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Abstract

Fully biodegradable and surface-functionalized (mlylactide) (PLA) nanoparticles have been prepared by
co-precipitation technique. Novel amphiphilic randoopolyesters P(CL-cpXCL) were synthesized by
controlled copolymerization afcaprolactone angtcaprolactone substituted in thgosition by a hydrophilic X
group, where X is either a cationic pyridiniupPyCL) or a non-ionic hydroxylyOHCL). Nanopatrticles were
prepared by co-precipitation of PLA with the P(GCh3XCL) copolyester from a DMSO solution. Small
amounts of cationic P(CL-cg?yCL) copolymers are needed to quantitatively fstable nanoparticlgga. 10
mg/100 mg PLA), although larger amounts of nonddP{CL-coyOHCL) copolymers are needexl@.5
mg/100 mg PLA). Copolymers with a low degree ofypeérization(ca. 40) are more efficient stabilizers,
probably because of faster migration towards thparticle-water interface. The nanoparticle diamnet
decreases with the polymer concentration in DMS@,feomca. 160 nm (16 mg/ml) tea. 100 nm (2 mg/ml)
for PLA/P(CL-coyPyCL) nanopatrticles. Migration of the P(CL-gKCL) copolyesters to the nanoparticle
surface was confirmed by measurement of the zeétmpal, i.e.ca. +65 mV for P(CL-coyPyCL) and -7 mV for
P(CL-co¥OHCL). The polyamphiphilic copolyesters stabilizeAPhanoparticles by electrostatic or steric
repulsions, depending on whether they are chargedto They also impart functionality and reactio the
surface, which opens up new opportunities for lalgehnd targeting purposes.

Key words: Nanopatrticles ; controlled ring-opening polymeiisat amphiphilic copolyesters ; surface
properties.

INTRODUCTION

Aliphatic poly(-hydroxy acid)s, such as polylactide, polyglycoligely(-caprolactone), and their copolymers,
are known for their unique combination of bioconilpiity, (bio)degradability, and good mechanicabperties,
making them extremely useful for the design of dileljvery systems, resorbable implants, and saidftdr
tissue engineering. However, the lack of reactitessalong the polymeric backbone is a severeditioih
whenever specific molecules have to be attachéaketehains, e.g. fluorescent probes, immuno-maykers
targeting moieties, bioadhesion promoters, etdest, aliphatic poly(-hydroxy acid)s are easily capped by a
functional group at one or both chain end(s), ddpenon the polymerization mechanism [1-3]. Becahse
content of the end-groups is directly dependerthermolecular weight, it is usually too small foamy
applications. Two approaches have been propostdkee this problem: chemical modification of prefed
polyesters and (co)polymerization of functional morers. The first strategy is illustrated by the aiiation of
poly(e-caprolactone) (PCL) in the-position of the ester carbonyl, followed by reantivith appropriate
electrophiles [4]. The control of this reactionhewever, very sensitive because of the occurrefice
transesterification reactions, which affect the esalar weight and polymolecularity of the chainseBecond
strategy is based on the copolymerization of |&ctiddzs-caprolactone with functionalized cyclic monomers,
e.g.N-(carbobenzoxy)-L-lysin&-carboxyanhydride [5], phenylmethyl 2-(6-methyl-2li®xo-3-morphonyl)
ethyl ether [6], and-caprolactone substituted by hydrophobic [7] orrepdhilic groups [8, 9]. Some of us have
reported on the controlled synthesis-@faprolactong-substituted by a protected hydroxyl [10-12], arbiae
[13, 14], and a protected carboxylic acid [15Laprolactone with an inner double bond [16] andhénacyclic
ketone [17] have also been synthesized. Theseifumattgroups can be further derivatized into ottesirable
groups by classical organic reactions [11-13, 1B-st8unctionale-caprolactones have been homopolymerized
and copolymerized with-caprolactone by a controlled coordination-insertisechanism initiated by aluminum
or tin alkoxides. The molecular weight is contrdlley the monomer/initiator molar ratio and the noalar
weight distribution is usually narrow. These new)fmlyesters have significantly increased the raofghermal
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and hydrolytic stability of neat PCL. Their biocoatibility is currently being evaluated.

The surface functionalization of colloidal drugmars is also a very important, although challeggissue.
Surface chemistry is one of the main parametetsrifiaences the way that nanoparticles are taleaaross
barriers or intracellularly [19-22]. Their bioadi@s and targeting also rely on the availabilitysefected
functions or molecules on the surface [23-25]. Agla, only a few studies have been devoted tadivalent
binding [26-28], rather than to the adsorption a@ieaules of interest, to aliphatic pakyfiydroxy acid)
nanoparticles.

The aim of this work was to synthesize novel ampifiprandom copolymers efCL and hydrophilic-
substituted:CL which are able to stabilize and functionalize slurface of polyj,L-lactide) (PLA) nanoparticles
prepared by a co-precipitation technique, i.e.dauidition of an aqueous phase to a solution of
PLA/amphiphilic copolymer in DMSO [28, 29]. The ahiphilic copolymer migrates towards the nanopagticl
water interface; the coalescence of the nanopestisiprevented by the barrier formed by the hyitmpunits;
and the hydrophobic segments contribute to theai of the copolymer to the PLA nanoparticlesaln
previous paper, poly(methylmethacrylate-co-methaceacid) copolymers were used, yielding negatively
charged nanopatrticles [28]. In this work, these-degradable polyamphiphiles have been replaced by
potentially biodegradable copolymerse@fL. Two types of hydrophilic substituents, whicle aelevant to drug
delivery, were investigated: cationic pyridiniunobride and non-ionic hydroxyl. Random copolymers of
various degrees of polymerization and contentsydfdphilic units were synthesized by controlledyrispening
polymerization initiated by aluminum alkoxide. Thebility to promote the formation of PLA nanopelgis of
different sizes and surface functionalization hasrbdemonstrated.

