodaminerBhe carboxylic acid group of the 1-
pyrenebutyric acid with propargylamine as descriipetthe experimental section.

These alkyne dyes were then used to study the ioguptactions with the azido
functional micelles. Such micellar system being panmentalized with highly swollen
hydrophilic block and less mobile hydrophobic cose were interested to compare on one
hand the ability of a hydrophobic (pyrene) or atoydhilic (rhodamine) dye to graft onto the
micelles core knowing their reverse affinity foetivater phase and micellar core which could
be considered as a nanoreactor for CUAA@nN the other hand, we were also curious of the
possible effect of the location of the azide fuoic§ within the micelle core on the grafting
efficiency. Indeed, as depicted on Scheme 3 whegheasents two extreme situations of the
azide localization in the micelle core, dependimgtioe selected copolymer architecture, the
azide groups might be located at the peripherhefhtydrophobic core of the micelles (a) or
at the heart of the micelles (b). This was thusestigated by means of the previously

prepared copolymers.
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Fluorescent dye

PEO-b-poly(aN;eCL)-b-PCL PEO-b-PCL-b-poly(aNzeCL)

Scheme 3Grafting of an alkyne bearing fluorescent dyenicelles of :

(a) PEOb-poly(aNzeCL)-b-PCL (3b) and b) PEOb-PCL-b-poly(aNseCL) (2b)

The CuAAC reaction was performed on freshly prepargcelles in water for the
grafting of the hydrophilic rhodamine dye while mlies still in the mixture of O and DMF
were used for the grafting of the hydrophobic pgrelye in order to provide some solubility
of the hydrophobic dye in the medium. CUAAC waswtd to proceed for 24 hours at 35°C
followed by exhaustive dialysis against DMEREH (1:4) mixture and then water to remove
guantitatively the unreacted alkyne bearing dyeteddin excess. After functionalization, the
DLS analysis showed a slight increase of the hygirathic diameter of about 4 nm for the
micelles collected after purification. Micelles wdyophilized and dissolved into THF to be
analyzed by FTIR and SEC.

An efficient grafting of alkyne-rhodamine dye in t@awas observed on the three
different PCL-based copolymer micelles. Indeedompulete disappearance of the azide band
at 2106 cnt in the FTIR spectrum was observed for the miceli&h the azide at the core
periphery (system with the copolym#p) and more than 80 % of decreased of the azide peak
was measured for the two other systems. In contsagtificant differences were observed
between the three PTMC-based copolymer micelles.décrease of about 80% of the azide
band was observed for the micelleslbf and3b’ copolymers, only 50% of conversion of the
azide was obtained for the micelles2tf copolymer with the azide in the micelle heart. That
difference is in line with a limited diffusion ohé hydrophilic dye to the heart of the

hydrophobic micelle core, immiscibility between PTMand P¢CleCL) blocks favoring the
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segregation and compartmentalization of the micelae. A better miscibility between the
different blocks of the PCL-based systems combinid the possible crystallization of the
PCL block, could explain the better grafting etficcy on these systems by a more peripheric
localization of the azide groups in these systems.

The rhodamine grafting was also evidenced by SE@frgctive index (RI) detection
(Figure 9, black and dark grey curves) which shavedight shift in the elution volume after
grafting without modifying the profile of the traceeaning that no degradation occur during
the grafting keeping narrow the polydispersity loé {polymer sample. The coupling of the
fluorescent dye on all the copolymer chains was atmfirmed by comparin the SEC traces
recorded by UV-vis detector (Figure 9, dotted dgmky curves) and RI detector for the same
copolymer after rhodamine grafting (Figure 9, dari&y curve).The shift between Rl and UV
traces is typical of the experimental set-up, thé détector being place before the RI one
which induces the shift to lower elution time. Haeg the shape of the elugram and PDI
measured from it are similar, evidencing the presesf the dye on all the chains. Moreover,
the 'H NMR spectrum of rhodamine-copolymers confirmed grafting of the dyes by the
disappearance of the signal of the Cklad the appearance of the characteristic peatkse of

triazole ring and of the corresponding dye.

2£Il.5 o 25;.5 - 26;.5 - 27I.5 | 28I.5
Time (min)
Figure 9. SEC traces recorded in THF of PB&oly(CL-co-aNseCL) (1b): before the grafting
reaction, RI detector ( black) , after reactionhwitodamine in water, Rl detectatafk gre) and

UV-vis detector at 550 nnil¢tted dark gre)y
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As far as the grafting of the hydrophobic pyrene @y concerned, the reaction was
performed in HO and DMF (4:1) mixture in order to insure enouglubility of the pyrene
that is not water soluble. As expected, this mixtewells better the micelle core than pure
water, since DMF is also a good solvent for theraégble blocks. Micelles of about 100 nm
were observed under these conditions. After 24hreafction and then purification, the
complete disappearance of the azide band at 2106irciine FTIR spectrum underlined the
guantitative conversion of the azide functions. Thapling reaction was complete whatever
the localization of the azide groups in the micelee and whatever the copolymer system.
Let us also mention that the grafting of the rhooemdye in these conditions, i.e. the
H,O:DMF mixture, also led to quantitative grafting fl the systems. SEC traces (recorded
in THF) of copolymer2b and3b after reaction in these conditions and recorded WWV-vis
detector (Figure 10) clearly demonstrate the effitigrafting of pyrene and rhodamine
without degradation of the copolymers. Let us n@nthat the peak at high elution volume

on Figure 11A (dark grey trace) corresponds to smn&ining free rhodamine in the sample.

s e e e L

25 26 27 28 24 25 26 27 28
Time (min) Time (min)

Figure 10. SEC traces of the grafting reaction performedi®:DMF recorded in THF for
A - PEOb-poly(aNseCL)-b-PCL 3b) (black) (RI), PECk-poly(apyreneCL)-b-PCL @grey) (UV-vis
at 335 nm) and PE®{arhodamineCL)-b-PCL (dark grey (UV-vis at 550 nm)
B - PEOb-PCL-b-poly(aN3zeCL) (2b) (black) (RI), PEOs-PCL-b-poly(apyreneCL) (grey) (UV-vis
at 335 nm) and PE®-PCL-b-poly(arhodamineCL) (dark grey (UV-vis at 550 nm)
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4. Conclusions

Azide bearing amphiphilic block copolymers basedREO, PCL and PTMC have
been successfully synthesized with a good contnoth® macromolecular parameters and
with narrow molecular weight distribution for difent molar ratios of PCL (or PTMC) and
poly(aN3eCL). The localization of the azide groups alongstheeactive copolymers was
easily modulated by changing the addition sequefdkbe different comonomers. Of similar
hydrophilic/hydrophobic balance (HLB), the selectagbolymers proved to be able to form
spherical micelles in water in all cases but witfiedent localization of the azide groups
depending if a polyester or a polycarbonate back&hsrconsidered to form the hydrophobic
core. Nevertheless, whatever the degradable copolygystem, conditions can be found
where the azide groups can be efficiently reactedthe already self-assembled micellar
dispersion in water and particularly in water:DMFixtare. Hydrophilic as well as
hydrophobic fluorescent dyes could be grafted @nticelles leading to fluorescent labeled
micelles of interest to follow the fate of the naamiers in interactions with living systems.
These dyes might also be seen as model moleculesugs that would be functionalized by
an alkyne group. Finally, the demonstrated abditypost-functionalization of these micellar
systems opens the door to the elaboration of dnolsse systems particularly attractive in
drug delivery to prevent the nanocarrier destadtilon by the high dilution (below CMC)
generally occurring upon injection. Typically, tlebstitution of the alkyne-dye by a bis-
alkyne would lead to the micelles cross-linking.isTimportant aspect is the topic of a

dedicated papé?.
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Abstract

Azido-functional amphiphilic macromolecules baseda biodegradable aliphatic polyester
(poly-e-caprolactone, PCL) and a bioeliminable hydrophpcly(ethylene oxide) (PEO)

block have been used in order to build micellargddelivery systems. Such azido groups
being able to react by copper azide-alkyne cyclaead(CuAAC) have been used further in
order to cross-link the micelles via redox-sensitdisulfide bridges. This reversible cross-
linking allows to prevent micelles dissociationhegh dilution upon injection and to trigger
their dissociation in more reductive environmenicts as the cytosol. Copolymers having
three different architectures, i.e. able to crask-either the core or the shell of core-shell-
corona system have been used to investigate theellimation, cross-linking and cross-
linking reversibility. The stealthiness of thesecaties cross-linked in the hydrophobic

segment has also been studredgitro.
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1. Introduction

Nowadays, polymer micelles have attracted an isongainterest in pharmaceutical
research because they could be used as efficiarg delivery systems. Micelles of
amphiphilic block copolymers are supramoleculareesitell type assemblies of several tens
of nanometers in diameter. In principle, the mieetiore is usually constructed with
biodegradable hydrophobic polymers such as aliphatiyesters, e.g. pols{caprolactone)
(PCL), which serves as a reservoir for the incaapon of various lipophilic drugs. Water
soluble poly(ethylene oxide) (PEO) is most freglyentsed to build the micelle corona
because it is very efficient in preventing prota@idsorption at surfaces and in stabilizing
micelles in the blood compartment, making partictassible to the body defence systém
The transport of macromolecular systems in theddtream is governed by diffusion and by
convection. Indeed, the concentration gradient tecealuring the injection ensures the
diffusion transport. In the case of micellar syssertow critical micellar concentrations
(CMC) are required in order to avoid destabilizataf the carrier in the bloodstream caused
by the dilution. On the other hand, the movementiwéls due to pressure gradients in the
vessels insures transport by convection. The isexkgressure gradient within the tumor
tissue suggests the existence of a convective éoabling the delivery of macromolecules.
This is due to the morphology difference between lthood vessels in tumor and healthy
tissues. Tumor tissues have a prominent vasculangability through a non-continuous
endothelium which allows the migration of nanopet or micelles. This effect is known as
"EPR effect” (Enhanced Permeability and Retentidfec® and helps to explain the
accumulation of nanocarriers in tumor tissues (pasgrgeting) and high concentrations of
these for long periods>.

Even if micelles get a high stability in aqueousdmethanks to their low critical
micellar concentration, micelle dissociation is abtays preserved when they are injected in
the blood compartment. A way to provide the micsthbility during their administration is to
cross-link them. Different kinds of cross-linkedoglies can be investigated depending on the
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localisation of the cross-linking. Wooley &t have reported various systems of shell cross-
linked micelles’” or nanocage structures with a degradable tdFaese kinds of shell cross-
linked nanosystems have the great advantage th drag encapsulation with a high loading
rate. However, cross-linking the hydrophilic shelay affect the stealthiness of the carrier.
The present paper aims at reporting on the desigrewersibly cross-linked micelles by
introducing the cross-linking bridges in the hydropic segment of the block copolymer,
rather than in the hydrophilic one, leading so toreninternal cross-linking and thus
preserving the mobility of the hydrophilic segmeBuch internal but irreversible cross-
linking of the micelle core has already been ingased to stabilize micelle structure, by
photo-induced cross-linking*!, and also by click chemistrd#*3 In the present paper, as
depicted in Figure 1, three different localizatiosfsthe cross-linking will be targeted; (i)
loose core cross-linking of a core-corona systeigufieé 1a), (ii) tight core cross-linking of a
core-shell-corona system (the shell and the coregbboth hydrophobic and the corona
hydrophilic) (Figure 1b) and (iii) tight shell c®4inking of a similar core-shell-corona

system (Figure 1c).

MPEO-b-P(CL-co- ) ’WW\’“ MPEO -b-PCL-b-
Chbiltliii @ 08 6 W0 Chlitilitit(  SUuees

MPEO-b- -b-PCL
R

Figure 1. Structure of the cross-linked micelles versusnmaolecular architecture.
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To reach this goal, three types of amphiphilic ¢ppers have been used bearing pendent
azide groups in the hydrophobic segm&htThese copolymers have been obtained by startieg t
ring-opening polymerization af-CL and a functional CL, either as a mixture orwsaEgially from a
poly(ethylene oxide) macroinitiator leading to tiheee targeted architectures (Figure 1). The azide
groups located along the PCL backbone have them lie=d to cross-link the micelles by t@pper
azide-alkyne cycloaddition (CuAA®ith a bis-alkyne cross-linker. The choice of ttigss-linker
has also taken into account the requirement to nttaecross-linking reversible. For that purpose,
disulfide bridges have been selected in order fmaitreversibility to the cross-linking by intralcér
reduction. Indeed, the marked concentration diffeeeof glutathione between extra- and intra-cellula
environments has already been used to trigger iegse by intracellular disulfide bond cleavaye
7. Accordingly, a bis-alkyne disulfide molecule has been chosencrass-linker. The
micellization and cross-linking of these amphiphdzido macromolecules have been studied.
The reversibility of the cross-linking in reductieavironment and the cross-linked micelles

stealthiness have been tested.

2. Materials and methods

Materials

Copper sulfate, ascorbic acid sodium salt, ditmmtbl (DTT) and
dimethylformamide (DMF) were purchased from AldricBlock copolymers have been
synthesized by adapting conditions reported in literature ***® for the homo and
copolymerization ofa-chloro-€-caprolactone CICL) and e-caprolactone&CL) by using a
poly(ethylene oxide) macroinitiator. The chlorideogps were substituted by azide in a
second step following the polymerization, by reattwith sodium azide. Details about the
synthesis are reported elsewh&teThe characteristics of the copolymers used fisr study
are summarized in table 1.

