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ABSTRACT

This work focused on the preparation and the agaisolution properties of hybrid polymeric micelles
consisting of a hydrophobic poly¢aprolactone) (PCL) core and a mixed shell of bptiilic poly(ethylene
oxide) (PEO) and pH-sensitive poly(2-vinylpyridin®2VP). The hybrid micelles were successfully prep by
the rapid addition of acidic water to a binary sl of PCls,-b-PEQ, 14 and PCl,-&-P2VPs,diblock
copolymers irN,N-dimethylformamide. These micelles were pH-respansis result of the pH-dependent
ionization of the P2VP block. The impact of pH be self-assembly of the binary mixture of diblockés on
the composition, shape, size and surface propetit®e micelles-was studied by a variety of expental
techniques, i.e., dynamic and static light scattgriransmission electron microscopy, Zeta potentia
fluorescence spectroscopy and complement hemd&gtiest.
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1. INTRODUCTION

The unique capability of amphiphilic block copolyrs¢o self-assemble in aqueous media, provide thigim
great potential in fields that require the avaliapbdf "intelligent," e.g., stimuli-responsive, nglles. Whenever
water (or an organic solvent) is selective towands of the constitutive block, the copolymer chaias
reversibly assemble into micellar aggregates, thvalent bonding of the blocks preventing macrophase
separation from occurring. The more common morpiplaf polymeric micelles are core-shell structured
nanospheres with an aggregated core surroundestanitized by a solvated shell [1,2]. The attenfiaid to
the micellization of amphiphilic block copolymessjustified by their potential use as emulsifielstergents,
paints and drug delivery systems [3-8].

In order to increase the range of the availablgmetic micelles and their properties, ABC triblaekpolymers
and mixtures of AB + BC diblock copolymers weredséd recently. Whenever the B block is the insadutnhe,
micelles with a mixed shell, thus consisting of ttypes of coronal blocks, A and C, are formedh#se blocks
are miscible in water, the hybrid micelles are omif, otherwise the shell is compartmentalized [P,Ibe
immiscibility of the A and C blocks is of coursetdmental to the micelle stability, and worse, dincprevent
hybrid micelles from being formed from a mixtureAB and BC diblocks. This problem of hybridizatioas
addressed by Munk et al. [11], who studied the Hitation of polystyrends-poly(methacrylic acid) (P$-
PMA) diblocks mixed with PMAB-PSh-PMA triblock copolymers. Hybridization can occurlp when the
transfer of unimers between the two types of mései$ possible. It is the reason why the diblocitiblock
copolymers were dissolved in a dioxane (80 vol%éwanixture for 48 h, i.e. in a good solvent for Rind a
mild solvent for PS. The PS core of the individuatelles was thus solvated and allowed for micellar
redistribution. It is only after mixing of the twapulations of micelles and dialysis against beffewater that
the hybrid micelles were kinetically frozen in. Ehdzka et al. [12-14] also prepared hybrid micedismtems
with a polystyrene (PS) core and a mixed shellidARand poly(ethylene oxide) (PEO) blocks. These two
blocks are water soluble and fairly compatible viiiimation of interpolymer complexes at low pH.

Whenever the hydrophobic block of amphiphilic bl@dpolymers is of a low glass transition tempemgtur
unimer exchanges can lead to mixed micelles diréctivater. Laschewsky et al. [15] prepared hylonidelles

in water by mixing micellar solutions of two poly(yl acrylate)b-poly(dimethylacrylamide) copolymers, PBA-
b-PDMA, of different molecular weight. The key poistthat the insoluble PBA block has a low glasssition
temperatureT, ~ -55°C), which makes the micelles dynamic. Theyp ahixed micellar solutions of PBB-
PDMA and PBAb-poly(3-acrylamidopropyltrimethylammonium chloridé&ggregates with a monomodal size
distribution were formed upon mixing in each tygerixture, indicating that mixed micelles were farth
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Hybrid micelles of a mixture of di- and triblock polymers were investigated by Gan et al. [16]. Ralyyl
acrylate), PEA, was chosen as the hydrophobic todisistent with a low, (T, ~ -24°C). These authors
investigated the micellization of binary mixturdsREOH-PEA and PEA-PEObH-PEA in water. They
concluded to the incorporation of the diblock clsairto the rosette micelles formed by the tribloE&etanov et
al. [17] prepared polymeric micelles with a mixed®poly(2-hydroxyethyl methacrylate) (PHEMA) sheiid
a thermosensitive low Tg (~ -70°C) poly(propylemxéde), PPO, core, by mixing PERPPOb-PEO and
PHEMA-b-PPOb-PHEMA triblock copolymers in water.