MATERIALSAND METHODS
Materials

e-Caprolactone (Aldrich) was dried over GafAldrich) and distilled under reduced pressureobeiise.
Aluminum triisopropoxide (Aldrich) was purified ljstillation under reduced pressure, dissolvedrin d
toluene, and the solution was titrated by compleatmynof Al with EDTA, as reported elsewhere [30bldene
(Lab-Scan) was dried over Caklind tetrahydrofuran (Lab-Scan) was dried overwsudn the presence of
benzophenone ; both were distilled under nitrogeforie use.

3-Chloroperoxybenzoic acid (mCPBA) (Aldrich), cyltexane-l,4-diol (Aldrich), sodium dichromate
(Na,Cr,0O;) (Aldrich), sulphuric acid (98%; Aldrich), chlomthylsilane (E4SiCl) (Aldrich), N-
methylmorpholine (NMM) (Aldrich), pyridine (Sigmad0% fluorhydric acid (Riedel de Haén), and pyridin
chlorochromate (PCC) (Janssen Chimica) were useecas/ed.

Heptane (Lab-Scan), dimethyl formamide (Aldrichigtdyl ether (Riedel de Haén), pentane (Lab-Scan),
acetonitrile (Aldrich), dichloromethane (Lab-Sca@pCkL (Cambridge Isotope Laboratories), and dimethyl
sulfoxide (Merck) were used as received. Joneserdagas prepared by careful addition of 98% suligharid
(33 ml) to a solution of sodium dichromate (0.15;38 g) in water (134 ml).

Poly(,L-lactide) from Boehringer-Ingelheim (R-206) was lgead by size exclusion chromatography (SEC) in
chloroform with a universal calibration curvd (= 48 000 and/,,/M, = 1.8).

Synthesis of P(CL-cgRyCL)

y-Bromo<-caprolactoneyBrCL) was synthesized from 7-oxabicyclo[2.2.1]hewgtdAldrich, 48% aqueous), as
reported elsewhere [14] (Scheme 1). It was copotiree withe-caprolactonesCL) (Scheme 2a) in a

previously flamed glass reactor under nitrogera tgpical copolymerization (copolymer A in Table 1)g of
yBrCL (5.2 x 10° mol) was dried by repeated azeotropic distillabémoluene and finally 5.2 ml afCL

(4.7 x 10? mol) was added and the solution was thermostat@&a 4.3 ml of an aluminum triisopropoxide
(AI(O'Pr); solution in anhydrous toluene (0.3 mol/l) was atid&ter 2 h, the polymerization was stopped by the
addition of an excess of 1 N HCI and the P(CLyBoEL) copolymer was recovered by precipitation ahdc
heptane and drieid vacuo(5.95 g; conversion: 99%). Four copolymers werdtssized, with a
monomer/initiator molar ratio of 40 and 150, anu@lar fraction ofyBrCL of 0.1 and 0.3, respectively (Table

1).

TheyBrCL repeating units were further modified by quateation of an excess of pyridine at 50°C for 4@.8]
(Scheme 2a). For instance, 1 g of P(CLyBo€L) (copolymer A) was dissolved in 10 ml of pyird and
thermostated at 50°C for 48 h. Pyridine was elitddainder vacuum and the P(CL-d@yCL) copolymer was
purified by repeated precipitation from tetrahydiraih (THF) into heptane. Residual pyridine was ilated by
dialysis of a copolymer solution in DMF against ditmylformamide/water mixtures of increasing coniat
water. After lyophilization, the P(CL-cgRyCL) copolymer was dried under vacuum until a tamtsweight was
obtained (1.045 g; yield: 100%).
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Scheme 1. Synthesis of-bromoe-caprolactone {BrCL) andy-triethylsilyloxye-caprolactone {Et;SiOCL),

where PCC, mCPBA, £8iCl and NMM stand for pyridinium cholorochromasechloroperoxybenzoic acid,

chlorotriethylsilane and N-methylmorpholine, resipesly.
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Scheme 2. Synthesis of P(CL-cgRyCL) and P(CL-cqOHCL) copolymers. Al(r); stands for aluminum

triisopropoxide.
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Table 1. Molecular characteristics of the P(CL-g&rCL) and P(CL-cosPyCL) copolymers

Ref. DPy® Fgn Mnm  P(CL-coyBrCL)
(mol%) (x 10°)

P(CL-coyPyCL)

FBr,NMR DPNMR Mn,NMR Mn,SEC Mw/Mn,SEC FPy,NMRC FBr,NMR DPNMR
(mol%) (x10%  (x 10% (mol%)  (mol%)
A 40 10 48 10 51 6.2 11.9 1.12 7 3 53
B 40 30 54 28 46 6.0 11.0 1.17 18 10 50
C 150 10 18.1 10 167 20.2 38.0 1.11 10 0 180
D 150 30 20.2 28 140 18.6 31.1 1.11 28 0 168