PMMA nanopatrticles were synthesized in aqueousensspn. After addition of the

monomer, the polymerization was initiated by additof potassium peroxymonosulfate and
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heating to 70 °C. Submicronic particles, stabletha absence of added surfactant, were
spontaneously formet’. The PMMA nanoparticles used in CH50 test as egfee sample
have been prepared by this process with a sizé®hin.

The formulation of lipid nanocapsules was basead phase inversion, from an oil-in-
water to a water-in-oil emulsion. The process dbedr elsewhere by Heurtault at % is
leading to the formation of lipid nanocapsules vathe from 20 to 100 nm, according to the
respective amount of water, surfactants, and ¢ié pid nanocapsules used in CH50 test as

reference sample have been prepared by this practsa size of 50nm.

Table 1 Characteristics of the copolymers obtained by ROECL andaCICL from monomethoxy
poly(ethylene glycol) (MPEQO) ¥=5000 g/mol and then substituted by NaN

code DP DP° DP° CL/N;CL  My/M,

Copol hitecturé )
OPOlymer architectures PEO PCL NgPCL ratio (%) (SECf

1b-1 114 13 4 76/24 1.08
MPEO-b-poly(sCL-co-aN5CL)

1b-2 114 10 7 60/40 1.08
2b0-1 114 12 3 80/20 1.06
MPEO-DPCL-D-poly(aNCL) | o 5 194 11 6 65/35 1.08
30-1 114 12 5 70/30 1.05

MPEO-b-poly(aN5;CL)-b-PCL
Poly(aN:CL) 3p-2 114 10 5.5 65/35 1.08

% as schematized on figure 1
® DP: number of monomers unit per chain, determmetH NMR

¢ by using PS calibration

Cross-linking of the micelles

Micellization of the azido-functional copolymers svabtained by co-solvent process.
A 1% stock solution of the copolymetly, 2b or 3b) was prepared in DMF in presence of the
cross-linker (0.6 mol equiv. vs. azide groups)n#0of Milli-Q water were added to 5 mL of
this organic solution under vigorous stirring fareoday. CuS©(0.25 mol equiv. vs. azide
groups) and ascorbic acid sodium salt (0.25 molveys. azide groups) were added to the
mixture. The cross-linking reaction was allowedtoceed for one day at room temperature.

2 mol equiv. vs. Cu of a solution of EDTA pH 7 wexdded to the solution to complex the
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copper. Then, the cross-linked copolymer micellesewpurified by dialysis overnight against

1L of water using cellulose dialysis membrane (Sjpor, cut-off 3500).

Micelle characterization methods

The size distribution of the micelles was estimateg Photon Correlation
Spectroscopy (PCS) using a particle-size analySsis@ Nano C, Particle Analyzer,
Beckman Coulter) at 25°C. The intensity of scattdight was detected at 165° to an incident
beam. Aqueous micellar solution was filtered witmirofilter having an average pore size
of 0.2 um. An average size distribution of aquemirellar solution was determined based on
CONTIN method.

Transmission Electron Microscopy (TEM) was perfodnegith a Philips CM-100
microscope. Samples were prepared by spin-coataig@ of micellar solution on a copper

grid coated with formvar.

Stability of the cross-linked micelles

The stability of cross-linked micelles has beerdtd by comparing them to non-
cross-linked micelles. These were prepared in #mesway as described above for cross-
linked micelles except the addition of the crosgdir, CuSQ@ and ascorbic acid sodium salt.
The micelle size was then followed by DLS over tiame upon diluting below the CMC (~
5.10° mol/L). In addition, the stability of the crosswied micelles after 1 night of stirring at
37°C in water in the presence of a reducing agg&atriM of DTT or glutathione) was
similarly determined by comparing the DLS intensdtly concentrations below and above
CMC.

The sensitivity of the cross-linking towards DTT svalso evaluated in DMF (a good
solvent of both blocks) at high concentration (80mg/mL). Aqueous suspension of cross-
linked and non-cross-linked micelles were dilutediMF (10-fold) and stirred for one day at
room temperature before determining the micelle §iy DLS. Then, 10 mM of DTT were

added, and the mixture was stirred for anothertrag87°C before DLS investigation.
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Complement Activation test (CH50)

Complement activation was measured as the lytiaadgpof a normal human serum
(NHS) towards antibody-sensitized sheep erythracgteer exposure to the micelles. Aliquots
of NHS were incubated with increasing concentration micelles. The amount of serum
causing 50% haemolysis after exposure to the regellas determined (“CH50 units”) for
each sample. NHS was provided by the “EtablisserRemtcais du Sang” (Angers, France)
and stored as aliquots at — 80°C until use. Verboéfered saline containing 0.15 mM €a
and 0.5 mM M§" (VBS') was prepared as reported elsewlféreFirstly, sheep erythrocytes
were sensitized by rabbit anti-sheep erythrocymgibadies (Sérum hémolytique, Biomérieux,
Marcy-I'Etoile, France) and diluted by the verotaiffered saline at a final concentration of
2.10 cells/mL in VBS™. Increasing amounts of micelles were added to Mi@ted in
VBS'" such that the final dilution of NHS in the mixtus@s 1/4 (v/v) in a final volume of 1
mL. After 1 h of incubation at 37°C under gentlatatgpn, the suspension was diluted 1/25
(v/v) in VBS™, and aliquots of 8 different dilutions were addeda given volume of
sensitized sheep erythrocytes. After 45 min of Ioration at 37°C, the reaction mixture was
slightly centrifuged at 2000 rpm for 10 min. Thesaiption of the supernatant was
determined at 414 nm with a microplate reader (igkéin Anscent, Labsystems SA, Cergy-
Pontoise, France) and compared to the resultsnaatavith control serum in order to evaluate
the amount of haemolyzed erythrocytes. Positive r@ghtive controls were made in each
series of experiments in order to account for afferénce in the hemoglobin response from
a given erythrocyte preparation. Furthermore, abiwas for particle light-scattering and
spontaneous erythrocyte haemolysis were estimatddVidVIS measurements using blanks
containing only particles and only erythrocytespetively. In order to compare micelles of
different average diameters, their surface areacatsilated as follows: S = 3 m/rwhere S
is the surface area [éinm the weight [1g] in 1 mL nanosuspension, r dverage radius
[cm] determined by DLS, ang the density [pg/cf of the micelles estimated at®lag/cn?
2325 The experimental data are the average of thréependent experiments with a 10%

standard deviation.
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3. Results and discussion

Copolymer selection
Based on literature data, PR@b-PCL;s amphiphilic copolymers are quite valuable

diblock copolymers for building stealthy sphericaicelles?®?®

and for loading them with
hydrophobic drugs?®. So, similar molecular weights for both the hyditip and the
hydrophobic blocks have been selected for the afmidctionalized PEQ-PCL based
copolymers. In order to tune the density and theation of the cross-linking in the
hydrophobic segment of the micelles, three kindanophiphilic azido-copolymers varying by
the distribution of the azide along the PCL backbtave been selected in this work. As
shown in Figure 1, PE@s-b-poly(eCL-co-aN3CL),7 diblock copolymer will lead to a core
loosely cross-linked of a core-corona system (fdia), PE@ +b-(PCLy-b-poly(aN3sCL)x)16
triblock copolymer will lead to a tightly cross-kad core of a core-shell-corona system (the
shell and the core being both hydrophobic and tma hydrophilic) (Figure 1b), and
PEQ 14b-(poly(aNsCL)x-b-PCLy)16 triblock will give a tightly cross-linked shell cfimilar
core-shell-corona system (Figure 1c).

These copolymers have been synthesized as repelgedhere® with a good yield
and well-defined macromolecular parameters (TahleChntrolled composition of the azido
copolymers was achieved. For each copolymer type,different azide contents have been
studied, i.e. about 25 and 35%. The compositiothefprepared and used copolymers are
summarized in Table 1 and are close to the targetddes. In addition, a narrow
polydispersity (M/M,, Table 1) was obtained for all the copolymers wWwhis usually
required to favor well-defined microstructuratiof ldock copolymers®. This would be
particularly important to differentiate core crdsgd«ed micelles of type 1b and 1c (Figure 1)
which relies on phase separation of the two PClethdocks.

Among all the possible functionalities that cannb&de available on a PCL backbone,

the azide has been chosen since it is easily intexd without polymer degradation and it
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reacts via a “click” reaction with alkyne derivagiv by copper azide-alkyne cycloadditiin
This reaction can be performed in water or orgaoivents and will be applied here for the

micelle cross-linking.

Micelle formation and cross-linking

The well-defined azido-functional amphiphilic cdymoers (Figure 1, table 1), i.e.
MPEOb-poly(eCL-co-aN3CL) (1b-1 and1b-2), MPEObH-PCL-b-poly(aNsCL) (2b-1 and2b-
2) and MPEOB-poly(aNsCL)-b-PCL 3b-1 and3b-2) have then been micellized in water by
first dissolving them in DMF, a good solvent of Ibothe hydrophobic (PCL and
poly(aN3sCL)) and the hydrophilic (PEO) blocks, followed biye addition of water, a
selective solvent of the PEO block. In order toalae the cross-linker in the hydrophobic
part of the micelles, an hydrophobic bis-alkyne esale (Scheme 1), whose synthesis has
already been described elsewh&evas added directly in the DMF solution togethéhwhe
copolymer. Upon water addition, the cross-linkeexpected to migrate to the hydrophobic
part of the micelle core remaining swollen by DMRdato react by the click reaction
following the addition of CuS©and ascorbic acid sodium salt (Scheme 1). Aftactren, an
EDTA aqueous solution is added to the micelle smhuto complex the copper and to remove

it by dialysis so as the remaining DME
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Schemel. Micelle cross-linking byCopper Azide-Alkyne Cycloaddition
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The as-obtained cross-linked micelles were firsaracterized by dynamic light
scattering (DLS) and were compared to the samellesdeefore the cross-linking step. These

results are summarized in the table 2 and Figure 2.

Table 2 DLS data for cross-linked and non-cross-linkedeties of the various copolymers in water

Copolymers Non-cross-linked micelles Cross-linked micelles
Dn.app (M) [a] /T [B] | Dnapp (NM) [a] o/l [B]

1b-1 41 0.23 48 0.23
1b-2 32 0.09 37 0.07
2b-1 30 0.18 36 0.16
2b-2 29 0.14 43 0.16
3b-1 30 0.19 38 0.25
3b-2 33 0.13 36 0.11

[a] Apparent hydrodynamic diameter [a] and PDIdbjermined by DLS.

Al "Bl s Ia

1 10 100 1000 1 10 100 1000 1 10 100

Hydrodynamic diameter (nm) Hydrodynamic diameter (nm) Hydrodynamic diameter (nm)

Figure 2. Size distribution of the cross-linke— ) and ravoss-linked micelles—) of 1b-2

[A], 2b-2[B] and3b-2[C] determined by DLS at an angle of 165°.

Non-cross-linked micelles of the azido-functioralpolymers show similar sizes in
water around 30 nanometers diameter which is @ with more conventional MPEGPCL

micelles of the same molecular weightAfter cross-linking, a size increase of about BAT

- 141 -



Chapter V Design of reversibly core cross-linked micellesensitive to reductive environment

is observed which might be due to the inclusiontied cross-linker in the micelle core
together with conformation rearrangements causethéyriazole ring formation during the
cross-linking reaction leading to increased comstodthe chains. A spherical morphology of
the cross-linked micelles was also confirmed by Tiall the three types of copolymer
architectures (Figure 3) with a size in agreemeitih WLS results. Nevertheless, the poor
contrast resolution of the pictures brought by @ppaces, does not allow evidencing the

cross-linking location on these pictures.
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Figure 3. TEM images of cross-linked micelles obtaineddopolymersib-2, 2b-2 and3b-2
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The effectiveness of the cross-linking reactionswgualitatively evidenced by
evaluating the micelle stability versus time (Fgu). No variation of the hydrodynamic
diameter of the cross-linked micelles is observedr qeriod of at least 30 days, while
aggregates are formed in solution of the non-clioged micelles as depicted by increasing
hydrodynamic diameters with time. Interestinglye thicelles of3b-2 copolymer exhibiting

the azide groups in the shell appear more stablettie two other azido copolymers.
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Figure 4. Size distribution vs. time of cross-linked mieslLb-2 (—x—), 2b-2 ( ), 3b-2( )
and non-cross-linked micelld®-2 (—€—), 2b-2 (—=—), 3b-2 ( ).

Another evidence of the cross-linking efficienags also collected by high dilution
of the aqueous solution below the CMC followed dySanalysis. Well-defined nano-objects
with a narrow polydispersity are still observedeafa 100-fold dilution of the cross-linked
micelles while these objects disappeared for the-aross-linked system giving small-size
unimers.

In addition, by keeping concentrated solutiond Hra easier to analyze by DLS, the
micelle cross-linking was also confirmed by additiof a 10-fold excess of DMF, a good
solvent for both PEO and PCL blocks. In case ofssilimked systems, the core of the

micelles is able to swell giving objects of larg&ze than in water (about 400 nm diameter).
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Again, in case of non-cross-linking micelles, dgaton is observed due to the solubilization
of the azido-copolymers (Figure 5). Even if sonaedés of swollen micelles are still observed
in DMF, the intensity of the diffuse signal is abalifold lower than in the case of cross-

linked micelles which highlights the efficiency tbie cross-linking.

12 4
12 4 12 -

0s 1 [A] o8 1 [B] 0.8 1 [C]
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Hydrodynamic diameter (nm) Hydrodynamic diameter (nm) Hydrodynamic diameter (nm)

Figure 5. Size distribution of cross-linked micelles in ea( ) against 10-fold dilution with DMF

(—) of 1b-2[A], 2b-2[B] and3b-2[C] in terms of hydrodynamic diameter.