Scheme 1.
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A few examples of three-component mixed micellesnfed by one type of ABC triblock copolymers rattigan

by a mixture of AB and BC diblock copolymers weeported by Patrickios et al. [18-20]. They studiss
micellization of poly(2-(dimethylamino)ethyl methatate)-b-poly(methyl methacrylately-poly(methacrylic

acid), PDMAEMADb-PMMA-b-PMAA, polyampholites in relation to pH. In conttdas PMMA which is
hydrophobic, PDMAEMA and PMAA are hydrophilic armhizable. Expectedly, a PMMA core was surrounded
by a binary shell of PDMAEMA and PMAA chains. Theaghors also investigated how PDMAEMA-
PMMA-b-poly(hexa(ethylene glycol)methacrylate) tribloapolymers behave in water, the third PHEGMA
block being a nonionic hydrophilic polymer [21].nfiust be noted that a linear triblock copolymethwhree
different constitutive blocks may exist as thregalogical isomers (ABC, ACB and BAC), which haseep

effect on the self-assembly in selective solveRf].[

The purpose of this paper is to report on the pedjman of pH-sensitive, stealthy and biodegradalyterid

micelles in a straightforward way, i.e., merelyrbixing two diblock copolymers. Then, the pH depertde
micellization of mixtures of PCl-b-PEQ 14,and PCL-b-P2VR,, diblock copolymers is herein discussed. A few
years ago, some of us reported the synthesis ofREEO [23] and the preparation of nanocarriers fhene
[24-26]. In order to impart pH-responsiveness &sthmicelles, a PCh-P2VP copolymer was synthesized and
hybrid micellization was investigated.

2. EXPERIMENTAL
2.1. Materials

Ethylene oxide was purchased from Messer. Styr@@%( Aldrich),e-caprolactone (99%, Aldrich) and
2-vinylpyridine (2VP, 97%, Aldrich) were purified/tdistillation over calcium hydride under reducedgsure.
Toluene was distilled from sodium. All the otheeaficals were used as received.

2.2. Synthesisof diblock copolymers
2.2.1. Synthesis of poly€aprolactone)-block-poly(ethylene oxide)

The polyg-caprolactoneplockpoly(ethylene oxide) [PCl-b-PEQ 14 was synthesized by living anionic ring-
opening polymerization of ethylene oxide initiatgdtriethylene glycol-mono-methylether in the prese of
KOH, followed by thes-caprolactone polymerization initiated by the PHfains end-capped by an aluminum
alkoxide group as detailed elsewhere [28}(NMR) = 8900 g/molM,/M, = 1.15*"H NMR (400 MHz, CDC}),
0 (TMS, ppm): 1.38 (m, 2H, Ch, 1.61-1.65 (m, 4H, C}), 2.29 (t, 2H, COCH), 3.36 (t, 3H, OCHl terminal),
3.62 (m, 4H, OCHKICH,), 4.05 (t, 2H, OCH).
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2.2.2. Synthesis of poly€aprolactone)-block-poly(2-vinylpyridine)

Poly(e-caprolactoneplock-poly(2-vinylpyridine) [PCly-b-P2VR;,] was synthesized with a dual initiator
(compound A, Scheme 1), as reported elsewher@gR7Actually, the nitroxide mediated radical
polymerization (NMP) of 2-vinylpyridine was combuh&vith the coordinative ring-opening polymerizatioh
g-caprolactone. In a first ste@salkoxyamine poly-caprolactone) was synthesized as follows [27}drbxy-2-
phenyl-2-(2,2.,6 ,6-tetramethyl-1-piperidinyloxy)ethane (0.53 g, 1.thal) (compound A in Scheme 1) was
dried by azeotropic distillation of toluene andsgived in dry toluene. Triethylaluminum (1.2 mL9M in
toluene) was added to the solution, and the mixtuzre stirred at room temperature for k{Caprolactone
(6.6 mL, 0.055 mol) was then added and reacte8%t #or 17 h. A few drops of hydrochloric acid werdded,
the polymer was precipitated in cold heptane, degbagain in toluene and precipitated in cold raati asu-
alkoxyamine PCIM,(NMR) = 3700 g/molM,/M, = 1.5'H NMR (400 MHz, CDC}), 6 (TMS, ppm): 1.1

(s, 12H, CH), 1.38 (m, 2H, CH), 1.61-1.65 (m, 4H, C}), 2.29 (t, 2H, COCH), 4.05 (t, 2H, OCH2), 7.25

(s, 5H, ArH). In the second step [29], the PCL magtiator (1 g, 0.27 mmol) together with 4 mg EEMPO
(0.025 mmol) were added to 6 mL of 2-vinylpyridi{@056 mol). After stirring at 130°C for 2 h 30 mthe
reaction mixture was evaporated to dryness, dissoiv tetrahydrofuran and precipitated twice inthap to
give the purified PCL-5-P2VP copolyméd,(NMR) = 9200 g/molM,./M, = 1.33.*H NMR (400 MHz,
CDCI3),6 (TMS, ppm): 1.36 (m, 1H, CHl, 1.63 (m, 4H, ChH), 1.79 (m, 2H, CHCH), 2.27 (m, 2H, CKCO),
4.04 (m, 2H, OCH), 6.4-7.3 (m, 3H, ArH), 8.0-8.3 (m, 1H, CHNC).

2.3. Micdllization in water

Micelles of PClg,-b-P2VR;; and PCh4-b-PEQ;14 respectively were prepared by addition of watethe
copolymer solutions in a water-miscible organioseat. A solution of 20 mL of water (Milli-Q) and 8QuL of
hydrochloric acid (HC1, 1 M) was rapidly added tmb of a 1 wt% solution of each copolymemin\-
dimethylformamide (DMF) under vigorous stirring h. The micellar solutions were then dialyzediragal L
of water for 15 h, through cellulose dialysis meant@s (Spectrapor, cut-off 3500 Da).