2 Theoretical degree of polymerization M]p/[1]o:
® Molar content of BrCL in the feed® Molar content of PyCL units in the copolymer.
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Synthesis of P(CL-cg®@HCL)

y-Triethylsilyloxy-e-caprolactoneyEt;SiOCL) was synthesized from cyclohexane-l,4-disldatailed elsewhere
[12] (Scheme 1). Briefly, 50 g of 4-hydroxy-cyclotamone (0.43 mol) was prepared by oxidation of
cyclohexane-l,4-diol by the Jones reagent (39 §a€r,0; in 20% HSQy) in acetone. 72 g of chloro-
triethylsilane (0.48 mol) was added dropwise tolaton of 36.5 g of 4-hydroxy-cyclohexanone (Oraal) and
49 g ofN-methylmorpholine (0.48 mol) in 400 ml of anhydradlUdF at room temperature. After reaction for 17
h, the solution was diluted by diethyl ether, fitd, washed with a saturated NaCl solution followgdvater,

and finally dried over sodium sulphate, filtereddavaporated under vacuum. 35.4 g of pure y-
triethylsilyloxy-cyclohexanone was recovered bytitligtion under vacuum (boiling point: 68°C at4thmHg;
yield: 50%). 172.6 g of 3-chloroperoxybenzoic @32 mol) was added to a solution of 35.4 g of
y-triethylsilyloxycyclohexanone (0.16 mol) in 350 ofldichloromethane. After reflux for 18 h, the toise was
cooled down to -20°C in order to precipitate theess ofm-chlorobenzoic acid, which was filtered away. After
evaporation under vacuum, the mixture was dissalvgentane and filtered again. The organic phaae w
washed several times with a saturated solutiomdiusn carbonate then with a saturated solutiona€Nand
finally dried over magnesium sulphate, filteredd ainied under vacuum. 25 g of pyfet;SiOCL was recovered
after distillation under vacuum (boiling point 12Dat 10° mmHg; 0.10 mol; yield: 64%).

In a typical copolymerization (Scheme 2b) (copolyigen Table 2), 50 ml of anhydrous toluene wasealid 1
ml of yEt;SiOCL (4.3 x 10 mol) and 4 ml o£CL (36.1 x 1¢° mol). 5.8 ml of Al(OPr); in anhydrous toluene
(1.0 x 10° mol) was added. After polymerization for 17 h &t°Z, an excess of 1 M HCI was added and the
P(CL-coyEt;SiOCL) copolymer was precipitated in cold heptane dried under vacuum. Eight copolymers
were synthesized; the initial molar fractiony&t;SiOCL was 0.1, 0.3, 0.5, 0.7, and 1; and the momtnitéator
molar ratio was 40 and 150, respectively (Table 2).

The triethylsilanolate groups were hydrolysed bgifofluoric acid (HF) in a water/acetonitrile sobuti (Scheme
2b). Typically, all the copolymers (Table 3) weisstlved in acetonitrile (1 wt%) and an aqueoussklgtion
(50%, 3.5 eq) was added dropwise. After stirringoaim temperature for 15-30 min, the mixture wastradized
by sodium bicarbonate, filtered, and dried undeuuan. The P(CL-cgOHCL) copolymer was dissolved in
toluene, dried over MgS@Qprecipitated in heptane, and dried under vacunrhe case of the copolymer G*
(Table 4), in order to prevent degradation fromusdag, the acidic hydrolysis was followed by fast
neutralization and dialysis of the THF polymer $ioln against THF/water mixtures of increasing cohtaf
water (SpectraPor 6-8000). It was finally recovdogdyophilization.

Table 2. Molecular characteristics of the P(CL-g&t;SiOCL) copolymers
Ref. DPa I:SCLb Mnthc I:SCL,NMRd DP I\/In,NMR Mn,SEC MW/Mn,SEC

theor (mol%) (x10%)  (mol%) (x10%  (x107)

E 40 10 5.1 9 49 6.1 12.0 1.18
F 40 30 6.2 21 45 6.5 11.3 1.15
G 40 50 7.2 44 40 6.8 12.4 1.14
H 40 70 8.2 72 36 7.6 11.5 1.10
| 40 100 9.8 100 44 107 11.4 1.12
J 150 10 19.1 9 158 19.8 33.5 1.09
K 150 30 23.0 28 140 21.0 31.0 1.12
L 150 50 26.9 46 133 23.1 26.1 1.13
“[M]o/[1]o.

P Molar content ofEt;SIOCL in the comonomer feed.
¢ Theoretical M.
4 Molar content ofEt;SIOCL in the copolymer.

Table 3. Molar content of theESIOCL repeating units (&) and average length of th€L (L.) and
yESIOCL (L) sequences in the P(CL-¢&1;SiOCL) copolymers

Ref. 'H-NMR “C-NMR?
DP FSCL (mOI%) LCL I—SCL FSCL (mOI%)
E 49 9 9.7 1.0 9
F 45 21 45 1.4 24
G 40 44 2.5 1.7 40
H 36 72 1.6 2.6 62

26 (ppm) for the oxymethylene carbon atom: 64.05 (QL);®4.15 (CL-SCL), 61.15 (SCL-SCL), and 61.05 (SCL).
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Table 4. Cleavage of the triethylsilyl protecting groupstioé P(CL-coyEt:SiOCL) copolymers by acidic
hydrolysis (3.5 eq HF in acetonitrile)

Ref. FscLnvr DPyi MM seé After acidic hydrolysis
(m0|%) (SEC) Reaction time '\/l\,\,/l\/|nys,|5(%J FOHCL,NMRb DPNMRb
(min) (mol%)

E 9 49 1.18 30 1.47 N/D N/D

F 21 45 1.15 30 1.19 19 43

G 44 40 1.14 20 2.30 N/D N/D
G*° 44 40 1.14 15 1.28 49 35

J 9 158 1.09 30 1.15 7 123

K¢ 28 140 1.12 30 1.29 23 132

L 46 133 1.13 30 2.30 N/D N/D

@ Before hydrolysis.
b After hydrolysis.
° Copolymers used for the preparation of nanoparid\/D = not determined (degrading conditions).