As mentioned in the introduction, a disulfide ltheeoss-linker has been selected in
order to get reversible cross-linking in the preseaf a reductive medium. Glutathione is the
main biological component that has been evidenseksponsible of intra-cellular cleavage
of disulfide bonds that remain stable in extratdall media such as the bloodstream. Indeed,
glutathione concentration is about 10 mM in therargellular compartment, providing
reductive environment in cells, while it is only 10/ in the bloodstrear. The reversibility
of the micelles cross-linking was thus tested Hiowaing the size of the objects in water in
presence of DTT as reducing agent. As expectedjeattte CMC, the micelles size appears
independent of the reducing agent content. On therdhand, at concentrations below the
CMC, cross-linked micelles disappear forming unisnier presence of DTT as evidenced by
the sharp decrease of the diffused signal in DL8omparison to these micelles at the same
dilution in absence of DTT. Indeed, micelles ofHeg size than unimers are more efficient
scatterers so that at the same polymer concentratichigher DLS intensity reflects the

presence of bigger objects i.e. the presence ofllegcrather than unimers. This gives a first
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hint on the effect of cross-linking on the miceBeability. In order to work at higher
concentration and recover a more intense DLS sigsiahilar experiments have been
performed in DMF. This solvent being a good solvehboth blocks, individual chains are
expected in non-cross-linked systems whatever tiynger concentration, only cross-linked
micelles are giving rise to supramolecular assessblBy using this solvent, the diffused
intensity of cross-linked micelles becomes 5-faldafier in presence of DTT indicating that
the number of micelles in DMF is sharply decreadad to the reduction of the disulfide
bridges. All these observations hold for the thme@polymer architectures and both
compositions showing the success of the crossAmland its reversibility whatever the
location of the cross-links in the hydrophobic coféhe studied systems.

Similar conclusions on the reversibility of thecalle cross-linking can be drawn by
substituting glutathione for DTT, even if in thiase, the poor solubility of this reducing agent

in DMF limited the experiments to aqueous media.

Stealth properties of the cross-linked micelles

The stealthiness of the cross-linked micelles ikeg point since long-circulating
micelles are targeted. The ability of micellesdsist protein adsorption has been studied by a
guantitative analysis of the adsorption of humamirseproteins on the micelles according to
the so-called CH50 test. Foreign bodies, like synthetic nanoparticles, mvhigjected
intravenously are indeed subject to the complersgstem, the most important mechanism of
the immune system, which tries to remove them fritra bloodstream. Nevertheless,
opsonisation is usually limited by coating the et by flexible and highly hydrophilic PEO
chains leading to stealthy systef$>* In vitro study of the activation of the complement
by the cross-linked micelles was performed by thengtative CH50 test. After incubation of
the cross-linked micelles with human serum, thetging remaining non-adsorbed on the
micelles are quantified by the lysis of sensitigb@ep erythrocytes added to the medium. The
so-released heamoglobin is used as a dye for airoelwic titration. The CH50 unit is the
concentration expressed by mL of serum of compleémeits able to cause 50% heamolysis
of a fixed volume of sheep red cells. The resulésraported in terms of consumption of the
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CH50 units for each cross-linked system (Figure &)d compared to poly(methyl
methacrylate) (PMMA) nanoparticlé$ and lipid nanocapsule® known for their high and
low activation of the complement respectively. Feg6é shows a slow increase of the CH50
consumption when the amount of micelles is incréasethe serum whatever the type of
micelles considered, as expected, when the sudezs in contact with proteins is higher.
This increase compares better to stealthy lipicbnapsules rather than PMMA nanoparticles
for which the protein adsorption occurs alreadyléw exposed surface area. All the three
kinds of cross-linked micelles show a similar loatiation of the complement. Indeed, the
PEO-corona is mainly responsible for the proteipeliency - the high efficiency of PEO
chains to repel proteins is known to be due to tmgiirophilicity and high mobility of these
chains - so that micelles differing by the crosddid core are not expected to behave
differently.

However, slightly faster complement activation sserved for micelles typgb-1 as
compared t@b-1 and3b-1. This might be explained by a higher size of theselles (48 nm
as compared to 30 nm, table 2), rather than byceedse of the PEO segments flexibility.
Indeed, stealth behaviour is known to be improvedHhe reduction of the particle siZé&
Since the cross-linking reaction does not affea #xternal PEO-corona, an important

decrease of the flexibility of these hydrophiligseents is not expected.
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Figure 6. Consumption of CH50 units versus surface areaicélles1b-1(—A—), 2b-1 (—5-), 3b-1

(—@—) compared to PMMA nanoparticles 150 niriX(- ) andllipanocapsules 50 nm-§-- ).

4. Conclusion

Amphiphilic and reactive well-defined block copolgmns have been designed in order
to build mainly hydrophobic core cross-linked mieslto be used as drug delivery vehicles.
By the co-solvent micellization strategy, succelssfoss-linking of the micelles in agueous
media has been achieved. By the appropriate choicéhe cross-linker functionality,
reversible cross-linking triggered by reductive ditions has been achieved. Such novel
reversible cross-linked micelles have been fouedldty which makes them quite promising
for the elaboration of drug delivery systems. Sa the three studied macromolecular
architectures exhibiting the functionality in there or in the shell of core-shell-corona
systems or randomly dispersed in the core of a-sleHl system have not evidenced real
differences; they were all successfully micellizeelersibly cross-linked and are stealthy,
which shows the efficiency of the developed craskithg process and offers a series of
nanocarriers to be tested further. Drug encapsulas well asn vitro andin vivo release
profiles by these various redox responsive cradgeell micelles are currently under

investigations and will be the topic of a forthcowpipaper.
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Abstract

Redox-sensitive micelles have been designed bygusiree block copolymers of different
architectures composed of an hydrophilic block aflyethylene oxide) (PEO), and
hydrophobic blocks of polgfcaprolactone) (PCL) and poby@azidee-caprolactone)
(poly(aN3CL)). Stability of these micelles was insured itutid media by cross-linking their
hydrophobic core via the addition of a bifunctio(lais-alkyne) cross-linker able to react with
the azide functions of the micelles, while redorsstvity was provided to these micelles by
selecting a bis-alkyne cross-linker comprising sulfide bridge. These smart cross-linked
micelles are highly stable in the bloodstream waethe reduction of the disulfide bridges in
more reductive environments such as cells cytoplakoavs to trigger the intracellular drug
delivery. The potential of these responsive miseltebe used as nanocarriers was studied in
terms of cytotoxicity and cellular internalizatiohloreover, the release profiles were also

investigated in function of the environment reduetstrength.
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1. Introduction

These last years, nanoparticles, liposomes andraslynicelles have been largely
investigated as drug nanocarriéfs The main common way of administration of thesegdr
delivery systems is the direct systemic injectiadmch already bypasses most of the natural
barriers. Nevertheless, prolonged circulation tmh@anocarriers is required to reach passive
targeting of tumor tissues, i.e. the spontaneoasmalation of the nanoparticles in tumors by
the Enhanced Permeability and Retention (EPR) effédndeed, nanocarriers are generally
rapidly recognized by the mononuclear phagocytisteay (MPS) which removes foreign
bodies of the bloodstream to direct them to therlior the spleeri®. The coating of the
nanocarriers by poly(ethylene oxide) (PEO) prevethisir too fast recognition by the
macrophages and insures the stealthiness of trezaaiers, due to its hydrophilic nature but
also by its rapid conformational changé8. Moreover, the control of the nanocarrier size is
essential to reach long circulating particles. $owll nanopatrticles are rapidly removed from
the body via the renal system while nanoparticléh varger radius than 200 nm are less
stealthy and are rapidly directed to the liver.

Besides passive targeting, a more active targetirtbe nanocarriers can be achieved
by grafting targeting moieties exposed at the namea surface and able to recognize
specific receptors over-expressed by cancer ¢Htlis. would fasten the internalization which
is of prime importance since most of the drugs usetteat cancers act intracellularty;
However, the presence of a ligand at the surfacth@fnanocarriers is detrimental to the
stealthiness'®. The development of more complex and adaptiveesystis thus today
investigated, e.g. systems with a controlled exposiof the targeting units only in the

surrounding of tumor celfs™
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The stability of the drug loaded nanocarriers & key point to avoid prematured
release of the drug or Burst effect upon injectiéor. example, in case of micelles, when they
are submitted to high dilutions, their destabili@atmight occur by crossing the critical
micellar concentration (CMC) of the copolymers whicauses the drug release before
reaching the tumor site. In order to insure theogarrier stability against dilution and strong
entrapment of the drug inside, polymer micelle ayst are usually cross-linked.
Nevertheless, after internalization by tumor cdh® drug needs to be released to perform its
intracellular action. Thus, the development of reidy cross-linked micelles was
investigated over the recent years’. In this context, it was already shown that byngsi
redox sensitive disulfide bridges to cross-link efies, the stability of such nanocarrier is
assured under a weakly reductive environment ssa¢hebloodstream. In the cytoplasm, the
higher level of glutathione (1000-fold more concated than in the bloodstreaff), a
tripeptide containing glutamic acid, cysteine, aglgicine, the reduction of the disulfide
bridges occurs hence the encapsulated drug isatiutarly delivered®.

In this framework, some of us have already invas#ig reversibly core cross-linked
micelles built from the three block copolymers, REOb-poly(CL-co-aN3CL) (1), PEOb-
PCL-b-poly(aNsCL) (2) and PEQOB-poly(aNsCL)-b-PCL 3) (Scheme 1) that were cross-
linked by a bis-alkyne containing a disulfide bedgs described in the Schemé®2The
interest of using three amphiphilic copolymers loé same composition but with different
architectures (Scheme 1) lies in the possibilityntodify the cross-linking location of the
micellar core that can be rather peripheric withatgmer3 or in the heart for copolyméras
depicted in Scheme 2. While the stealthiness oftladlse nanocarriers thanks to the
hydrophilic PEO shell was previously demonstratebi50 test?, theirin vitro cytotoxicity

and internalization properties are the purposéefgresent paper. In addition, the controlled
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release of a hydrophobic dye, chosen as a modeh fdrug, is also investigated here, in

relation of the environment reductive strength amcelle structure.

LN 000000000000

— MPEO () oCleCL @ €CL

Scheme 1Schematic architectures of the amphiphilic copwys used to build the cross-linked
micelles: () PEOb-poly(CL-co-aN3;CL), (2) PEOb-PCL-b-poly(aN;CL) and

(3) PEOb-poly(aNsCL)-b-PCL

Hydrophilic block PCL poly(aN ,CL)
JW et
aqueous solution i
- | Q@

Hydrophobic block

Cross-linking Micelles
O\/\ PENGFN
S o %
Sr

PEO-b-poly(CL-co-aN5CL) PEO-b-PCL-b-poly(N5CL) PEO-b-poly(N;CL)-b-PCL
(1) (2) (3)

@

Scheme 2Schematic representation of the formation ofcihie cross-linked micelles in aqueous

solution.
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2. Materials and methods

Materials

5-(and 6-)carboxyFluorescein succinimidyl ester 8dHuorescein) was purchased
from Thermo Scientific. 1,4-dithiothreitol (DTT) dnNile Red from Sigma Aldrich as
ethylenediaminetetraacetic (EDTA) prepared in autsmh of 05 M, pH 7.
Dimethylformamide (DMF) were dried on molecularv&s. Deionized water was obtained

from a Milli-Q plus system (Millipore). All otherteemicals were used as received.

Copolymer synthesis

The block copolymers of PE®poly(CL-co-aNsCL), PEOb-PCL-b-poly(aNsCL)
and PEOb-poly(aN3CL)-b-PCL were synthesized by ring-opening polymerizat{&@OP).
Details of the copolymer synthesis were alreadyrtep elsewheré”. Briefly, ring-opening
polymerization ofe-caprolactone gCL) and a-chloro-e-caprolactone ofCICL) was initiated
from monomethoxy poly(ethylene oxide) macroinitrato refluxing toluene for 48 hours in
presence of a tin-based catalyst. For the randamkbtopolymer, a mixture of the two
lactones was copolymerized while a sequential mamoaddition was followed for the
synthesis of the two triblock architectures. Théstilution of the chloride atoms by azide
functions was carried out in presence of sodiurdeaimi DMF for one night.

The molecular weight of the copolymers was caledaby *H-NMR spectroscopy
while polydispersity index (MM,) was determined by size exclusion chromatographaple

1).
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Copolymer labeling

0.3 g of PEOb-poly(CL-co-aN3CL)-OH (M, = 7100 g/mol, 4.2 1®mol) (or PEOb-
PCL-b-poly(aN3sCL)-OH or PEOb-poly(aNsCL)-b-PCL-OH) and 0.1 g NHS-Fluorescein
(2.1 10" mol) were dissolved in 4 ml of anhydrous DMF aticred for 48 hours at room
temperature. The final product, PHpoly(CL-co-aN3sCL)-Fluorescein were dialyzed
against 50/50 water/DMF until a colorless dialysisdium as obtained and finally against

water before recovery by lyophilization.

Micelle preparation and cross-linking

Aqueous dispersions of micelles were prepared bjtiad of water to the copolymer
solution in an organic solvent (DMF) chosen as adgsolvent for all the hydrophilic and
hydrophobic blocks. Their cross-linking was simao#éausly achieved by CuAAC of the
pendant azide functions of the hydrophobic micethee with a bis-alkyne disulfide cross-
linker, i.e. a bis(alkyne-ethyl ester ethyl) dfsie following an already described procgss

Briefly, a 1% stock solution of the copolymer wasgared in DMF in presence of the
cross-linker (0.6 mol equiv. vs. azide groups).mlo of Milli-Q water were added to 2.5 mL
of this organic solution under vigorous stirring tme day. CuS£(0.25 mol equiv. vs. azide
groups) and ascorbic acid sodium salt (0.25 molvems. azide groups) were added to the
mixture. The cross-linking reaction was allowedtoceed for one day at room temperature.
2 mol equiv. vs. Cu of solution of EDTA pH 7 wasdad to the solution to complex the
copper. Then, the core cross-linked copolymer naselvere purified by dialysis overnight
against 1L of water using cellulose dialysis membréSpectrapor, cut-off 3500).