The same procedure was used to prepare hybrid PEVYK/PEO) micelles. Then, the organic solution aas
50/50 (wt/wt) mixture of PCl-b-P2VR;, and PCl,-5-PEQ 4 copolymers in DMF. Hybrid micelles with
protonated P2VP were collected. The deprotonatesiorewas prepared by adding a solution of NaOMI)1o
the micellar solution followed by dialysis agaimsiter for 15 h.

2.4. Experimental techniques
2.4.1. Size exclusion chromatography

Size-exclusion chromatography (SEC) was carriedrotdtrahydrofuran at 40°C with a Waters 600 syste
equipped with a 410 refractive index detector (oola HP PL gel 5 um (2010, 10°, 100 A)) and calibrated
with PS standards. The flow rate was 1 mL/min.

2.4.2. Nuclear magnetic resonance spectroscopy
'H NMR (400 MHz) spectra were recorded at 25°C itBruker AM 400 apparatus in CD@r D,O.
2.4.3. Light scattering

Dynamic light scattering measurements were perfdrarea Malvern CGS-3 equipped with a He-Ne lasgB (6
nm). A bath of filtered toluene surrounded the tecatg cell, and the temperature was controlle2BacC.
Dynamic light scattering (DLS) measurements weréopeed at an angle of 90°. The polydispersity inde
(PDI) corresponds to the/ I';? ratio, whereu, is the second cumulant afgis the first cumulant. The DLS
data were also analyzed by the Contin routine, thaaewhich is based on a constraint inverse Laplace
transformation of the data and which gives acaessdize distribution histogram for the aggregasatic light
scattering (SLS) measurements were carried outgiés from 30 to 150°. The refractive index increme
(dn/dc) was measured for each sample with a Méltdedo RE40D refractometer.

2.4.4. Fluorimetric measurements

Fluorescence spectra of diblock copolymer micdtiasled with pyrene as a hydrophobic fluorescenb@nvere
recorded with a spectrofluorimeter PERKIN ELMER I085 A stock solution of pyrene (6 x T01) was
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prepared in acetone and stored at 5°C until useeWieeded, this solution was added with deionizatemuntil
a pyrene concentration of 12 x 1M. Acetone was then eliminated in vacuo at 60°Clftr. The acetone-free
pyrene solution was mixed with micellar solutiofisoncentrations ranging from 1 x'3@ 5 g/L. These
solutions were heated in an oven at 70 °C foranh, stored overnight at room temperature. The final
concentration of pyrene was 6 X1, thus the solubility limit in water at 22°C. & fluorescence emission
spectra were measured at the excitation wavelghgitt) of 339 nm.

The critical micellar concentration (CMC) was detared from the dependence of the intensity of ttst peak
(I1,) of the emission spectrum at 375 nm versus the itbgaiof the copolymer concentration.

2.4.5. Electrophoretic measurements

They were carried out with a Zetasizer 2000 MalMestruments and micellar solutions of 1 g/L at@0The
Zeta potential, was calculated from the electrophoretic mobillthy 6n the basis of the relationshlp,=¢&ly,
wherey is the solution viscosity andis the dielectric constant.

2.4.6. Transmission electron microscopy

Transmission electron microscopy (TEM) was perfaiméth a Philips CM-100 microscope. Samples were
prepared by spin-coating a drop of micellar solutie a copper grid coated with Formvar.

2.4.7. Quartz crystal microbalance

A Q-Sense QCM-D S4 (Sweden) was used to measurgesiadsorbed onto appropriately a gold coatedzjuart
crystal. The adsorbed mass was calculated fronaagehin the overtone of the resonance frequencytend
Sauerbrey equation [30]. After cleaning, the seasalthe O-ring were assembled in the QCM-D insénmtmn

and Milli-Q. water was injected into the sensol.cEhe frequency was monitored until the baselirzes stable.
Water was replaced by a micellar solution, andsfrstem was let to equilibrate. All the measuremerise
performed at a constant temperature of 25 °C.