Poly(@,L-lactide)/P(CL-coyXCL) nanoparticles

Typically, 1 ml of a poly®,L -lactide) solution in DMSO (16 mg/ml) and 3.2 migPgCL-co¥XCL) dissolved in
different volumes of DMSO were mixed. Eight miliiks of a phosphate buffer (0.13 M, pH 7.4) wasdigp
added to the PLA/P(CL-cgPyCL) solution, followed by 8 ml of water. The sasgion of PLA/P(CL-cgXCL)
nanoparticles was dialysed against water for 2 ljiminate DMSO, and centrifuged at 3500 rpmgimove
any trace of residual solids including unstableiplas and precipitated polymer. The relative amain
copolymer was changed from 50 mg down to 2.5 mgfm@Q@LA in order to determine the minimum amount
required for the polymer precipitation to be quetive. The total polymer concentrations{€% in DMSO was
17.6 mg/ml for the PLA/P(CL-cpPyCL) pair and 16 mg/ml for the PLA/P(CL-¢®@HCL) one. The influence
of C:°R¢ on the nanoparticle size was investigated by @esimgCr°R° from 16 to 2 mg/ml, with 20 mg of
copolymer per 100 mg of PLA.

Characterization of the P(CL-cpXCL) copolymers

The actual composition of the P(CL-gBfCL) copolymers was calculated Hy-NMR in CDClL, from the
intensity of the signal for the methylene protamshiea-position of the carbonyl ester of th@rCL units

(2.6 ppm) and the signal for the methylene protafrthesCL units in they-position (1.4 ppm), as explained
elsewhere [13]. After quaternization of pyridinee ttonversion of thegBrCL units intoyPyCL was determined
by *H-NMR in DMF, from comparison of the signals foetmethyl protons in the-position of the pyridinium
bromide at 5.2 ppm and the methyl protons of tbprigpyl ester end-group at 4.9 ppm. The degree of
polymerization before and after quaternization wasulated from the signals for (i) the methynetpnoof the
isopropyl ester end-group at 4.9 ppm, (ii) the rylethe protons in the-position at 1.4 ppm for theCL units,
(iii) the methylene protons in theposition at 2.6 ppm for the@BrCL units, and (iv) the methyne proton in the
position of the pyridinium substituent at 5.2 ppon theyPyCL units.
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Figurel. *H-NMR spectrum of P(CL-cgEt;SiOCL) (copolymer G in Table 2, withd = 44 mol% and DP =
40) recorded in CDGlat 400 MHz.
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The molecular weight and composition of P(CLs&1;SiOCL) copolymers were determined ¥+NMR in
CDCl; (Fig. 1).M,, was calculated from the relative intensity of signals of the methyne proton of the
isopropyl ester end-group (&= 5.0 ppm), the methylene protons in fheosition of the ester carbonyl in the
eCL repeating units (¢} = 1.4 ppm), and the methyl protons of the ethyl griouEt;SiOCL repeating units (n,
0 = 0.95 ppm), according to the following equation :

In Ic 1
My=[|—x2244+4+ — x 114.0 —_ 1
(9 X > X ) X A (1)

The molar fraction ofEt;SIOCL (Fsc) was calculated from the relative intensity of thethyl protons of the
ethyl group inyEt;SiOCL (n,d = 0.95 ppm) and that of the methylene protons irytpesition of the ester
carbonyl ineCL (¢, = 1.4 ppm).

Size exclusion chromatography (SEC) was performefHF at 40°C using a Hewlett-Packard 1090 liquid
chromatograph fitted with a Hewlett-Packard 103@#&active index detector and four Hewlett-Packalcyel
5u columns (18 1¢%, 1%, and 16 A). 'H-NMR and**C-NMR spectra were recorded in CR@F DMF with a
Bruker 400 MHz spectrometer. Differential scanniadprimetry was carried out with a TA Instrumertaa
heating rate of 10°C/min.

Characterization of the P(CL-cpXCL)/PLA nanoparticles

Dynamic light scattering (DLS) was carried out witlBrookhaven instrument (Ar laser, 488 nm) fittgth a
photon correlation spectrometer. The concentraifidthe nanoparticle suspension in filtered deiotiiaater
was 200ug/ml. The size distribution was calculated by tH@NO'IN method and data from at least five
measurements were averaged for each suspensiomefthpotential of the nanoparticles suspendedin n
buffered saline (0.09% NacCl) at a polymer conceiutneof ca. 1 mg/ml was measured by Doppler
electrophoretic light scattering (Coulter Delsa 4X) at angles of 25.6° and 35.2°.