In order to prepare fluorescent micelles, a mixeldt®n of Fluorescein-labeled and

unlabeled copolymers (50/50) were used in the ghaeedescribed above.
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In order to get dye loaded micelles, 2.5 mg of Mkd were also added to the initial
copolymer solution in DMF before following the sam®cedure of micellization and cross-
linking.

The size distribution of the micelles was estimdigdlynamic light scattering (DLS)
using a particle-size analyser (Delsa Nano C, &arfinalyzer, Beckman Coulter) at 25 °C.
The intensity of scattered light was detected &1 the incident beam. Aqueous micellar
solution was filtered with a microfilter having @verage pore size of Ojdn. An average

size distribution of aqueous micellar solution wlasermined based on the CONTIN method.

Cell culture

The human melanoma line MEL-5 was obtained from ®evani (University of
Liege, Belgium). MEL-5 cells were grown at 37°C endhumidified air containing 5% GO
in Dulbecco modified Eagle medium (DMEM) high glseowith 5% vol of Foetal Bovine
Serum (FBS), 1% vol GlutaMax, 1% vol HEPES, 1% ebpenicillin/streptomycin (10,000
units of penicillin (base) and 10,000 units of gtoenycin (base)/ml using penicillin G
(sodium salt) and streptomycin sulfate in 0.85%ngsl

The murine melanoma line B16 was obtained from ATBT6 cells were grown at
37°C under humidifier air containing 5% of €@ Minimum Essential Medium (MEM)

Alpha medium with 10% vol FBS, 1 % vol GlutaMax%dvol penicillin/streptomycin.

Micelle cytotoxicity

The cytotoxicity of the micelles was evaluated leyedmining the viability of B16 and
MEL-5 cells after incubation with different conceattons of micelles (from 0.5 to 2 mg/mL)
for 24 and 48h. The number of viable cells was metged by estimation of their

dehydrogenase activity using the tetrazolium-basadrimetric method (MTT conversion

-160-



Chapter VI In vitro investigations of smart drug delivery systems basdeon reversibly cross-linked micelles

test). B16 and MEL-5 cells were seeded in 96-wkdtgs at the density of 6000 viable cells
per well and incubated 24 h to allow cell attachinén the end of incubation period with
micelles, cells were incubated with 10 pL of a M3dlution (5 mg/mL) for at least 1h at
37°C until crystal formation. After rinsing, two hdred microliters of DMSO were then
added in order to dissolve the formazan crystahe dbsorbance of the solubilized formazan
crystals was measured spectrophotometrically atrB80Cell viability was expressed as the
ratio between the amount of formazan determineadtis treated with the different micelles
and for control non-treated cells. The optical dgnglues were measured using Powerwave

X multiwell-scanning spectrophotometer.

Internalization studies by flow cytometry

Nile Red loaded cross-linked micelles were diluted culture media (final
concentrations: from 1 to 0.25 mg/mL) and were batad with MEL-5 cells for 1 and 4h.
After incubation, removal of attached micelles vmasomplished by washing cells two times
with culture medium and two times with phosphatdéfdyed saline solution (PBS without
cd* and Md"). Cells were then detached by trypsinization @mgpin PBS). After
centrifugation, the pellet was suspended in a 4&hdtdehyde PBS solution. Analyses of the

internalized micelles were then performed usind\&§& Canto Il flow cytometer.

Internalization studies by fluorescence microscopy

MEL-5 and B16 cells were seeded in a twelve-welt@lwith 2 mL of culture
medium. After 48h, medium was replaced by Fluornesiaeled micelles loaded with Nile
Red at a concentration of 0.5 mg/mL. After 0.5 Isoaf incubation, removal of attached
micelles was accomplished by washing the cells withure medium and twice with PBS.

Cells were then fixed and nuclei stained with 4%maldehyde/Hoechst (10 uM) in PBS
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solution for 15 min at 4°C in the dark. Finally exftaspiration, 0.5 mL of formaldehyde
solution in PBS were added. Analyses of nuclei arternalized micelles were performed

using fluorescent microscope Olympus 1X81.

Internalization studies by fluorescence spectromeyr

Fluorescein-labeled cross-linked micelles loadeith Wile Red were diluted in culture
media (final concentration: 0.5 mg/mL) and wereuimated with MEL-5 cells for 0.5 h. After
incubation, removal of attached micelles was acdismpd by washing cells two times with
culture medium and two times with phosphate butfesaline solution (PBS without €aand
Mg?"). Cells were then detached by trypsinization @mggn PBS). After centrifugation the
pellet was suspended in PBS. Analyses of the ialized micelles were then performed using

a fluorescence spectrometer Perkin Elmer VICTQ&20.

Statistical analyses
Cell culture experiments were performed in tripgigsa Results are presented as mean
+ standard deviation. Statistical analyses of thia dvere performed using the unpaired, two-

tailed, Student’s-test. Statistical significance was determined jat<a0.01.

Redox-dependent release of Nile Red from cross-liekl micelles

Fluorescent Nile Red was used as an hydrophobicematblecule. For the
determination of redox-dependent release profildhefcross-linked micelles, 5 ml of Nile red
loaded micelles (1 mg/mL) were transferred intolydisa membranes (Spectrapor, cut-off
3500) which were then introduced into 1000 mL obgphate buffer and incubated at 37°C in

the dark. At predetermined time intervals, 100 fiimecelles were removed from the dialysis

-162-



Chapter VI In vitro investigations of smart drug delivery systems basdeon reversibly cross-linked micelles

membrane for measurement. The amount of dye rentginithe micelles was determined by
fluorescence spectroscopy (Perkin Elmer VICTQR20).
In order to study the redox-release of Nile Rednfrine cross-linked micelles, DTT

was added to the phosphate buffer to reach a ctatien of 10 mM.

3. Results and discussion

Copolymer synthesis and core cross-linked micell@fmation

In order to insure the stability of the PR@b-PCL;7 spherical micelles deeply studied
and well-suited for drug delivery systei&”, the cross-linking of the PCL core was targeted
by introducing some reactive azide groups alonghy@rophobic segment, while keeping
unchanged the hydrophilic/lipophilic balance. By tlving ring-opening copolymerization of
g-caprolactone andi-choroe-caprolactone from a PEO macroinitiator, followeg the
substitution of chloro atoms by azide groups, thkieels of amphiphilic copolymers were
obtained (Scheme 1) and used to build up core dirdssd micelles. The core cross-linking
of these micelles was achieved by copper medidkgtierazide cycloaddition (CUAAC) of a
bis-alkyne cross-linker with the pendant azide fioms during the micellization process.
Depending on the localization of azide functiongha hydrophobic block, the cross-linking
is expected to occur (i) loosely and randomly witthe hydrophobic core for copolymér
(Scheme 2-1), (ii) more tightly and as a shell sunding the core of a core—shell-corona
system for copolymeB (the shell and the core being both hydrophobic #re&l corona
hydrophilic) (Scheme 2-(3)) and (iii) very densatythe heart of the core for copolym2r
(Scheme 2-(2)). The copolymer synthesis and cioksiy were previously reported in
details®®*~. The Table 1 summarizes the main characterisfitteocopolymers used in the

present study together with the size and sizeiloigion of their corresponding cross-linked
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micelles by bis(alkyne-ethyl ester ethyl) disulfidiee bis-alkyne cross-linker, that includes a
disulfide bridge in order to provide redox revelsilcross-linking. A quantitative cross-
linking was obtained for the three different copoérs, leading to micelles of similar sizes
for copolymersl and 3 with a diameter of about 37 nm while cross-linkeitelles of
copolymer2 are slightly bigger with a size of 43 nm. Moreguitiese last micelles were not
as well defined as micelles of copolymérand3. The inner localization of the cross-linkers
with copolymer2 might thus affect more the initial micellar stwet than with the two other
copolymers. After purification by dialysis, thesmgs-linked spherical micelles were then

used for the followingn vitro studies.

Table 1 Main characteristics of the copolymers used ia #iudy and of the corresponding cross-

linked micelles.

; M n, total b Micellization
Copolymer architecture (g/mol) 2 Muw/M, Dy ("m)© PDI®
¢} N,
/{/O 114 510 OMOH
bkt I 7100 1.08 37 0.07
PEO]_]_4‘b'p0|y(CL 10‘C0'(1N38CL7) (1)
o} N,
0 0 OH
oot W 7200 1.08 43 0.16
PE0114'b-PCL11'b-p0|y((lN3£CL) 6 (2)
O o
40 OWO oo
<t N M 6900 1.08 36 0.11
PE0114-b'p0|y((lN3£CL) 6b-PCL g (3)

2Experimental molar mass determined'ByNMR
® polydispersity index measured in THF by Size Esidn Chromatography (polystyrene calibration)
¢ Apparent hydrodynamic mean diameter of the misedietermined by DLS in water

4 Polydispersity index measured by DLS

Cytotoxicity

To evaluate then vitro cytotoxicity of the cross-linked micelles, MTT tewas

performed using B16 and MEL-5 melanoma cells. Fegura and b show the cell viability of
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B16 cells treated with 0.5 to 2 mg/mL of the thke®ds of micelles after 24 and 48 hours, and
respectively, the same analyses on Figures 2a afwi MEL-5 cells. All these micelles
showed similain vitro cytotoxicity. A concentration for the micelles bfmg/mL leads to a
percentage of survival of 40% to 60% after 24 hawbsle the ideal concentration of 0.5
mg/mL leads to very high level of survival of 80&0100%. After 48 hours, the percentage of
survival falls to about 30% for the concentrationlomg/mL while a diminution of cell
viability (60-80%) was recorded for the concentmtiof 0.5 mg/mL. These cytotoxicity
results are comparable to other polymer micellesiraflar size benefiting of a PEO corofia

In accordance to literature d&fa the core cross-linked micelles benefit from # éxible
corona of poly(ethylene oxide) which keeps low thgiotoxicity>’. From these first data, no
cytotoxity really results from the core cross-limgiprocess whatever the considered micellar

system and for both kinds of studied cells lines.

Cell viability (%)

160

100

A EE 2 mg/mL B _:E I 2 mg/mL

140 4 [ 1.5 mg/mL [ 1.5 mg/mL
I 1 mg/ mL 80 I 1 mg/mL

120 4 [ 0.5 mg/mL [ 0.5 mg/mL

100

80 1

60

Cell viability (%)

60 -

40

40 A

20 1
20
0 0

Figure 1. Cell viability in the presence of cross-linkeccelles of copolymers, 2 and3in B16 cell

culture after &) 24 and ) 48 hours of incubation.
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Figure 2. Cell viability in the presence of cross-linkedcelles of copolymers, 2 and3 in MEL-5

cell culture afterd) 24 and ) 48 hours of incubation.

Cytotoxicity of the cross-linked micelles was comgghto the same micelles before
cross-linking, i.e. on the azide bearing copolynmsrsising MEL-5 cells. The Figures 3a and
b show the ratio of survival in function of the centration. At lower concentrations (0.5 and
1 mg/mL), non cross-linked micelles exhibited a éoveytotoxicity than cross-linked ones
after 24 hours of incubation. However, at highanaamtration (1.5 mg/mL), no survival cells
were observed for the non cross-linked micelledevabout 20% were still observed for the
corresponding cross-linked micelles. A similar temcl is observed after 48h of incubation,
with a general increased cytotoxicity. As a rulee hon cross-linked micelles cytotoxicity
increases much sharply with the concentration aitld the incubation time than the cross-
linked systems. Thus, it is difficult to make cdateon between the azide functions or their
substitution by disulfide bridges, when micelleg aross-linked, on MEL-5 cell viability.
Nevertheless, the better stability of the croskdthmicelles versus the dilution may cause the

difference of behavior at the lower concentratiafter 24 hours of incubation. Indeed, under
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these conditions, a larger proportion of unimersyrma present for the non cross-linked

micelles, compared to the cross-linked micelleasoay less toxic effects.

160
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1) non cross-linked
2) cross-linked
2) non cross-linked

1) cross-linked

1404 B 1) non cross-linked
—¥— (2) cross-linked
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3)
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Concentration (mg/mL) Concentration (mg/mL)
Figure 3. Cell viability in function of the concentratiori cross-linked and non cross-linked micelles

in MEL-5 cell culture afterA) 24 and B) 48 hours of incubation.

Micelle uptake

The in vitro micelle uptake was evaluated on B16 and MEL-5scafter different
concentrations and incubation times. Firstly, idesrto quantify by flow cytometry the cell
uptake, the cross-linked micelles have been lodmdre cross-linking with Nile Red, a
fluorescent dye mimicking a poorly water-solubleglreasily detected by the FACS.