2.4.8. Complement activation

Complement activation was measured as the lytiaggpof a normal human serum (NHS) towards bety-
sensitized sheep erythrocytes after exposure toibelles. Aliquots of NHS were incubated with ieasing
amounts of micelles. The amount of serum, requindiemolyze 50% of a constant number of sheep
erythrocytes after exposure to the micelles, wasrdened ("CH50 units"). NHS was provided by the
"Etablissement Francais du Sang" (Angers, Franugstored as aliquots at -80°C until use. Verondidred
saline containing 0.15 mM €&aand 0.5 mM Mg (VBS++) was prepared as reported elsewhere [365tlf
sheep erythrocytes were sensitized by rabbit azgsterythrocyte antibodies (Sérum hémolytique, Bioeux,
Marcy-I'Etoile, France) and diluted by the verohaffered saline at a final concentration of 2.&6lls/mL in
VBS++. Increasing amounts of micellar solution wadeled to NHS diluted in VBS++ such that the final
dilution of NHS in the mixture was 1/4 (v/v) in imdl volume of 1 mL After 1 h of incubation at 378@der
gentle agitation, the suspension was diluted VA (n VBS++, and aliquots of 8 different dilutisnwere
added to a given volume of sensitized sheep ergytes. After 45 min of incubation at 37°C, the teat
mixture was centrifuged at 2000 rpm for 10 min. Bbsorption of the supernatant was measured andl4
with a microplate reader (Multiskan Anscent, Lalbsyss SA, Cergy-Pontoise, France) and comparecetddta
obtained with control serum in order to evaluatedmount of hemolyzed erythrocytes. Positive armghtiee
controls were carried out in each series of expaminin order to account for any difference intibenoglobin
response from a given erythrocyte preparation.Heaniore, corrections for particle light-scatterargl
spontaneous erythrocyte hemolysis were estimatddMiyis measurements with blanks containing only
particles and only erythrocytes, respectively. lten to compare micelles of different average dignse their
surface area was calculated as follo®s3 m/p, where S is the surface area fnm the weight [ug] in 1 mL
nanosuspension, r the average radius [cm] detechipddLS, angh the volumetric mass [pg/cinof the
micelles estimated at iQug/cnt [32-34]. The experimental data are the averageinflependent experiments.
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3. RESULTSAND DISCUSSION
3.1. Synthesis of the diblock copolymers

A typical polyg-caprolactoneplockpoly(ethylene oxide) diblock copolymer, [P&Gb-PEG ;4 was
synthesized as previously reported [23]. The tadjetolecular weight (), i.e., 5000 g/mol for the PEO block
and 3900 g/mol for the PCL block, was reached byagbpropriate control of the monomer to initiatmias and
the conversion of the monomer checkediYNMR. The polydispersity of this AB diblock copoher was
expected by quite narrow (1.15). The relative largfteach constitutive block was selected for tlheettes to be
spherical (shorter PCL block) [35] and stealthy][36

An original strategy was proposed for the synthesibie PCls,-b-P2VR;, diblock copolymer based on a dual
initiator that contained (i) a primary alcohol éasionverted into an aluminum alkoxide, i.e., alvkeown
initiator of the living ring-opening polymerizatiqiROP) ofe-caprolactone, (ii) an alkoxyamine, known for
effective initiation of "controlled" nitroxide-mealied radical polymerization (NMP) of 2-vinylpyri@if29]. The
structure of this dual initiator is shown in Scheingcompound A). This compound was synthesizedrdaug
to a recipe reported elsewhere [27, 28], the erpestructure being confirmed byl NMR.

g-Caprolactone was polymerized by ROP in toluer5a€ after reaction of the hydroxyl group of theau
initiator with triethylaluminum (Scheme 1) [27]. &lexperimental conditions and the molecular charatics
of the alkoxyamine-terminated pady€aprolactone) are listed in Table 1. After puafion of this
macromonomer by precipitation in heptane, tHé&\MR spectrum (Fig. la) showed the characteristikgeof
both the dual initiator at 1.1 ppm (methyl protoasyl the PCL backbone at 4.1 ppm (-CH2-O protais},29
ppm (methylene protons adjacent to the carbonyl)adri.65-1.38 ppm (methylene protord)(NMR) of the
PCL block was calculated according to:

Mo(NMR)pc, = (12e/21) x 114, 1)

wherel, andl, are the integral values of the peaks at 4.1 ppni.JR€d 1.1 ppm (TEMPO end group); 114 is
the molecular weight of the CL monomer unitM,(NMR) is in good agreement witti,(th), which also
confirms the structure of the alkoxyamine-termidafCL.

The polyg-caprolactone) end-capped by the alkoxyamine wed as a macroinitiator for the radical
polymerization of 2-vinylpyridine with the purpot®prepare the PCh-P2VP copolymer (Scheme 1), under
the conditions listed in Table 1. In agreement Withhirab et al. [29], the 2VP conversion was keglbly 25%
for the polydispersity of the P2VP block to be IW,/M, < 1.5). The SEC profile of the accordingly prepared
copolymer (Fig. 2, curve b) was monomodd|,(M,, = 1.33) and shifted towards lower elution volume
compared to the alkoxyamine-terminated PCL madiaior (Fig. 2, curve a). Thid NMR spectrum (Fig. Ib)
showed the peaks of the aromatic protons of theFPi2\gck in the 6.4-7.3 ppm range, except for theérbgen
atom adjacent to the nitrogen at 8.3 ppm. The $$goathe aliphatic protons of both the P2VP blackl the
aliphatic protons of the PCL block overlapped eaitter (1.36-1.79 ppmM,(NMR) of the PCLb-P2VP

diblock was calculated by

M (NMR)pc-b-P2VP = (24/l¢) X DPpc X 105 + M pe, 2

wherel, andl. are the integral values of the peaks at 8.3 ppiWp2and 4.04 ppm (PCL); R and M, pc are
the degree of polymerization and molecular weidhhe alkoxyamine-terminated PCL (cfr. supra), extjvely
and 105 is the molecular weight of the 2VP monouomét. AgainM, (NMR) agrees well withM,, (th), which
confirms that the expected Pg&ib-P2VR;, diblock was actually formed. The composition ottiblock is such
that the degree of polymerization of the PCL blckimilar to that one of the PCLI#PEQ 1, copolymer.
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Table 1: Synthesis and characterization of alkoxyamine-teateid PCE and PCIgz—b—PZVngcopolymelb.