RESULTSAND DISCUSSION
P(CL-co4PyCL) copolymers

The synthesis ofBrCL (Scheme 1), the living copolymerizationy@rCL andeCL (Scheme 2a), and
guaternization of the bromide units (Scheme 2aghmeen detailed elsewhere [13, 14]. P(CLy#eyCL)
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copolymers that contain two molar fractions of @aitt yPyCL units (0.1 and 0.3) were prepared with two
degrees of polymerization (i.e. monomer/initiatarlan ratios of 40 and 150) (Table 1). It was prewsiy
reported that the copolymerizationg@L with y-substituted:-caprolactone is controlled when initiated by
Al(O'Pr); at 25 °C or lower. The theoretical degree of payization (DP) is then determined by the monomer
to initiator ((M]o/[1]0) molar ratio corrected for the conversion of tbenonomers.

Table 1 shows thadl,, secis ca. two times higher thaM, ywrwhich is not surprising because the SEC columns
were calibrated by polystyrene standards. In a@ure with previous data, the molecular weight ifistion is
narrow, in agreement with a controlled copolymera The random distribution of the comonomer simiis
previously established BYC-NMR. Finally, P(CL-coyBrCL) was quaternized at room temperature with
pyridine, without any significant change in the digof polymerization as measured'ByNMR. When
guaternized copolyesters of higher molecular we{@hand D) are repeatedly precipitated, loss oftimtest
chains could account for a higher apparent dedrpelpmerization.

P(CL-co¥OHCL) copolymers

Non-ionic block polyamphiphiles, such as PLA-b-gethylene oxide), have also been found to stabifiza
nanoparticles prepared by co-precipitation, althoaidnigher copolymer content was required compastid
charged polyamphiphile s [31]. In this work, noweh-ionic polyamphiphiles were synthesized, which a
random copolymers afCL andy-hydroxyl e-caprolactoneyOHCL).

The ring-opening copolymerization &L with protectedOHCL has been previously investigated in this
laboratory, the hydroxyl group being protected lilyex an acetal group-ethylene ketat-caprolactone,
TOSUO) or a triethylsilyloxy group/Et;SiIOCL) (Scheme 2b) [12]. Only copolymers with a Imalar fraction
of yEtz;SIOCL and TOSUO (0.05) were prepared, howevemhigwork, copolymers with higheEt;SiOCL
contents (from 10 to 70 mol%) and a higher degfgmlymerization (40 and 150) were synthesized by
controlled ring-opening polymerization initiated B}(O'Pr); at 20°C (Table 2). The theoretical molecular
weight was calculated by the equation

CL Et;Si10 - CL
th_ [81]0 ><114+D/ 31i lo
[AI(O'Pr)s3]o [AI(O'Pr)3]o

x 244, 2

on the basis that the comonomer conversion is sdteally close to 100%.

Consistent with controlled polymerization mediabgdaluminum isopropoxide, the experimental molecula
weight and theEt;SiOCL molar fraction are in good agreement withékpected values (Table 2) and the
molecular weight distribution was narrot(/M, < 1.2). The resonances of the proton atoms of thgragy!
ester end-group (1.4 and 5 ppm) and the-OH end-group (j, 3.65 ppm) BiH-NMR (Fig. 1) are consistent
with the accepted coordination-insertion mecharasich selective cleavage of the acyl-oxygen bonti@ticlic
ester.

The sequences formed by the comonomers were addlyséC-NMR, particularly in the 172-174 ppm range
for the carbonyl carbon atom and in the 61-64 pange for the oxymethylene carbon atom. One singged p
was observed for the homopolymers, which correspémthomodiads ofCL (CL-CL) andyEt;SiOCL (SCL-
SCL) (Fig. 2a and 2c for the oxymethylene carbames). In contrast, double resonance peaks were\auséor
the copolymers in the two regions. The additiorekpresults from a shift of the resonance whercénbon
atom is part of CL-SCL and SCL-CL heterodiads (Rig). The average length of theL andyEt;SIOCL
sequenced ¢, andLg,, respectively) was calculated in the oxymethylerggare [equations (3) and (4)], as
described elsewhere for the P(CL-co-TOSUO) copotgrfi0].

Iop —

Lep = ——— +1, 3)
CL—SCL
Iscr —scr.

Lyep = ——— +1, @
Iscr—c1.

wherel|; is the intensity of the signal for the oxymethyerarbon in thé-J diad.Lc, andLg., for the
copolymers E to G of lower DP are reported in Tébl&he molar content of th&t;SiOCL units was
calculated from_c, andLg,, according to the equation:

Lscr

—_— )
Lgcr, + Lo

Fser =
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Figure2. **C-NMR spectra expanded in the resonance regioheobkxymethylene groups of PCL (a), P(CL-
coEt;SIOCL) (copolymer G in Table 2) (b) and/BSIOCL) (c), recorded in CDég
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Good agreement was found with the data calculated fhe'H-NMR spectra, which supports the randomness
of the copolymers.

The thermal behaviour of PCL, P(CL-¢B%SIiOCL), and PEtSIOCL) was analysed by scanning differential
analysis (Fig. 3a). As expected, homo-PCL showgl&ss transition temperaturg,) at -60°C and a melting
temperatureT,) at 60°C. Homopolymer PE{;SIOCL) was completely amorphous, witffgat -50°C, a value
slightly higher than th&, of PCL. The copolymers that contained less tt&25 mol% ofyEt;SiOCL units
remained semi-crystalline (E and F), with decreasing with increasifgc (Fig. 3b). Copolymers of higher
FscL were amorphous anig increased slightly with increasigc (Fig. 3b).