Flow cytometry study was performed after 1 and drbof incubation of Nile-Red
loaded micelles at concentration of 1 mg/mL and @g/mL on MEL-5 cells in order to
guantify the uptake. Data obtained after 1 houmotibation for the lower concentration of
0.5 mg/mL already confirmed the rapid internali@atof the dye loaded micelles despite the
absence of targeting moieties at the surface ofntieelles. Indeed, 100 % of cells were
positive to the Nile Red according to flow cytonyettata whatever the type of cross-linked
micelles used. The same results were obtained fawer concentration of 0.25 mg/mL and

for a reduced incubation time of 0.5 hours (Figlire
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MEL-5 Control Positive cells

Figure 4. Cellular uptake of Nile Red loaded micelles opalymerl analyzed by flow cytometry
after 0.5 hours of incubation at a concentratiof.@5 mg/mL (Positive cells) compared to non-

treated cells (MEL-5 control)

Nevertheless, if the flow cytometry allows a qutative determination of the
fluorescent cells, it does not clearly discern \wkethe dye is still in the micelles or not and
if it is externally adsorbed at the cell surfaceaotually internalized. In order to clarify the
situation, some Fluorescein-labeled copolymers weet to form the micelles loaded with
Nile Red and cross-linked. Thus, having one endapedi red dye and one green dye
covalently attached to the copolymer micelles waaffdrd information of the localization of
both the micelles and the encapsulated dye, inakgpely. Fluorescein-labeled cross-linked
micelles loaded with Nile Red were thus incubatethwB16 and MEL-5 cells at a
concentration of 0.5 mg/mL for periods of time ab thours. Then, the cell nuclei were
stained with Hoechst dye after fixation. Fluoressemicroscopy observations of the fixed
cells clearly show the successful internalizatidntlee cross-linked micelles after short
incubation times (Figures 5 and 6). The red imagée signature of Nile Red, while the

green image is the one of the micelles labeledhbyRluorescein. The blue image shows the
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cells nuclei. The Figure 5 compares the internabpaof the three different kinds of
copolymer micelles into B16 cells. Uniform distrttmn of the Nile Red was observed into the
cytoplasm of the cells but not inside the nucléiisTwas also observed for the green micelles
except that the nuclei of the cells were also nthrg the Fluorescein especially with the
copolymer3 where dense structures (nucleoli) in the nuclei asible (Figure 53-C).
Micelles of copolymer2 lead to a high green and red fluorescence homogena the
cytoplasm and strong ring around nuclei. The preseri the Fluorescein in the cells allows
confirming the internalization of the Nile Red l@admicelles and not only of free Nile Red
previously released from the micelles. The fluoeese intensity of the Fluorescein needed to
be increased comparing to the Hoechst and Nileoatributions in the Figures 5 and 6, due
to the low content of Fluorescein on the polymeaich and the low concentration in the

micelles.
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--

Figure 5. Fluorescence microscopy images of B16 cells iataedh0.5 hours with cross-linked
micelles of copolymers, 2 and3 at a concentration of 0.5 mg/mL. Hoechst stain{Ag blue filter,

B: red filter andC: green filter) and the control (CTRL) cells inctd without micelles.

The same experiments performed on MEL-5 cells wWiththree kinds of core cross-
linked micelles have led to similar conclusions.s&ts obtained with the cross-linked
micelles of copolymeB on MEL-5 cell are illustrated in Figure 6 and alkxd to highlight the
difference of localization of the Nile Red dye ahd Fluorescein-labeled copolymer. Indeed,

the Nile Red is only localized in the cytoplasmnitod cell (Figure 63-A) while Fluorescein is
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also localized in the nuclei (Figure &.B). That difference is mainly underlined on Figute 6
3-D, where the green and red filters are combined @rdpared to Figure 63-C. The
substitution of the blue coloration by the greer canfirms the presence of the copolymer in
the cell nucleus. One possible explanation for titiservation is that after the uptake of the
loaded micelles by the cells, the reductive envitent of the cytoplasm allows the reduction
of the disulfide bridges which cross-linked the eflie core. As a consequence, the
encapsulated Nile Red dye is released by destatidiz of the micelles and freely diffuses in
the cytoplasm. This hypothesis is supported byittigorm distribution of the Nile Red in the
cytoplasm and the localization of the green copelyin the nucleus independently of the
Nile Red, which tend to confirm the micelles digation. The phenomenon appears mainly
with micelles of copolymeB, i.e. with the most superficial cross-linking atiis probably
the most sensitive to the reductive environmentleddor the rupture of the disulfide cross-

links.
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.

Figure 6. Fluorescence microscopy images of MEL-5 cellsibvated 0.5 hours with Nile Red loaded

cross-linked green micelles of copolyn@at a concentration of 0.5 mg/mL after Hoechshatai (A:

red filter,B: green filterC: blue and red filter anD: red and green filter).

Finally, the micelles uptake by MEL-5 cells was ntiged by fluorescence
spectrometry. The percentage of internalization eghsulated from the fluorescence intensity
of the cells after incubation in presence of Flgoeen-labeled cross-linked micelles loaded
with Nile Red. Micelle uptake typical for micellexhibiting a PEO shell at their external
periphery®® has been measured for the three systems, aseépnrEigure 7 that shows the
percentage of internalization after 0.5 hours elbation at a concentration of 0.5 mg/mL.
Similar values were obtained for the three kindsagolymer micelles. This shows that they
have all similar propensities to enter the celljolw is not surprising since they are all
exhibiting the same PEO shell at their externaipbery. Interestingly enough, different
behaviors have been observed when the same experimgerformed on the Nile Red

guantification. In that case, a significantly higiNile Red internalization is measured on the
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micelles of copolymer2, i.e. cross-linked at the heart of the hydrophobare. That
observation could be explained by the less efficemcapsulation of Nile Red in these
micelles that are the most internally cross-linked thus less efficiently preventing the red
dye to diffuse out of the micelle core and henaalileg to some release of the Nile Red
before the micelle internalization. This free NiRed internalized independently of the
micelles would explain the higher red dye content@mpared to the green micelles. Micelle
internalization was also investigated after 1 hotiincubation and with a higher micelle
concentration of 1 mg/mL. Increasing the incubatiome keeps constant the percentage of
internalization while increasing of the micellamcentration even decreases the percentage of
internalization because similar amount of miceles internalized for a higher concentration
at the same incubation time. Internalization appdhus kinetically limited by the PEO
external shell which would be improved by decomtinith a specific ligand® or with

positive charge?’.

I Fluorescein
6 I Nile Red

p < 0.001 (Fisher) ol

* k%

% internalization

Figure 7. Micelle uptake by MEL-5 cells at a concentratafrd.5 mg/mL determined by fluorescent

spectroscopy after 0.5 hours of incubation.
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Redox-dependent release of Nile Red from cross-liekl micelles

Redox-dependent release profile of the core clioked micelles was investigated
using Nile Red as fluorescent probe, mimicking gdrbphobic drug. The Nile Red was
encapsulated in the micelles by incubation withrthieelles in DMF before the cross-linking
step. The Nile Red loaded and cross-linked micellese incubated in phosphate buffer at
two different concentrations and in presence oraiatithiothreitol (DTT), a reducing agent
for the disulfide bridges. The release of the dyas wjuantified vs. time by fluorescence
spectrometry. Results are shown in Figures 8 and 9.

The Figure 8a compares the Nile Red release psafii¢he three cross-linked micellar
systems at high concentration (1mg/mL) against B&&r. At first look, the release profiles
were quite similar for the three kinds of crosdéid micelle systems. A faster release of the
Nile Red is however observed for the micelles ossrlinked copolyme? as compared to the
two other systems. In line with the above explamatiiven for the Nile Red uptake, we can
again conclude that for this inner cross-linkedetiar system, the network when localized at
the center of the micelles core does not efficieatitrap the dye which might diffuse out of
the hydrophobic core, leading to faster releasmil&i profiles with limited release of the dye
is observed for the two other cross-linked systshwwing that the cross-linking appears in
these cases as an efficient barrier preventingigidh and release of more than 75% of the
dye. Figure 8b shows the same experiment perforahéower concentration (0.35mg/mL),
i.e. a concentration that would lead to micellestalilization if they would not be cross-
linked by the disulfide bridges (the CMC of non szdinked micelles is ~0.35 mg/mL). In
these conditions, even if the release appearstlglifgister than at higher concentration, it
remains diffusion limited and below 50% after 10@dh. This clearly evidences the strong

effect of the cross-linking on the release proflleatever the micellar systems. At very low
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concentration, cross-linking keeps the compartialeggtion of the systems which allows the

capture of the dye by hydrophobic interactions il micelle core avoiding Burst effect.
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Figure 8. Nile Red release from cross-linked micelles gfalgmersl (——), 2 (—-) and3 (-4 ) at

a concentration of 1 mg/mlAj and 0.35 mg/mLE) against PBS buffer.

Finally, the dye release profile studied againstSPBas compared to the same
experiment performed against PBS containing DT Tedsicing agent (Figure 9). For all the
three studied systems, the presence of DTT cleaggers the Nile Red release in case of
diluted solutions (0.35 mg/mL). A very fast releagas observed that reached about 80%
after 19 hours. In the reductive DTT environmehg teduction of the disulfide bridges is
breaking the cross-links allowing the destabiliaatihe micelles below the CMC and causing
a rapid delivery of the Nile Red. It is notewortktyat the release profiles in reductive
environment but at a concentration above the CM@n¢ImL) are similar for all the three

systems and typical for a diffusion limited rele&®en non cross-linked micelles.
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Figure 9. Nile Red release from cross-linked micelles gdalgmersl, 2 and3 at a concentration of 1
mg/mL against PBS®— ) and against PBS/10 mM DT+ nd at lower concentration of 0.35

mg/mL against PBS{—) and against PBS/10 mM DT+X-).

Figure 10 shows an overlay of the release profileeduced environment of diluted
micelles evidencing a quicker release of the dgefmicelles of copolyme3 as compared to
copolymerl. This is in line with the conclusion of a fastercaelle destabilisation observed
for micelles of copolymeB after 30 min. of incubation in internalization expnents. The
more external cross-linking location might be thason why cleavage of the disulfide bridges

is faster for these micelles made of copoly@er

110 ~

% release

]
-10 9 500 1000 1500

Time (min)

Figure 10. Nile Red release from cross-linked micelles qfalgmersl (—4—) and3 () ata

concentration of 0.35 mg/mL against PBS/10 mM DTT.
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In summary, these experiments evidenced that alfagtrelease could be expected in
the cell cytoplasm which is a more reductive enwinent than extracellular media. Moreover,
it was demonstrated that micelle cross-linking naty insures high micelles stability in
diluted environment but also offers an efficientrlea towards dye diffusion particularly in
case of cross-linked micelles of copolymérand3. These two systems appear thus quite
relevant for the development of adaptative drugvdey systems. Particularly the system of
copolymer3 allows the rapid trigger of the drug release st thsulfide cleavage in reductive

environment thanks to the most external localimatibthe cross-links.

4. Conclusions

In this study, the potential of novel reversiblyreaross-linked micelles to act as
smart drug delivery systems has been demonstratege kinds of cross-linked micelles
differing by the cross-linking localization havedmedeveloped and compared. All the three
systems exhibiin vitro low cytotoxicity and are able to be internalizedhaut the presence
of a targeting moiety. Thus, after their intraves@dministration, these new nanocarriers
would be able to be internalized in solid tumorsdHRBR effect. Moreover, the presence of the
disulfide bridges insures the micelle stabilizatiorthe bloodstream and limits the release of
the encapsulated dye even at very low concentrgbi@amicularly in case of copolymetsand
3. After their internalization, the reduction of seebridges triggers the release of the dye most
rapidly in case of copolymed that exhibits the cross-links at the most extepmlphery of
the hydrophobic core. Based on these data, cnoksdi micelles of the PEQ-b-
poly(aN3zeCL)s-b-PCLyp appear to us as the most promising candidate fog delivery

applications.
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Abstract

In order to design smart drug delivery systemsdlreactive block copolymers composed of
an hydrophilic poly(ethylene oxide) block (PEO) aad hydrophobic segment based on
trimethylene carbonate (TMC) andazido€-caprolactone oN3CL) copolymers have been
investigated. The reactive azide groups varioustyriduted along the hydrophobic block
depending on the simultaneous or sequential copmigation of the two hydrophobic
comonomers were then used to cross-link the micglte of these copolymers by reaction
with a bis-alkyne derivative. To insure the micelitability in oxidative conditions, as in the
bloodstream, but their dissociation in the intrAdal compartment, a bis-alkyne cross-linker
containing a disulfide bridge was purposely seld&clehe stability of the core cross-linked
micelles was investigated in function of the copady concentration and the redox properties
of their environment. The potential of these regdan micelles to be used as nanocarriers

was studied in terms of stealthiness, cytotoxiaity cellular internalization.



Chapter VIl  Pegylated disulfide core cross-linkedmicelles based on poly(trimethylene carbonate) anélunctional

poly(e-caprolactone)

1. Introduction

Particularly in case of tumors treatment, targeleld/ery systems are highly desirable.
The design of drug delivery systems able to adaptid an evolutive environment is
therefore the topic of active recent researctiesn this framework, there is still a need for
systems able to trigger the drug release intrdeelju Indeed, the therapeutic efficiency of
many anticancer drugs takes place only when theyedeased in the cytoplasm or in the cells
nuclei.