Sample [M]o/[1lo Conv. (%) M, (th) M, (expf Mu/M,(SEC)
Alkoxyamine-terminated PCL 31 100 3506 3700 1.50
PCLb-P2VP 224 25 9600 9200 1.33

@¢-CL was polymerized by ring opening polymerizatiortoluene at 25 °C.

P 2VP was polymerized by nitroxide mediated radfmymerization in bulk at 130°C.

° M, (th) = ([M]o/[1]0) X conversion x 114, where [Mnd []o are the initial molar concentrationsse€L and the dual initiator, respectively;
114 is the molecular weight efCL

&M, (th) = [([M]d/[I]0) X conversion x 105] +3700, where [Mnd []o are the initial molar concentrations of 2VP angl dtkoxyamine-
terminated PCL, respectively; 105 is the moleculeight of 2VP; 3700 is the molecular weight of #ikkoxyamine-terminated PCL.

¢ Calculated byH NMR according to Egs. (1) and (2), respectively.

Fig. 1."H NMR spectrum of (a) the alkoxyamine-terminated Bad (b) the PCi,-b-P2VR,copolymer.
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Fig. 2. SEC curves for (a) alkoxyamine-terminated PCL RB).s-b-P2VR, copolymer.

Elution time

3.2. Micellization of diblock copolymers

For the sake of comparison, micellization of thdividual PCL34b-PEQ,4,and PClLy-b-P2VR;, diblock
copolymers was studied in addition to that onenefrt50/50 mixture. Micellization of PGl-b-PEQ;14 was
triggered by the addition of acidified water (pHt@)a copolymer solution in DMF (1 wt%), followeg Hialysis
against water (see Section 2). PCL being insolublgater and PEO soluble in water at all pH's, ilesewere
formed with a hydrodynamic diameter of 46 nm (Tad)leas measured by DLS, and a narrow size distoibu
(Fig. 3a). Micellization of the PGL-b-P2VR;, copolymer was pH-dependent. For instance, whertaedP2VP
block was uncharged (addition of water at pH h®DMF solution of the copolymer), flocculation aced
during dialysis against water (pH 7). In contréisg partial protonation (theoretical protonatiogde = 63%)
of the P2VP block that occurred when acidified wésee Section 2) was added to the copolymer soluri
DMF, resulted in micellization, and the micellesrevstable even after dialysis against neutral water
Accordingly to DLS, these micelles of a hydrodynamliameter of 25 nm coexisted with larger size aggtes
(~215 nm) (Fig. 3b). Hybrid micelles were prepabgdaddition of acidified water (pH 2) to the copmigr
mixture (50/50 wt/wt) dissolved in DMF (1 wt%) (s8ection 2). Fig. 3c shows the characteristic size
distribution reported by DLS. The profile is monahabwith an average hydrodynamic diameter of 41ameh a
narrow size distribution (Table 2), consistent vitie formation of one population of micelles, whisla first
hint for the formation of the hybrid micelles. Wdwach copolymer form micelles independently oneaah
other, the distribution would be the superpositiéthe profiles a and b in Fig. 3, which is not dase. A
second evidence for the successful hybrid micgibnacan be found in the stability of the micelbggminst
NaOH addition. Indeed, the micellar solution rensgitransparent (Fig. 4c), in contrast to the sotutf the
micelles formed by the PCh-P2VP diblock copolymer that became cloudy (Fig. Zhe same observation was
reported when the micelles formed by each copolywege mixed (50/50, v/v) and added with NaOH soluti
(Fig. 4b), because the P2VP block is no longer ma&dtuble when it is deprotonated, the PEP2VP
copolymer flocculates at high pH, except when #ssociated with the PQ-PEO copolymer into mixed
micelles that resist increase in pH.

The micelles formed by each of the two diblock dgpeers under consideration were observed by TEMyTh
were spherical with an average diameter of 30 rmthi® PCls,-b-PEQG 14 copolymer and 21 nm for the PgL
b-P2VR;, diblock. The hybrid micelles with protonated P2WEre also spherical with an average diameter of 24
nm (Fig. 5a).

That the PCLh-PEO micelles consisted of a neutral PEO shellaeaéirmed by a very lowf potential (Table
2), whereas the highly positivegpotential of the PClb-P2VP micelles was consistent with a shell of pnated
P2VP. In line with a binary composition, the PClreof the mixed micelles was surrounded by a mexfr
positively charged P2VP and neutral PEO (Schemas2yssessed by gotential in between the values
reported for each of the constitutive diblocks ([€ad).
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Fig. 3. Contin distribution function of the diameter oétta) PClss,-b-PEQ,14 micelles, (b) PCi,-b-P2VR,
micelles, (c) PCL-(PEO/P2VP) hybrid micelles witltonated P2VP in water (c = | g/l6, = 90°).
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Table 2: DLS, ¢ potential and fluorescence data for the miceltesned by the PGJ,-b-PEQ,4 diblock, the
PCLsx-b-P2VR, diblock and a 50/50 (wt/wt) mixture of the two clymers (c = | g/L).