The protecting triethylsilyl group of the hydroxynctions was cleaved by acidic hydrolysis (Sch&ime In our
previous study, this hydrolysis reaction was cdroat quantitatively with trifluoroacetic acid (16 TFA with
respect to the triethylsilyl groups, added to a M#Eer polymer solution) without chain degradatjba].
However, when the copolymerXd € 9 mol%, DP = 150) was treated under the same dondjtthe cleavage of
the triethylsilyl groups was quantitative, but ttepolymer was degraded after 15 min. HydrolysisiwCl (10
eq in THF) and n-butyl ammonium fluoride (2 eq iHH) was also accompanied by rapid degradation, egser
acetic acid (successfully used for the hydroly$ithe t-butyldimethylsilyl protecting group [9]) @vented the
copolymer from degrading but failed to cleave tiiethylsilyl groups after 20 h (10 eq in THF). Only
fluorhydric acid (HF, 3 eq in acetonitrile) was @l deprotect the copolymer without degradatioer&0 min.
As reported in Table 4, this method is effectivéoag as theEt;SIOCL content is low (i.e. copolymers F, J,
and K, withFsc = 21, 9 and 28 mol%, respectively), except foratpmer E Fsc. = 9 mol%), which is
degraded. Th&H-NMR spectrum of a completely hydrolysed copolyrtris consistent with the total cleavage
of the E§Si protecting groups (no signal at 0.59 and 0.9#%)pd he signal at 4.34 ppm is characteristic of the
methyne proton (h) in the-position of the released hydroxyl group (Fig. 4&)e DP and polymolecularity of
copolymer F after hydrolysis (DP = 43 alg/M,, = 1.15) are close to the values for the silylatectprsor (DP
=45 and\,,/M,, = 1.19), which confirms limited chain degradationrauify.
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Figure 3. (a) Differential scanning calorimetry of PCL andd®.-co<Et;SiOCL) (copolymers E-I in Table 2),
recorded at a heating rate of 20°C/min (first ruf)) Melting and glass transition temperatures R§CL-co-
yESIiOCL) copolymers of various contentgt;SIOCL units (k.)-
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Figure 4. '"H-NMR spectra of the P(CL-c@®HCL) copolymer G* (Table 4) before (a) and afte) (
acidification, recorded in CDGlat 400 MHz.
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In contrast, copolymers with a highéft;SIOCL content (copolymers G and L wic. = 50 and 46 mol%) are
rapidly degraded, more likely as a result of intodgnular transesterification of an internal esteug by the
hydroxyl released in thgposition and the formation of a five-membered bofgctone (Scheme 3). The same
rearrangement was previously reported for monomehipdroxye-caprolactone, with the formation of 3-(2-
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hydroxyethyl)y-butyrolactone [9]. When only a fe®©H groups are released, this transesterificatiantien is
slow enough for the unaltered polyester to be remx. However, at a higloH content, the probability that
chain scissions occur is high enough for chain afgafion to be detected Biy-NMR and FTIR. Indeed, thid-
NMR spectrum of these desilylated copolymers shadditional signals at 4.54 and 2.49 ppm, comparigd w
the deprotected copolymers of a lowEt;SIOCL content. The multiplet at 4.54 ppm can belatted to the
methyne proton (h') of the butyrolactone ring dmeltriplet at 2.49 ppm can be assigned to two nhetiey
protons in thex-position of the ester carbonyl (f) (Fig. 4b). Cistently, the intensity of these signals, which is
low for the desilylated copolymer G* (Table 4), ieases upon further acidification (Fig. 4a and 4bg FTIR
spectrum of the acidified copolymer G* shows anitimiual absorption at 1772 ¢hmwhich is characteristic of
the butyrolactone carbonyl group, in agreement wichintramolecular rearrangement (Fig. 5a). Intiemt,
vibration of the carbonyl ester of the chains iserved at 1724 cinbefore the acidification of G* and no
absorption is visible at 1772 ¢h{Fig. 5b).

Scheme 3. Scission of P(CL-cp©OHCL) chains by intramolecular rearrangement of ##HCL monomeric
unit.
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Figure5. FTIR spectra of the P(CL-c@®®HCL) copolymer G* (Table 4) after (a) and befodification (b).
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A way to restrict chain scission after deprotectibthe hydroxyl groups is to eliminate rapidly tecess of
acid by neutralization, or by dialysis against Thi&ter mixtures of increasing water content. Disdysas
successfully tested in the case of copolymer G @&fin Table 4), as assessed by the limited cHaijradation
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(Mw/M,, = 1.28 instead of 1.14) at complete deprotection.rbllydis by pyridine - HF, a precursor of anhydrous
HF [32], is not effective. Indeed, only 66% of thiethylsilyl groups of copolymer G were cleaveteaf30 min
and degradation occurred to some extent, as cogdiitmy a higher polymolecularity(,/M,, = 1.46).

After deprotection, P(CL-cgOHCL) copolymers are semi-crystalline, whateverdelCL content. Compared
with the amorphous silylated copolymer G (Fig. 3¢ T, of the deprotected copolymer G* is higher (-31%C v
-59°C, respectively) and a melting temperaturebseoved at +56°C, close to tiig of PCL (Fig. 6).