If long circulating nanocarriers can be obtaineddegorating it with a poly(ethylene
oxide) brust?, their accumulation in the tumor might be achiebgdEnhance Permeation and
Retention (EPR) Effect characterized by a low bkitghm flow and a discontinuous
epithelium”®. This process is designated as passive targetiilg active targeting needs the
additional anchoring of specific ligands at thefate of the nanocarrier to allow their cell
surface binding by recognition of specific receptorducing then the internalization process
9-10'

Recent advances in the field of the polymer engingehave contributed to
development of smart systems able to respond toament variations™*3. Interestingly,
pH-sensitive nanocarriers have been developed rgettaumor cells by regulating the
exposure of a ligand depending on the pH, whiclkknswn to be lower in the tumor
surrounding as compared to normal tisstfés As a specific importance is addressed to the
intracellular release of the nanocarrier contetvaatage can be taken from the typically low
pH values of the endosomal and lysosome compargtertigger the carrier dissociation and
consequently the release of its contént

Similarly, attention is paid to the developmentreflox-sensitive nanocarriers which
may insure the drug release in the cytoplasm wtihere€oncentration of glutathione (10 mM)
is higher, i.e. providing a more reductive envir@amn(Scheme 1'% as compared to the

extracellular compartment where the glutathioneceatration falls to 10 uM. Indeed, this
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tripeptide regulates the anti-oxidative capacity tfe cells via the glutathione-
thiol/glutathione-disulfide redox couplé®® Thus, the dissociation of cross-linked
nanocarriers via disulfide bridges is expectedocsically occur in the cytosol and to lead to

the intracellular drug release.

Extracellular compartment
10 uM GSH

Reduction and drug release
through micelle destabilization

Nucleus

Intracellular compartment
10 mM GSH

Scheme 1lllustration of the intracellular drug releasedidulfide core cross-linked nanocarriers

Amphiphilic block copolymers of poly(ethylene ox)Jde(PEO) and polyf-
caprolactone) (PCL) are largely described in tierdiure due to their ability to be self-
assembled in aqueous media and be used for thkilsgdtion and the controlled release of
hydrophobic drugé*. The cross-linking of that kind of micelles hagbelready described in
the literature based on copolymers of an azidetfanal e-caprolactone ane-caprolactone
%2 Their micellization, their reversible cross-lingirand theirin vitro properties were fully
described®®?® More recently, biodegradable polycarbonates Haeen studied in order to
reduce the crystalinity of the polyester by theipalymerizatior?*?> Thus, the synthesis of
amphiphilic block copolymers based on a hydrophilimck of PEO and a hydrophobic block
of poly(trimethylene carbonate) (PTMC) and azidodiional poly¢-caprolactone) lead to the
formation of new cross-linked micelles whose criysity and degradability may favorably
impact the behavior of the resulting micelles asnpared to the better known pady(

caprolactone) based drug delivery systems.
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The present work aims at reporting on reversiblye ayoss-linked micelles based on
three novel reactive block copolymers: PB@oly(TMC-co-aN3CL) (1), PEOb-PTMC--
poly(@NsCL) (2) and PEOb-poly(aNsCL)-b-PTMC @) * (Scheme 2). The PEO hydrophilic
block of these copolymers have been selected ierdadinsure stealthiness of their micelles.
The hydrophobic segment bearing azide groups allihveshydrophobic core to be cross-
linked by copper mediated azide-alkyne cycloaddit{€UAAC) with a bis-alkyne cross-
linker. The cross-linking reversibility is insurdsy a disulfide bridge included within the
cross-linker. Depending on the copolymer architestthe cross-linking is expected to occur
at different locations of the micellar core. Thgeative of this research is to evaluate the
vitro cytotoxicity and internalization properties of tti®ss-linked micelles in function of the

architecture of the block copolymers having a comipi@ composition.

— MPEO @ aCleCL @ TMC
Scheme 2Schematic architectures of the amphiphilic copolgmesed to build the cross-linked
micelles () PEOb-poly(TMC-co-aN3CL), (2) PEOh-PTMC-b-poly(aNsCL)
and @) PEOb-poly(aNsCL)-b-PTMC

2. Materials and methods

Materials

5-(and 6-)carboxyFluorescein succinimidyl ester @8dHuorescein) was purchased
from Thermo Scientific. 1,4-dithiothreitol (DTT) dnNile Red from Sigma Aldrich as
ethylenediaminetetraacetic (EDTA) prepared in a utsmh of 0.5M, pH 7.

-185-



Chapter VIl  Pegylated disulfide core cross-linkedmicelles based on poly(trimethylene carbonate) anélunctional

poly(e-caprolactone)

Dimethylformamide (DMF) was dried on molecular €sv Deionized water was obtained

from a Milli-Q plus system (Millipore). All otherteemicals were used as received.

Copolymer synthesis

The synthesis of the PE®poly(TMC-co-aN3CL), PEOb-PTMC-b-poly(aNsCL) and
PEOb-poly(aNsCL)-b-PTMC block copolymers was performed by ring opgnin
polymerization (ROP), following an already reporfdcedure detailed elsewhéfeBriefly,
the ring-opening polymerization of trimethylene hmamate (TMC) and a-choroe-
caprolactoneoCleCL) was initiated from a monomethoxy poly(ethylemade) (M,= 5000
g/mol, Aldrich) macroinitiator in refluxing toluen®r 24 hours in presence of a tin-based
catalyst for the random segment of the diblock &pper while a sequential monomer
addition was required for the synthesis of the otleer triblock architectures. The substitution
of the chloride atoms by azide functions was addew presence of sodium azide in DMF
for one night.

The molecular weight of the copolymers was caledaby *H-NMR spectroscopy
while polydispersity index (MM,,) was determined by size exclusion chromatografSifsQ)

analysis.

Copolymer labeling

0.1 g of PEOs-poly(TMC-co-aN3CL)-OH (M, = 6500 g/mol, 1.5 1®mol) (or PEO-
b-PTMC--poly(aNsCL)-OH and PEBs-poly(aNsCL)-b-PTMC-OH) and 0.018 g NHS-
Fluorescein (3.8 I0mol) were dissolved in 2 mL of anhydrous DMF aticted for 48 hours
at room temperature. The final product, PE@ely(TMC-co-aN3CL)-Fluorescein were
dialyzed against 50/50 water/DMF until obtainingloctess dialysis medium and finally

against water before recovery by lyophilization.
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Micelle preparation and cross-linking

Micellization of the azido-functional copolymers svgerformed by co-solvent
process. A 1% stock solution of the copolymkrd or 3) was prepared in DMF in presence
of the bis-alkyne-disulfide cross-linker, i.e. &(alkyne-ethyl ester ethyl) disulfide following
described in the literaturg, (0.6 mol equiv. vs. azide groups). 20 mL of M{Qliwater were
added to 5 mL of this organic solution under vigmatirring for one day. CuS@0.25 mol
equiv. vs. azide groups) and ascorbic acid sod@itn(®.25 mol equiv. vs. azide groups) were
added to the mixture. The cross-linking reactiors @howed to proceed for one day at room
temperature. Then, 2 mol equiv. vs. Cu of a sotutd EDTA at pH 7 were added to the
solution to complex the copper. Finally, the crisked copolymer micelles were purified by
overnight dialysis against 1L of water using celkd dialysis membrane (Spectrapor, cut-off
3500)%,

The stability of cross-linked micelles was studed comparing them to non cross-
linked micelles. These were prepared in the same exaept for the addition of the cross-
linker, CuSQ and ascorbic acid sodium salt. The micelle size ttn followed by DLS
upon diluting below the critical micellar conceritoa (CMC) (~10° g/mL). In addition, the
stability of the cross-linked micelles after 1 gt stirring at 37 °C in water in the presence
of a reducing agent (10 mM of DTT) was similarlytelenined by comparing the DLS
intensity at concentrations below and above the CNI@ sensitivity of the cross-linking
towards DTT was also evaluated in DMF (a good sulveer both blocks) at high
concentration (~0.15 mg/mL). Aqueous suspensionsro$s-linked and non cross-linked
micelles were diluted in DMF (10-fold) and stirrémt one day at room temperature before
determining the micelle size by DLS. Then, 10 mMD3iT were added, and the mixture was
stirred for another night at 37 °C before DLS irtigegtion.

In order to prepare fluorescent micelles, a mixeldt®on of Fluorescein-labeled and

unlabeled copolymers (50/50) were used in the ghaeedescribed above.
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In order to get dye loaded micelles, 2.5 mg of Mkd were also added to the initial
copolymer solution in DMF before following the sap@cedure of micellization and cross-

linking.

Micelle characterization methods

The size distribution of the micelles was measurgdynamic light scattering (DLS)
using a particle-size analyser (Delsa Nano C, &arfAnalyzer, Beckman Coulter) at 25°C.
The intensity of scattered light was detected &°16 an incident beam. Aqueous micellar
solution was filtered with a microfilter having @average pore size of 0.2 um. The average
size distribution of the aqueous micellar solutiaves determined based on the CONTIN
method.

Transmission Electron Microscopy (TEM) was perfodneith a Philips CM-100
microscope. Samples were prepared by spin-coatidg of the micellar solutions on a

copper grid previously coated with formvar.

Complement Activation test (CH50)

Complement activation was measured as the lytia@gpof a normal human serum
(NHS) towards antibody-sensitized sheep erythracgteer exposure to the micelles. Aliquots
of NHS were incubated with increasing concentratioh micelles. The amount of serum
causing 50% haemolysis after exposure to the regellas determined (“CH50 units”) for
each sample. NHS was provided by the “EtablisserReatcais du Sang” (Angers, France)
and stored as aliquots at — 80°C until use. Verboéfered saline containing 0.15 mM €a
and 0.5 mM M§" (VBS™) was prepared as reported elsewlr€irstly, sheep erythrocytes
were sensitized by rabbit anti-sheep erythrocymeibadies (Sérum hémolytique, Biomérieux,
Marcy-I'Etoile, France) and diluted by the verotaiffered saline at a final concentration of
2.10 cells/mL in VBS™. Increasing amounts of micelles were added to Nfi&ted in
VBS™ such that the final dilution of NHS in the mixtusa@s 1/4 (v/v) in a final volume of 1

mL. After 1 h of incubation at 37°C under gentletatgpn, the suspension was diluted 1/25
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(v/v) in VBS'™, and aliquots of 8 different dilutions were addeda given volume of
sensitized sheep erythrocytes. After 45 min of Ioration at 37°C, the reaction mixture was
slightly centrifuged at 2000 rpm for 10 min. Thesaiption of the supernatant was
determined at 414 nm with a microplate reader (Igk#éin Anscent, Labsystems SA, Cergy-
Pontoise, France) and compared to the resultsnaatavith control serum in order to evaluate
the amount of haemolyzed erythrocytes. Positive rm@ghtive controls were made in each
series of experiments in order to account for afferénce in the hemoglobin response from
a given erythrocyte preparation. Furthermore, abiwas for particle light-scattering and
spontaneous erythrocyte haemolysis were estimatddVidVIS measurements using blanks
containing only particles and only erythrocytespetively. In order to compare micelles of
different average diameters, their surface areacabsilated as follows: S = 3 m/rwhere S

is the surface area [éinm the weight [ug] in 1 mL nanosuspension, r #verage radius
[cm] determined by DLS, angl the density [pg/crii of the micelles estimated at®lag/cn?
2931 The experimental data are the average of thréependent experiments with a 10%

standard deviation.

Cell culture

The human melanoma line MEL-5 was obtained from @evani (University of
Liege, Belgium). MEL-5 cells were grown at 37°C endhumidified air containing 5% GO
in Dulbecco modified Eagle medium (DMEM) high glseowith 5% vol of Foetal Bovine
Serum (FBS), 1% vol GlutaMax, 1% vol HEPES, 1% ebpenicillin/streptomycin (10,000
units of penicillin (base) and 10,000 units of gtoenycin (base)/ml utilizing penicillin G

(sodium salt) and streptomycin sulfate in 0.85%ng3l

Micelle cytotoxicity
The cytotoxicity of the micelles was evaluated leyedmining the viability of MEL-5
cells after incubation with different concentrasoof micelles (from 0.5 to 2 mg/mL) for 24

and 48h. The number of viable cells was determimgestimation of their dehydrogenase
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activity using the tetrazolium-based colorimetriethod (MTT conversion test). MEL-5 cells
were seeded in 96-well plates at the density ofb6@able cells per well and incubated 24 h
to allow cell attachment. At the end of incubatjmeriod with micelles, cells were incubated
with 10 pL of a MTT solution (5 mg/mL) for at leak at 37°C until crystal formation. After
rinsing, two hundred microliters of DMSO were thaaded in order to dissolve the formazan
crystals. The absorbance of the solubilized formazarystals was measured
spectrophotometrically at 580 nm. Cell viability svexpressed as the ratio between the
amount of formazan determined for cells treatechlie different micelles and for control
non-treated cells. The optical density values waeeasured using Powerwave X multiwell-

scanning spectrophotometer.

Internalization studies by fluorescence microscopy

MEL-5 cells were seeded in a twelve-well plate watimL of culture medium. After
48h, medium was replaced by Fluorescein-labeledeliex loaded with Nile Red at a
concentration of 0.5 mg/mL. After 0.5 hours of ibation, removal of attached micelles was
accomplished by washing the cells with culture medand twice with PBS. Cells were then
fixed and nuclei stained with 4% formaldehyde/Hesci0 M) in PBS solution for 15 min
at 4°C in the dark. Finally after aspiration, 0.5 mf formaldehyde solution in PBS was
added. Analyses of nuclei and internalized micelesre performed using fluorescent

microscope Olympus 1X81.

Internalization studies by fluorescence spectromeyr

Fluorescein-labeled cross-linked micelles loadeith Wile Red were diluted in culture
media (final concentration: 0.5 mg/mL) and wereaulmated with MEL-5 cells for 0.5 h. After
incubation, removal of attached micelles was acdismpd by washing cells two times with
culture medium and two times with phosphate buéfesaline solution (PBS without €aand

Mg?"). Cells were then detached by trypsinization @mggn PBS). After centrifugation the
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pellet was suspended in PBS. Analyses the inteetimicelles were then performed using a

fluorescence spectrometer Perkin Elmer VICTQR20.