Sample H*(th) (%Y Dh (nmy /T ¢ potential (mV§  Cmc (g/mol§
PCL-b-PEO - 46 0.20 75 2.2x 10
PCLb-P2VP 63 25/215 0.25 655 1.9x10°
Hybrid Max 41 0.11 35+5 9.8 x 10°
Hybrid - 49 0.078 7+5 -

@ Theoretical degree of P2VP protonation.

® Hydrodynamic diameter determined by a Contin asislgf the DLS data.
¢ Polydispersity index determined by a cumulant ysislof the DLS data.
4 Zeta potential determined by electrophoretic mesment.

€ Critical micellar concentration determined by flometry measurements

Fig. 4. Micellar stability against the addition of NaOhh ¢a) PCls-b-P2VR, micelles, (b) the 50/50 (v/v)
mixture of PCks-b-PEQ 14 and PCls-b-P2VR, micellar solution, (c) the PCL-(PEO/P2VP) hybridceiles
with protonated P2VP.
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Micelle formation was monitored by fluorimetry inet presence of pyrene as a hydrophobic fluoresrebe.
Because its fluorescence is sensitive to the jtyilad the microenvironment, pyrene can probe niization in
water, and the critical micellar concentration (CMf@n be determined, as result of the pyrene irgatjpn into
the hydrophobic core of the micelles. Fig. 6 shtived the intensityl() of the first emission peak of pyrene at
375 nm depends on the copolymer concentration.CME, that corresponds to the crossover point at low
concentration, was 2.2 x 20nol/L for the PCL,-b-PEQ 14 micelles (Fig. 6a) and 1.9 x 26nol/L for the
PCLs-b-P2VR;, micelles (Fig. 6b). Only one CMC was noted for liybrid micelles at a concentration of 9.8 x
10° g/mol (Fig. 6¢), which is in favor of the hybridizon rather than a mixture of two types one-congmon
micelles.

The effect of the protonation of the P2VP blocktloa hybrid micellization was studied, by changihg amount
of HC1 used in the micelle preparation. Table 3nghthat when this amount was decreased, the hydeodig
diameter of the micelles also decreased (samplés &nd c, in Table 3) as result of a lower degifee
protonation, and thus a lower stretching of the P2ZYains in the micellar shell. In parallel, theotential
decreased with decreasing amount of HC1. The infleef the pH of water used in dialysis was alsan@red.
When the micelles were dialyzed against neutraékygiroton transfer occurred at the expense oPfhéP
protonation, such that the actual degree of pratomavas smaller than the theoretical one. The Ieise
prepared with an excess of HC1 compared to the @8 (sample 2a, in Table 3) were dialyzed agairder
at pH 3 instead of neutral water. The diameterthad potential of the hybrid micelles were then the keistras
the protonation of the P2VP block should be.

Fig. 5. TEM micrographs of the PCL-(PEO/P2VP) hybrid nieein water with (a) protonated P2VP (b)
deprotonated P2VP.
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Scheme 2.

PEO PCL + P2VP PCL
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Fig. 6. Concentration dependence of emission intensiiya{l375 nm of (a) PGl-b-PEQ 14 micelles, (b) PCi,-
b-P2VR, micelles, (c) the PCL-(PEO/P2VP) hybrid micelléthwrotonated P2VP.
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Table 3 Influence of the degree of protonation on the tylmicelles (c = 1 g/L): DLS anglpotential data.

Sample HC1 pH for Dh o/ TC ¢ potential Dh (nm) after /I
(UL)*  dialysis (nm)’ (mv)¢ NaOH additiofi

la 300 Neutral 41 0.112 35+5 49 0.078

1b 150 Neutral 36 0.165 305 49 0.08

1c 75 Neutral 33 0.128 25+5 49 0.08

1d 0 Neutral 49 0.160 25 - -

2a 300 3 45 0.108 405 49 0.09

2 HClI volume added to the 20 mL of water to be addetie copolymers solution in DMFHydrodynamic diameter determined by a
Contin analysis of the DLS dafaPolydispersity index determined by a cumulantysislof the DLS datd.Zeta potential determined by
electrophoretic measurement.
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In order to highlight the pH-sensitivity of the hd micelles, the protonated version was neutrdlizg addition
of a NaOH solution (18 M), followed again by dialysis against water, witie purpose to make the P2VP block
insoluble in water. The hydrodynamic diameter @f tieutralized micelles was 49 nm as measured by DLS
(Table 2), and the size distribution was very narrd/hatever the amount of HC1 used in the original
micellization step, the micelles after neutraliaatby NaOH had the same hydrodynamic diameter €rajpl
Moreover, when micellization was triggered by aidditof water (pH 7) to the DMF solution (sample iid,
Table 3), [y of the micelles was identical to the case whertemat low pH was used followed by neutralization
(samples 1a, b, c, in Table 3). When the P2VP bleak deprotonated, the size of the micelles thareased
from 41 to 49 nm. TEM observations confirmed thislation by showing spheres with a larger diamete28
nm (Fig. 5¢). The potential was close to zero, in line with the dépnation of P2VP and collapse, leaving a
solvated shell of neutral PEO chains (Table 2).s€heybrid micelles were further characterized hjistight
scattering (SLS) in order to account for the afaationed size data. SLS was carried out in the exanation
range of 1 g/l< c<5 g/L. The SLS data are reported in Table 4. Thght-average molecular weight of the
micelles with protonated P2VP was determined bitiplg the experimental data in a Zimm pIbt;, miceie = 4.2
x 10° g/mol. An aggregation number of 37 was calcula@shl,,miceid [ Mw,pcLbpPE0T Mw.pcLo-pave)/2].