Figure6. Differential scanning calorimetry of the P(Ch-gOHCL) copolymer G* (Table 4) recorded at a
heating rate of 20°C/min (first run).
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-90 -80 -70 -60 -50 -40 -30 -20
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Preparation of PLA nanoparticles by co-precipitatiovith P(CL-coyXCL)

As previously reported, co-precipitation of pay(-lactide) with small amounts of random amphiphilic
copolymers of methyl methacrylate (MMA) and metlyéicracid (MA), P(MMA-co-MA), yielded stable sub-
200 nm nanoparticles [28]. Addition of 10 mg of IM-co-MA) per 100 mg PLA was required to observe th
complete conversion of PLA into stable nanoparsi¢laitial polymer concentration = 17.5 mg/ml in [3®).
The conversion was partial for more concentratdgrper solutions. In this work, non-degradable metikic
copolymers were replaced by PCL partly substitig@yridinium and hydroxyl groups, respectivelytiwihe
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purpose of making degradable colloidal carrierslaloke.

Amount of P(CL-cgXCL) required for the formation of stable PLA naadjtles

The weight ratio [P(CL-cgXCL)]/[PLA] was varied in order to determine the allest amount of P(CL-co-
yXCL) required for the formation of nanoparticleey®nd a key value, the yield is quantitative areghrticle
size remains unchanged, while keeping constartbtaépolymer concentration in the organic phasatiddic
P(CL-coyPyCL) copolymers are able to stabilize PLA nandplad, even when thd?yCL content is as low as
7 mol%. This observation is consistent with theezkpents conducted with statistical copolymers éflMand
MA, P(MMA-co-MA), which were effective stabilizesshenever the content of the hydrophilic MA unitsswa
higher than 5 mol%. Table 5 shows that the smadlesiunt of P(CL-coPyCL) required to convert
guantitatively PLA into stable nanoparticles depead both thePyCL contentX) and the copolymer DP. For
a DP ofca.50, 10 mg of copolymer A per 100 mg of PLA is nebdmmpared to a two-fold smaller amount (5
mg/100 mg PLA) of copolymer B that contains 2.5¢ttmore hydrophilic units (18 mol%). It happeng tha
number of hydrophilic units per 100 mg PLA is quiks same in the two experiments.(6 x 10° mol). This
amount is higher in the case of chains of higher@olymers C and D), i.e. more than®iol/100 mg PLA.
One possible explanation is that longer copolynhairts face more problems in migrating towards the
nanoparticle surface upon fast polymer precipitati® larger initial amount of ionic groups is thfme needed
to prevent nanoparticles from coalescing. It meshbted that the mean diameter of the nanoparfictesed
with the minimum amount of copolymer is independgfithe copolymer DP and the pyridinium content
(copolymers A to D). As a rule, the ideal copolyrt is a compromise between two opposite tenderiodes
the faster migration of shorter chains to the nantigie surface and the more efficient anchoraderger
chains to the PLA matrix.

Table 5. Amount of P(CL-coXCL) required for the complete conversion of PL# istable nanoparticles (in
mg and mol per 100 mg PLA). Average diameter atalpmtential of the nanoparticles

yXCL Ref.  Fy DP C."¢  P(CL-coyXCL) yXCL Mean Zeta
(mol%) (mg/ml)  (mg/l00Omg PLA) (10° mol/ 100 diamete? potential
mg PLA) (nm) (mV)
JPYCL A 7 53 17.6 10 6 156 £ 16  +61 (+10F
B 18 50 17.6 5 7 176 +9  +66 (+10§
C 10 180 17.6 10 8 172+13 N/D
D 28 168 16.8 5 10 160+14 N/D
yOHCL F 19 43 16.0 20 28 184+11 -7 (x3f
G* 49 35 16.0 12,5 28 213 +22 -8 (x3f
J 7 123 16.0 50 29 N/D N/D
K 23 132 16.0 20 33 N/D N/D

@ Measured by DLS with the CONTIN calculation metl{®@ measurements).
® 10 mg copolymer/100 mg PLA.
€20 mg copolymer/100 mg PLA.

Non-ionic P(CL-coyOHCL) copolymers are less effective stabilizer®bA nanoparticles than charged P(CL-
co-PyCL) chains, consistent with the lower efficierudya steric barrier compared with an electrostatie
(Table 5). Indeed, at least 20 mg of copolymer fedaiired to precipitate quantitatively 100 mg AP

although only 5 mg of copolymer B of similar DP arahtent of hydrophilic units is needed. The malarount
of yOHCL repeating units required to stabilize the Piakoparticles is much higher, at least 28 X &l per
100 mg PLAca.four times more than the pyridinium units. The ORh& non-ionic chains plays a minor role,
because at least 28 x"ifol of hydroxyl group per 100 mg of PLA is neededa short copolymer (copolymer
F, DP = 43), compared with 33 x 1ol for longer chains (copolymer K, DP = 132).

When prepared with the minimum amount of P(CLy@34CL) of lowyOHCL content (F, J and K) and a
polymer concentration of 16 mg/ml DMSO, the PLA oparticles do not remain dispersed after dialygesrest
an electrolyte solution, even one of low conceidrate.g. 0.09% NaCl). This instability is, howeyvevercome
by increasing the relative amount of copolymer #racontent of the hydrophilic units. For instare@,mg
instead of 12.5 mg of copolymer G* per 100 mg ofRlllows the PLA suspension to withstand an eldyteo
concentration of 0.9% while keeping the size disttion unchanged.