Statistical analyses
Cell culture experiments were performed in tripesa Results are presented as mean
+ standard deviation. Statistical analyses of thia dvere performed using the unpaired, two-

tailed, Student’s-test. Statistical significance was determined jat<a0.01.

3. Results and discussion

Micelle formation and cross-linking

As previously described in the literature, ampHiphblock copolymers of PEO as
hydrophilic shell and PTMC as hydrophobic core &emjuently used in the building of
stealthy nanocarriefS. In order to prevent the premature release oktiepsulated drug in
the bloodstream due to high dilution, the core sloxking of such micelles was considered.
For this purpose, reactive copolymers have beed fwemicellization. Three reactive block
copolymers with a similar composition but varying their architecture, i.e. PER-
poly(TMC-co-aNzeCL), PEOb-PTMCH-P@N3cCL) and PEOB-P(@N3CL)-b-PTMC have
thus been synthesized following a reported procHsseir macromolecular characteristics are

reported in Table 1°.

-191-



Chapter VIl  Pegylated disulfide core cross-linkedmicelles based on poly(trimethylene carbonate) anélunctional

poly(e-caprolactone)

Table 1 Characteristics of the home-made reactive copefgrased in this study.

DP? DP? DP? TMC/N;-CL

. b
Copolymer architectures PEO  PTMC PNsCL) ratio (%) M/ M,
*’FO%O*O%OWOH
N, 1) 114 9 4 69/31 1.05
PEO-b-poly(TMC- co-aN3zeCL)
(o] o
*/{/Ovﬂﬁoko%o%ﬂ;w
N, (2 114 10 5 66/34 1.05
PEO-b-PTMC- b-poly(aNseCL)
(o] o
*/{/O m 4 )k 3
%OWO oA o 3) 114 10 6 63/37 1.10

PEO-b- poly(aNs£CL)-b-PTMC

2DP: number of monomers unit per chain, determmetH NMR

®determined by SEBY using PS calibration

Well-defined copolymers have been obtained as ece® by the narrow
polydispersity, the controlled azide content andatgmer composition. By the introduction
of the functional azido-caprolactone units, the ropthobic PTMC block is easily made
reactive. The three different localizations of #zde functions in the hydrophobic block will
lead to three different core cross-linking: looseeccross-linking (i), tight core cross-linking
(ii) and tight shell core-shell-corona system (@§ it was the same for PCL based core cross-
linked micelles™.

The micellization of the three block copolymers wesformed by dissolving them
first in DMF, a good solvent for both the hydroplmiPTMC and R{N3;cCL)) and the
hydrophilic (PEO) blocks followed by a rapidly atidn of water which induces the
micellization by precipitating selectively the hgghobic blocks. After dialysis, the micelle
size was characterized by dynamic light scatte(idgS). Results are summarized in table 2

and compared to PCL based copolymer micelles.
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Table 2 DLS data for cross-linked and non cross-linkedeités of the various copolymers in water

Non-cross-linked Cross-linked
micelles micelles
Copolymers o) o)

oy PP g RTD)
1  PEO114b-poly(TMC g-co-aN3eCL 4) 44 0.22 58 0.16
2 PEO114b-PTMC y-b-poly(aNsCL) s 57 0.21 74 0.14
3 PEO114b-poly(aN3eCL)15-b-PTMCy 52 0.23 60 0.16
PEO;14b-poly(CL 1o-co-aNzeCL ;) 32 0.09 37 0.07
PEO114b-PCL1s-b-poly(aNseCL) g 29 0.14 43 0.16
PEO;14b-poly(aN3zeCL) 10-b-PCLg 33 0.13 36 0.11

Apparent hydrodynamic diameter [a] and PDI [b] deieed by DLS

Micelles larger than those previously reported P@L based copolymers of similar
size and hydrophilic/lipophilic balance, were obhtd. The immiscibility between the PTMC
and the R{NszcCL) blocks, together with the absence of densetaltyse zones, might
account for this observation.

Then, the cross-linking of the azido functional tomhobic core was carried out by
copper mediated azide-alkyne cycloaddition (CuAAi@) similar condition similar to
previously reported ones applied to PCL based gopeis?®. The cross-linker, a bis alkyne
molecule connected via a disulfide bridge was directly added (0.6 mol equiv. vs. azide
groups) to the DMF solution in order to be locatedhe hydrophobic core of the micelles
swollen by the DMF. The click reaction, leadingth® cross-linking of the micelles only
occurs upon the addition of Cug@nd sodium ascorbate to the aqueous micellarigonlut
The effectiveness of the click reaction was firgtbynfirmed by the complete disappearance of
the azide band at 2106 ¢nin the IR spectrum which confirmed the good effiy of the
CuAAC reaction between the cross-linker and thel@Zunctional micelles formed in the
H,O/DMF mixture. After reaction, copper is removeddpmplexation with EDTA followed
by dialysis that also removes the remaining DMF.

As evidenced by DLS data reported in table 2, tieelhe size increases of about 10-

15 nm upon cross-linking in larger proportion tredoserved for the similar systems based on
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PCL ?* rather than PTMC, and might be explained by ttditimhal volume occupied by the
cross-linker in the micelle core together with aonfation modification caused by the
triazole ring formation. Interestingly, larger nlieesize and size increase were observed for
the PTMC based micelles as compared to the PClemmgstwhich might be due to the more
dynamic amorphous core of PTMC as compared to ¢énset semi-crystalline PCL corés
The Figure 1 illustrates the well-defined distribat of the as-obtained cross-linked micelles
and compared them to non-cross-linked micellesrdvampolydispersities were recorded as

summarized in the table 2.

0.5 0.5 05

\

(U ! ™ 0 7 — "
1 10 100 1000 1 10 100 1000 1 10 100 1000
Hydrodynamic diameter (nm) Hydrodynamic diameter (nm) Hydrodynamic diameter (nm)

0 - T i T

Figure 1. Size distribution of the cross-linked (grey) amah-cross-linked micelles (black) of

copolymersl [A], 2 [B] and3 [C] determined by DLS at an angle of 165° in watea concentration
of 1.5 mg/mL.

As illustrated in Figure 2, TEM images evidencespaerical morphology for all the

three different cross-linked micelles.
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Figure 2. TEM images of cross-linked micelles obtaineddopolymersl (a),2 (b) and3 (¢)

Cross-linking efficiency was then evidenced by add 10-fold excess of DMF to the
dialyzed systems. In these conditions, a complisgodiation was observed for the non cross-
linked micelles due to the solubilization of botlodks of the azido-copolymers by DMF. In
contrast, swollen nanogels are observed for the carss-linked micelles with an average

size ranging from 250 to 500 nm (Figure 3).
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Figure 3. Size distribution of cross-linked micelles in @maat a concentration of 1.5 mg/mL (grey) ;

after 10-fold dilution with DMF (black) for copolyens1 [A], 2 [B] and 3 [C].

In order to study the redox-reversibility of th@gs-linking induced by the presence of
the disulfide bridges, the behavior of the coresstlinked micelles was investigated in
presence of DTT as a reducing agent. As expectesignificant change of size was observed
upon DTT addition when the copolymer concentratiemains above the CMC (in the range
of 10° g/mL for PEOb-P(CLco-TMC) ?%, but the diffused light intensity measured by DLS
decreases significantly in diluted media below tG&C. Similar observations were
previously observed for PCL based core cross-linkicelles®’. Moreover, the addition of
DTT, working at high concentrations in DMF, provekihe nanogel destabilization even if
not completely, as indicated by the reduction @& thiffused intensity of about 3-folds. All
these observations demonstrate the success ofdbg-lnking and its reversibility whatever

the kind of investigated copolymers.
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Stealth properties of the cross-linked micelles

In order to evaluate the foreseen long-circulatprgperties of the cross-linked
micelles in the bloodstrearm vitro study of the complement activation by the croskdd
micelles was performed by the quantitative CH5® Z#&dndeed, after their administration in
the bloodstream, the immune system tries to remimveign bodies by opsonisation.
However, complement protein adsorption, the fitsfpsof this process, is expected to be
limited on PEO decorated nanocarriété®3® The complement consumption, i.e. the amount
of complement protein adsorbed on the nanocarueface, was quantified by the lytic
capacity of serum (amount of CH50 units) towardsbaaly-sensitized sheep erythrocytes
after exposure to the micelles. After centrifugatad the unbroken erythrocytes, the released
hemoglobin from the broken ones can be used a® dadycolorimetric titration. The CH50
unit is the concentration expressed by mL of seafirmomplement units able to cause 50%
haemolysis of a fixed volume of sheep red cellgpdfinental results are expressed as the
percentage of the CH50 units consumed as a funcfitdre micelle surface (Figure 4).

The three different types of core cross-linked ihéseexhibit a slow activation of the
complement. As expected, higher is surface areamact with proteins, higher is the CH50
consumption. The protein repellency is mainly goeerby the PEO corona, its rapid changes
of conformation preventing their adsorption. Soisitnot surprising that the different core
cross-linked micelles exhibit a similar behaviarcg they mainly differ by their hydrophobic
core rather than their hydrophilic PEO shell. Thastér complement activation for the
micelles of copolymer?) as compared to the micelles of copolymdrsand @) is mainly
explained by the higher size of these micelles.il@mnesults were previously observed for

the PCL based cross-linked micelfés
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Figure 4. Consumption of CH50 versus surface area of dinksd micelles of copolymerk (—<—),

2 (—e—) and3 (—=—)

Cytotoxicity

The biocompatibility of the different micelles wasaluatedn vitro by cytotoxicity
tests (MTT) using MEL-5 melanoma cells. Figures &d b show the percentage of survival
cells treated with 0.5 to 2 mg/mL of the three leiraf micelles after 24 and 48 hours of
incubation. All these cross-linked micelles sholew in vitro cytotoxicity at a concentration
of 0.5 mg/mL where more than 70% of survival celre still observed. The percentage of
survival cells fall down to 20% when higher coneatibns than 1.5 mg/mL were used. After
48 hours of incubation, the percentage of survbedls decreased to about 40% at the lower
concentration of 0.5 mg/mL except for the copoly@erhere still 70% of survival cells were
still observed. These cytotoxicity results are cample to other polymer micelles, which
beneficiate of PEO corona to reduce cytotoxic ééf@emd more particularly to the PCL-based

core cross-linked micelles previously described.
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Figure 5. Cell viability in the presence of cross-linkedcelles of copolymerg, 2 and3 in MEL-5

cell culture after&) 24 hours andg) 48 hours of incubation

The Figure 6 compares the viability of MEL-5 cdlisated with cross-linked and non

cross-linked micelles aftelAj 24 and B) 48 hours of incubation. The substitution of the

azide present in the micelle core does not incrédaseytotoxicity of the nanocarriers

linked by CuAAC.
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Figure 6. Cell viability in function of the concentratiori cross-linked and non cross-linked micelles

in MEL-5 cell culture afterA) 24 and B) 48 hours of incubation

-199-



Chapter VIl  Pegylated disulfide core cross-linkedmicelles based on poly(trimethylene carbonate) anélunctional

poly(e-caprolactone)

Micelle uptake

The in vitro micelle uptake was evaluated on MEL-5 cells abacentration of 0.5
mg/mL and 0.5 hours of incubation. For this purpddaorescein-labeled copolymers were
used to form micelles and Nile Red was encapsulatetthe hydrophobic core as model
molecule of a poorly water soluble drug. Thus, tise of an encapsulated dye and another
attached to the copolymer micelles would affordiggtinformation on the localization of the
release of the hypothetic drug encapsulated imiilcelles and micelles themselves.

The micelle uptake on MEL-5 cells was quantifiedfloprescence spectrometry. The
percentage of internalization was calculated frbm ftuorescence intensity of the cells after
incubation in presence of Fluorescein-labeled elioged micelles loaded with Nile Red. The
Figure 7 shows the percentage of internalizatioteraD.5 hours of incubation at a
concentration of 0.5 mg/mL. Comparative values webtained for the three kinds of
copolymer architecture. About 1% of internalizatiotas observed when detecting at the
Fluorescein emission wavelength. This low percemtaf internalization is typical for
pegylated systems without targeting moieties atntheelle surface presenting only neutral
hydrophilic block of poly(ethylene oxide). Signifint differences were observed when
measuring at the Nile Red emission wavelengthh&h tase, about 8% of internalization was
measured. That can be explained by internalizadiofree Nile Red independently of the
micelles showing that even if the micelles are stlaked, Nile Red can escape the micelles
and rapidly enter the cells. Compared to PCL basess-linked micelles previously studied,
larger amount of Nile Red seems to be prematurelgased from the PTMC cross-linked
micelles for the three different macromolecular hitectures as observed for the high
percentage of internalization recorded when meaguat the Nile Red emission wavelength.
Indeed, about 1 % of internalization was previoushserved for the PCL cross-linked
micelles at the Nile Red and Fluorescein emissiamelength excepted for the PECRCL-
b-poly(aNsCL) cross-linked system with about 3% of internaiiian 2. Cross-linked PTMC-

systems appear thus to retain less efficientlyNihe Red than the PCL systems.
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Figure 7. Micelle uptake by MEL-5 cells at a concentratafr©.5 mg/mL determined by fluorescent

spectroscopy after 0.5 hours of incubation.