A z-average radius of gyratioRy = 14 nm, was also extracted and compareg,tdetermined by DLS. The
Ry/R, ratio was 0.85, thus close to the theoretical vfLié76) for a hard sphere, consistent with miseléh a
core-shell structure [34,35]. When the P2VP bloels weprotonated, a higher weight-average moleadaght
was found for the micelled, miceie= 1.26 x 16 g/mol) and thus a larger aggregation numbigg,= 111.
Clearly, the deprotonation of the P2VP triggersthar reorganization of the micelles that incredkes average
aggregation number and hydrodynamic diameter. Gsioeof polycationic P2VP hydrated in the shell to
insoluble neutral chains results in a higher hytadpc content which is deleterious to the stabiityhe
micelles (loss of an electrostatic repulsion bayri€he micellar reorganization occurs for theiststabilization
by the solvated PEO blocks to be most effectivd¢Bre 2).

Table 4: DLS and SLS data for the hybrid micelles (c = 1) g/L

Sample H*(th) (%) Dh (nmf p /I M,° Nos  Rg Ry/Ry
Hybrid 31.5 33 0.128 4.2x10 37 14 0.85
Hybrid - 49 008 1.26x160 111 22 0.9

2 Theoretical degree of P2VP protonation.

® Hydrodynamic diameter determined by a Contiryaigof the DLS data.

¢ Polydispersity index determined by a cumulamtlygsis of the DLS data.

4 Molecular weight of the micelles determined S

¢ Aggregation number of the micell@égg = (Nagg= 2Mumicelid (Mw,pcLb-pecH MuwspcLo-p2ve))-
f z-Average radius of gyration determined by SLS.

The hybrid micelles were also analyzed'ByNMR in D,O (Fig. 7). The protons of P2VP were expectedly
observed when the chains were protonated, thuateohand mobile (Fig. 7a). In contrast, no resoeameas
detected for the nonprotonated P2VP blocks, that wellapsed and thus of a restricted mobility (Fig). A
symmetric singlet at 3.6 ppm was the signaturé@fREO blocks, whatever the pH at which the misellere
formed in agreement with the nonsensitivity of P@H. Surprisingly enough, the protons of PCL were
observed at 4.05 ppm and 1.1-2.29 ppm although W&l part of the micellar core. This observationragty
suggests that the PCL core is not in the glassg atad that the chains are mobile enough for thenance of
the protons to be detected [37], and the micetlasdrganize themselves upon deprotonation of Bh&éPP
blocks.

An additional evidence of the responsiveness ofitfeelles to pH was found in an adsorption expenime
carried out with a quartz crystal microbalance (QCMis equipment is sensitive to mass changes;wéuie
monitored as changes in the resonance frequergyjoértz crystal. Basically, the interaction of kiybrid
micelles with a negatively charged QCM sensor wab@d by QCM. A commercially available gold sensas
first coated [38] by positively charged polyethydémine, followed by the deposition of a polystyreuiéonate
(PSS) layer, so making the surface of the senggatively charged. When protonated hybrid micellesean
contact with the surface modified sensor, a rapitiease in mass was observed (ca. 1812 Ayasresult of
micelles uptake by electrostatic interaction (/B@). From the weight-average molecular weight efrtticelles
(My, micelies= 4.2 X 18 g/mol, Table 4), it was found that 4.3 x*£@nol of micelles were adsorbed per’aii
surface area. Conversely, the mass of the senaaget only slightly (208 ng/cnfor the hybrid micelles with
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unprotonated P2VAVy,micelies= 1.26 X 16 g/mol) (Fig. 8b). Actually, 1.65 x 1§ mol of micelles were
adsorbed per chof surface area, thus 26 times less comparedetmtbelles with protonated P2VP, in
agreement with a deep influence of pH on the sirecand surface properties of these micelles.