It appears that at comparablg®C®, the nanoparticle diameter tends to increase \stailized by P(CL-co-
yOHCL) rather than by P(CL-cgRyCL). Either copolymers bearing hydroxyl groupgrate more slowly
towards the nanoparticle surface when the co-pitatign is triggered, or the steric barrier formwmdthe
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hydroxyl groups is less effective against coalesedghan the cationic electrostatic barrier. Thdigarsize
distribution is comparable whatever the copolynsadi

A difference in the solvency properties of DMSO &ds PLA and the copolymers might have an effedhen
nanoparticle formation and stabilization. Indeet$D is a good solvent for PLA, a non-solvent folP&nd
the solubility of the copolymers increases with ¢tbatent of the hydrophilic units. Nevertheless, tbnversion
of PLA into nanoparticles and the particle sizelzasically independent of the copolymer composjtamn
emphasized by the series of cationic copolymers.

Finally, the zeta potential of the nanoparticles waeasured in 0.09% NaCl (Table 5) in order to iconthe
surface functionalization. The zeta potential isifpee for the nanoparticles stabilized by P(CL3y€/CL)
(ca.+65 £ 10 mV) and is slightly negatived.-7.5 + 3 mV) when P(CL-cpOHCL) is the stabilizer. This is
strong evidence for the preferential localizatiémhe pyridinium and hydroxyl groups at the nanoighe
surface. In a previous study on the stabilizatibRIoA nanoparticles by anionic P(MMA-co-MA) copolyrs,
the zeta potential was negativa(-60 mV) and remained basically unchanged when dpelgmer amount was
increased, which suggested that there is a critieasity of hydrophilic units at the surface of tweprecipitated
nanoparticles. The functional groups availablehmndurface can be used for binding purposes. Fmple,
anionic (macro)molecules can associate to nanafestbearing cationic pyridinium groups by ionic
interactions. Hydroxyl groups or organic functiatesivatized therefrom are potential binding sit@sdrugs,
markers, and targeting moieties.

Figure 7. Influence of the total polymer concentratiorp)@ the organic phase on the size distributiofPbA
nanoparticles prepared with (a) P(CL-co-yPyCL) clypeer B @,0) and (b) P(CL-co:OHCL) copolymer F
(m,0) and G (A ,A). Solid symbols stand for the average diametedseanpty symbols stand for the lower
diameters (N = 10 measurements, CONTIN calculatiethod).
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Influence of the polymer concentration in the origgrhase on the nanoparticle size

The influence of the total polymer concentratioiMSO on the nanoparticle size was investigated for
copolymers with a low DP, i.e. the cationic copo&ymB and the non-ionic copolymers F and G*. The
nanoparticle diameter decreased, although not dieadig, with the polymer concentration in the ongaphase,
at least until a lower concentration limit, beyomkiich the dispersion became unstable (Fig. 7).ifiance, the
mean diameter of the nanoparticles stabilized byctttionic copolymer B is 158 + 6 nm@G{"¢ = 12 mg/m
and 102 + 4 nm &:°"® = 2 mg/ml. Nevertheless, the drop in particle szeore important when the
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concentration of the non-ionic copolymer F is chethgithin the same limits, i.e. from 177 £ 5 nm dote 71 +
4 nm. The size distribution of the collected namtples was estimated from the difference betwéennean
and the lower diameter measured by the CONTIN neb(Ra@. 7). The polydispersity of the two series of
nanoparticles is comparable whenever they are prd@CoC<C = 16 mg/ml. Dilution of the native solution
results in nanoparticles of a higher polydispergiben they are stabilized by P(CL-gByCL) rather than by
P(CL-co¥OHCL). This is thought to reflect the differencetlie stabilization mechanism, i.e. electrostatic

repulsions vs. steric barrier against coalescence.
CONCLUSIONS

Potentially biodegradable sub-200 nm nanopartictes been prepared by the co-precipitation of Plith w
novel amphiphilic copolyesters from DMSO. Two ssrid random copolyesters gtaprolactone ane
caprolactone-substituted by a bromideRBrCL) and a triethylsilyloxy groupyOHCL), respectively, were
synthesized by ring-opening copolymerization ingthby aluminum triisopropoxide. These copolyesiesse
endowed with amphiphilicity by quaternization ofrjgne by theyBrCL co-units and the acidic hydrolysis of
theyEt;SIOCL co-units, respectively.

PLA is quantitatively converted into stable nandiglas by co-precipitation with relatively small aomts of the
cationic P(CL-coPyCL) copolymers<10 mg/ 100 mg PLA) of a low content of pyridiniumoimide. Much
larger amounts of the non-ionic P(CL-g0HCL) copolymers with similar DP and compositiagi2Q mg/100
mg) are needed however, which makes copolymershigtier contents gfOHCL units more attractive. For
this purpose, the acid cleavage of the triethyligitpups has required optimization for being coriddavithout
significant chain degradation. Indeed, the occureesf chain scission and intramolecular rearrangenvih
the formation of a butyrolactone end-group is agdrtant as theEt;SiOCL content is high. P(CL-cg®@HCL)
copolymers with a hydroxyl content as high as 4®mwaere accordingly prepared. The zeta potentighef
PLA nanoparticles agrees qualitatively with thef@rential location of the pyridinium and hydroxybogips at
the surface. Indeed, this potential is positivéhi]case of stabilization by pyridinium-containieapolyesters
and close to zero when the hydroxyl groups arédnfaeophilic moieties. This surface reactivity camndxploited
further to bind molecules of interest to the paes¢csuch as tracers and targeting molecules, whseally
retaining (bio)degradability. Indeed, only a lowntent of polyamphiphiles has to be used to modié/gurface
of the particles, whose bulk properties are unniedif
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