Fluorescence spectroscopy would afford gettingrmédion on the localization of the
micelles and the dyes inside the cells and giviagty whether the micelles are at the surface
or are actually internalized. Fluorescence micrpgaattests the successful internalization of
the cross-linked micelles after limited concentatand time of incubation (Figure 8). The
red area are due to the fluorescence emissioneoNite Red, the green ones are that of
Fluorescein which labeled the copolymers while ted nuclei has been stained in blue.
Uniform distribution of the Nile Red is observedthre cytoplasm of the cells but not inside
the nuclei. This is also observed for Fluorescektept that the nuclei of the cells are also
marked by the Fluorescein. Green fluorescence ef ¢klls allows confirming the
internalization of the micelles and not of Nile Rewly. If free Nile Red can penetrate the
cells, this experiment clearly demonstrate thegares of micelle intracellularly. The uniform
repartition of the Nile Red in the cytoplasm as firesence of the Fluorescein labeled
copolymer in the nuclei may indicated that the rtide environment of the cytoplasm allows
the micelle dissociation by reduction of the digldfbridges which leads to the release of the

Nile Red. The dissociation of the micelles was atemfirmed by the presence of the
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Fluorescein-labeled copolymer in the nuclei indejgertly of the Nile Red. These results are
similar to those obtained with PCL based crossdihknicelles previously studied showing
low but clear cell internalization of these threegplated system&®. In case of PTMC,

however, no significant differences are observad/éen the three different copolymers.

Figure 8. Fluorescence microscopy images of B16 cells iatadh0.5 hours with cross-linked
micelles of copolymer$, 2 and3 at a concentration of 0.5 mg/mL. Hoechst stainfAgblue filter,

B: red filter andC: green filter) and the control (CTRL) incubatedhmiut micelles.
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4. Conclusions

In this study, novel reversibly core cross-linkettetles based on poly(trimethylene
carbonate) have been investigated as new smartdilugery systems. Stable and reversible
core cross-linked micelles were obtained by coppediated alkyne azide cycloaddition of a
disulfide bearing cross-linker with the azide greygesent in the micelle core. Well-defined
micelles were obtained and exhibited few interadiwith proteins due to the presence of the
PEO shell. Moreover, the three different kind oteflies designed present a low cytotoxicity
and are able to be internalized in tumor cells auththe presence of a targeting moiety. The
immiscibility of the PTMC and the BR3zcCL) allows to form core cross-linked micelles with
different properties in solution than more convemdl PCL based micelles. Indeed, the
stability of PTMC based-micelles seems to be lothan the one of PCL-based micelles of
comparable HLB, as demonstrated by the prematigase of Nile Red in the cellular-uptake
studies. This could be accounted for lack of clitisity of the micellar core in case of PTMC

copolymers.
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General conclusions and perspectives

General conclusions

Since few years, researches on the developmergvwfdnug delivery systems have a
growing interest. Indeed, the last knowledges ie thesign of new macromolecular
architectures but also their behaviors in the bbdye contributed to obtain systems with
better therapeutic effects and a diminution of widdle side effects. This thesis aims at
reporting the synthesis of new macromolecular &echires in order to stabilize PLA

nanoparticles or in order to form stabilized mieglby the core cross-linking (Scheme 1).

_ Chapitre |
@ BODOP
R0 | - Chapitre IlI
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Scheme 1Schematic illustration of new macromolecular @sgtiures

In order to reach stealthy nanopatrticles, all tasighed macromolecular architectures

are composed a hydrophilic block of poly(ethylem&le) (PEO) well known for its ability to
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repel proteins while the different hydrophobic Wscare combinations of polyesters as
poly(e-caprolactone) (PCL) or polg{chloro€-caprolactone) polgCleCL), of
polyphosphate, the poly(2-(but-3-en-1-yloxy)-1,3lxaphospholane 2-oxide) (PBODOP)
and of polycarbonate, the polytrimethylene carber{®TMC). These different hydrophobic
polymers have been chosen due to their abilityetddgraded in low acidic conditions and so,
to prevent an accumulation of polymers in the biddgpeated injections are required. The
functional polyCleCL) and PBODOP have been used in order to easilgtifonalize the
hydrophobic block and more particularly to crosdlthis one.

The syntheses of the different macromolecular ggchires described in the thesis are
summarized in this section as their micellizatioraqueous media. A major part of this work
was dedicated to the development of reversibly caves-linked micelles by the introduction
of disulfide bridges in the hydrophobic block. Thigicreasing stability, as their reversibility
in function of the redox environment, was invedkgh such as their long circulation
properties, their cytotoxicity and the cellular algg. The main results obtained are

summarized here after.

Synthesis of amphiphilic mikto-arm star-shaped cdypmers of PEO and PCL

Two different amphiphilic mikto-arm star-shaped clymers were synthesized by
controlled ring opening polymerization and composédwo arms of PCL (A) and one
(A2By1) or two (AB,) arms of PEO (B). Indeed, the polymerizationsafaprolactone was
initiated by two different diols functionalized lone and two alkyne functions to respectively
reach mono-alkyne-PCL (PCL-(alkyag)and bis-alkyne-PCL (PCL-(alkyng) The final
mikto-arm star-shaped copolymers (PEBPEO and (PCl}(PEO) were obtained by copper
mediated alkyne azide cycloaddition (CuAAC) witheaazido terminated-poly(ethylene
oxide). Expected molecular characteristics, narmwlecular weight distributions and

guantitative coupling reactions were accordingltaoted and summarized in the table 1.
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Synthesis of amphiphilic block copolymer of PEO aRB8ODOP

The amphiphilic block copolymer PE®PBODOP were synthesized by ring opening
polymerization of a new alkene bearing cyclic pblggphate monomer, the BODOP, from a
macroinitiator of monomethoxy poly(ethylene oxidéhis new monomer was synthesized by
the substitution of 2-chloro-1,3,2-dioxaphosphol@rexide by 3-buten-1-ol. Its well defined
synthesis allows to obtain controlled homopolymeith expected molecular characteristics
and narrow molecular weight distribution as sumaetiin the table 1. Nevertheless, a poor
control of the copolymerization was obtained frdra macro-initiator of PEO as presented on
the SEC profile. More investigations will be reeuarin the future to obtain a better control of

the copolymerization.

Synthesis of various block copolymer architecturesmposed of PEO, PCL, PTMC
and azido functional PCL

Three different block copolymer architectures cosgd of PEO, PCL and azido
functional PCL were obtained by ring opening polyzegion ofe-caprolactone and-chloro-
e-caprolactone from a macroinitiator of monomethgaly(ethylene oxide). While a block
copolymer composed of a hydrophilic block of PE@ arstatistic hydrophobic block of PCL
and P(CleCL), PEOb-poly(aCleCL-co-CL), was obtained when monomers are added at the
same time, triblock copolymers PH&PCL-b-poly(aCleCL) and PEQOs-poly(aCleCL)-b-
PCL were obtained when monomers are sequentialldechd Expected molecular
characteristics and narrow molecular weight distidns were obtained in presence of tin
based catalyst. Obtained copolymers are summainzadghle 1.

A quantitative substitution of the chloride fumcts by azide was performed under
mild conditions in presence of sodium azide prewmgnpossible degradation of the previous
synthesized copolymers.

The substitution of the PTMC for PCL allows obtag similar block copolymer

architectures with a same control of the macromdé@arameters as summarized in table 1.
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Table 1. Macromolecular characteristics of the differempalymer architectures, PDI, HLB and DLS data.

Polymers M, PEQ* M, PCL® M,PTMC® M, P(aCleCL)® M, PBODOFP PDI® HLB® D, (nm) un® Dy (nm) cros$
(PCLg)-(PEQg): 2100 2100 - - - 1.13 10 18.6 -
(PClLyo)2-(PEQs)2 2500 2400 - - - 1.16 10.2 18.4 -
(PCLyg)>-(PEQs)> 4200 2400 - - - 1.1912.7 19.9 -

PBODOR, - - - - 8900 115 - - -

MPEQ,,,+b-PBODOR, 5000 - - - 3200 1.37 12.2 100 90
MPEO,,+b-poly(eCL;s-co-aCleCL;) 5000 1500 - 600 - 1.1014.1 41 48
MPEO1,b-poly(eCLy-co-aCleCL;) 5000 1100 - 1000 - 1.1014.1 32 37
MPEOQ,1,b-PCLy-b-poly(aCleCL); 5000 1400 - 400 - 1.0514.7 30 36
MPEOQ,,+b-PCLy1-b-poly(aCleCL)s 5000 1300 - 900 - 1.1013.9 29 43
MPEQ,,4b- poly(@CleCL)s-b-PCL;, 5000 1400 - 700 - 1.0514.1 30 38
MPEO1,b- poly(@CleCL)s-b-PCLy; 5000 1100 - 800 - 1.1014.5 33 36
MPEO;,b-poly(@CleCL,-co-TMCg) 5000 - 900 600 - 1.0515.4 44 58

MPEOQ,1+b-PTMC,¢-b-poly(@CleCL)s 5000 - 1000 700 - 1.0514.9 57 74
MPEO,14b-poly(@CleCL)s-b-PTMCy, 5000 - 1000 900 - 1.1014.5 52 60

2 Experimental molar mass determined*ByNMR

® polydispersity index measured by SEC (PS calitmti
¢ Hydrophilic-Lypophilic Balance

4 Apparent hydrodynamic diameter determined by DLS
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Formation of stealthy nano-objects in aqueous sadurt

The new macromolecular architectures designed atbagy thesis are not able to
spontaneously self-assembly in water and requiteetbrstly dissolved in a common solvent
of the hydrophilic and hydrophobic blocks of thepdmphilic copolymers considered to allow
their dissolution.

Additionally to their micellization, and despite thie lack of functionalization of their
structure, amphiphilic mikto-arm star-shaped copwys based on PEO and PCL described in
that thesis are also able to stabilize PLA nanapest (Chapter I).

In order to increase the stability of the micefi@sned in solution, a specific attention
was paid to the cross-linking of the micelle cddeie to the presence of vinyl groups along
the hydrophobic block of the PERPBODOP amphiphilic block copolymers, a photo cross
linking of the micelle core was investigated undi&v irradiation (Chapter Ill). Another
strategy was investigated for the azido-functiarzgdolymers in order to reversibly cross-link
the micelle core by the addition of a cross-linkearing disulfide bridges which could be
reduced in a second time to destabilize the migelle specific condition of the cytoplasm

(Chapter V and VII).

Long-circulation properties, release profile, cytticity and cellular internalization

The evaluation of the long-circulation propertidstite cross-linked azido-PCL and
PTMC based copolymer micelles were investigatedhayin vitro CH50 test. Due to the
presence of a PEO shell, the core cross-linked llesceexhibited few interactions with
complement proteins making these micelles stealthy.

The ability of the core cross-linked PCL based fieseto be destabilized in reductive
environment was evaluated by the release of a pyblaic dye, the Nile Red. At high
concentration, micelles remain stables and limgt thlease of the dye while a rapid release
was observed at lower concentration (below the CM@@ to the destabilization of the
micelles after the de-cross-linking.

The low in vitro cytotoxicity of the PCL and PTMC based cross-lmhkmicelles

confirmed their ability to be safely used for biatiwal applications. Moreover, cellular
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uptake studies allow to confirm the possible indimation of the concerned cross-linked
micelles in cancer cells after their accumulatiosalid tumors by the EPR effect even if they

do not beneficiate of targeting moieties at thanface.

Perspectives

In addition to the results reported in this thessme improvements could be
mentioned, especially on the design of the revBrsibre-cross-linked micelles, in order to

reach better therapeutic activities. Some impompanspects are mentioned hereafter.

- A first study of tumor growth was performed on mineorder to study the ability of
reversibly core cross-linked micelles to passivilyget tumor and intracellularly
control the release of a drug. Paclitaxel, a nutoimhibitor used in cancer
chemotherapy, was encapsulated in the core of RSk cross-linked micelles and
were intravenously administrated in mice. Resulitaimed were compared to non
cross-linked Paclitaxel charged micelles and urgdgthrnon cross-linked micelles.
While no mice death was observed along the testaltize good biocompatibility of
the studied micelles, no diminution of the tumaresand no significant results were
observed due to the too low content of Paclitakerged in micelles which was lower
than the therapeutic dose. So, it would be intergsto increase the content of
Paclitaxel in the micelles by an increasing of tn@ecular weight of the hydrophobic
block of the cross-linked micelles.

- It was shown that the percentages of internalizexlies in tumor cells are quite low.
Indeed, the absence of targeting moieties is resplenof that observation. It would
be interesting to add a targeting moiety at thappery of the core cross-linked
micelles whose exposition would be pH-dependanerdlhy, a specific targeting of
tumor would be possible due to the lower pH in sherounding of the tumor. The
Scheme 2 describes the use of a hydrolysable liokea nanocarrier whose the

diminution of the pH allows the de-shielding of tlaegeting moieties at the surface of
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the nanocarrier while these ones are not exposetyaiological pH. Moreover, the
reduction of the disulfide bridges present in tloeecof the nanocarrier allows their
dissociation in the cytoplasm of the cell in orderrelease the encapsulated drug.
Experiments were carried out on the synthesis bloak copolymer of PE®-PCL
bearing an imine benzoic group as hydrolysableelinkt the interface of the
hydrophilic and hydrophobic blocks. However, thapalymer lacks of stability and
requires the synthesis of a second copolymer of -BIRCL bearing a functional
group at thex position in order to graft the targeting moiethid step is quite touchy

and requires protective and deprotective reactions.

pH decrease \—L\q’\»

« Hydrolysable linkage

® Dru
9 Tumor cell

% Targeting moiety
J Disulfide bridge

Scheme 2Schematic illustration of pH-sensitive disulfidere cross-linked micelles.

- According to internalization microscopy data, iese that the copolymer manage to
reach nuclei of tumor cells. It would be interegtto link a drug to the copolymer,

used as a prodrug, which could directly act inrtheleus. A mixed system combining
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an encapsulated drug and another one linked tedpelymer could be interesting to

obtain a double action, one in the cytoplasm arelinrthe nucleus.

* % %
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