Fig. 7. *H NMR spectra of the PCL-(PEO/P2VP) hybrid miceite®,0O with (a) protonated P2VP, (b)
deprotonated P2VP.
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Fig. 8. Time dependence of the mass uptake monitored by {QCthe adsorption, onto a negatively charged
quartz crystal of (a) PCL-(PEO/P2VP) hybrid micsligith protonated P2VP, (b) PCL-(PEO/P2VP) hybrid
micelle with unprotonated P2VP, (c) PS-b-P2VP-b-R&iCelles with protonated P2VP.
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The pH-dependency of the electrostatic interactafrtbe hybrid micelles with a negatively chargedace is
evidence that positive charges are available abtler periphery of the protonated micelles, thad the
charged P2VP blocks protrude the PEO shell. W be buried within the shell, these interactiomsld not
occur as illustrated by protonated micelles foriogdhe P$yb-P2VPy,rb-PEQq triblock copolymer
(Dr=89.8 nm{ = 10.8 £ 1.3 mV, Ny,= 113), discussed elsewhere by Gohy et al. [38& dationic P2VP being
the central block, the positive charges cannotdpesed at the surface of the micelles, Meies= 7.6 X 16
g/mol, whose the adsorption onto a negatively ahdsurface is unfavorable. Indeed, a mass inciak&29
ng/cnt was observed that corresponds to the adsorptiar7of 10" mol of micelles per cfof surface area.
This adsorbed amount is expectedly very closedbdhe observed for the unprotonated hybrid misell&is
indicates that in the case of the hybrid micellesgrotonated P2VP chains emerge out of the PEID she
exhibiting accessible positive charges at the quéeiphery and allowing to strongly modulate thefaee
properties of the micelles by simply playing wittetpH.

Fig. 9. CH50 consumption versus the micellar surface afe@) PClys,-b-PEQ 4,micelles, (b) PCh-b-P2VR,
micelles, (c) PCL-(PEO/P2VP) hybrid micelles witlhtonated P2VP, (d) PCL-(PEO/P2VP) hybrid micelles
with unprotonated P2VP.
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3.3. Complement activation

The ability of the hybrid micelles with a PEO shtellrepel proteins was also investigated by thealed CH50
test, that quantifies the adsorption of human seutoteins (complement proteins) on the micelles3a
Indeed, because of a small size, micelles are patearriers for hydrophobic drugs, that can bediy
injected in the bloodstream [3,4,6,7]. However, dbtvation of the complement system, one of thfopma
mechanisms by which the immune system eliminatesdo bodies, can result in the particle opsorosati

The first step of this process is the adsorptiothefC3 complement protein to the particle surfamertheless,
the PEO coating of small size particles (such asleis) proved efficiency in restricting the proteadsorption
[36, 40,41]. Such particles, designated as steaditeyhighly desirable in case of long-circulatitigg carriers
systems.

The activation of the complement system by a fardigdy can be quantified in vitro by the CH50 tésit
consists in using sensitized sheep erythrocytesepto lysis when exposed to proteins of human seAgma
result, the released hemoglobin can be used as a@ycolorimetric titration. The CH50 unit is the
concentration per mL of serum of complement urtile & cause 50% hemolysis of a fixed volume ofdheep
red cells after exposure to the micelles. So, aadetended adsorption of the proteins onto the llegessults in
a more extended lysis of the sensitized sheepreggtes. The experimental results are expresséteas
percentage of the CH50 unit consumed as a funofitime micellar surface.
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As a rule, whatever the tested micelles, Fig. xshiie expected tendency of the CH50 consumptidamctease
with the amount of micelles in the serum, i.e. fvtfte total surface area that interacts with tlotgins. As
reported elsewhere [42], PH®PCL micelles were stealthy as assessed by a loB0&dnsumption (curve a, in
Fig. 9). In contrast, the positively charged suefa€ protonated PCb-P2VP micelles strongly activated the
complement system (curve b, in Fig. 9), as redudectrostatic interactions with negatively-chatgeoteins
[43].

Compared to the PGl-b-PEQ ;4 and protonated PGE-b-P2VR;, micelles, the hybrid micelles under
consideration in this study showed an intermedid®0 consumption when protonated (curves c in $g.

This is merely the consequence of the mixed coriposdf the shell, the deleterious impact of catdP2VVP
being attenuated by the favorable contribution®ORo stealthiness, and, vice-versa, the benefdiatt of

PEO is counterbalanced by the negative impact afggd P2VP. Quite interestingly, deprotonatiorhef t
hybrid micelles is enough for them to compete effety PEOb-PCL micelles as emphasized by a similar low
CH50 consumption (curves a and d, in Fig. 9). Tloay PEO is exposed to the proteins containingiomed
These biological experiments confirm, if necesstrg,crucial impact of the pH-dependent surface@ries of
the mixed micelles prepared in this study. pH igegan easily manipulated stimulus that decidedateof the
supramolecular assembly of the copolymers anditia¢ groperties of the accordingly formed micelles.

4. CONCLUSIONS

A novel PCls-b-P2VR;, diblock copolymer was synthesized by combiningntivROP and controlled radical
polymerization (NMP) by using a dual initiator. Mitization of this diblock copolymer with a protded P2VP
block was studied and compared to a more convaitP@Ls,-b-PEQ 1, amphiphilic diblock. Micellization of a
mixture of these two diblocks is a straightforwaray to prepare hybrid micelles that consist of & [eGre
surrounded by a mixed PEO/P2VP shell out of whinghgtretched cationic P2VP block emerges at ther out
periphery. Quite interestingly, these micellestesensitive as illustrated by their pH-driven igaomization,
which changes not only the size but more imporyathié surface properties of the micelles. At low, e
micelles are positively charged and prone to itienath negative surfaces. At high pH, the surfekarges of
the micelles do not persist, the PEO blocks ar®@sagh to the external medium and stealthiness iskbg
feature of the mixed micelles that have potensabag circulating drug carriers.
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