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Abstract

This paper reports on the preparation, charact@izand stealthiness of superparamagnetic nanolesrt
(magnetite F¢D,) with a 5 nm diameter and stabilized in water (pB.5) by a shell of water-soluble
poly(ethylene oxide) (PEO) chains. Two types olatik copolymers, i.e., poly(acrylic aci@}poly(ethylene
oxide), PAA-PEO, and poly(acrylic acithpoly(acrylate methoxy poly(ethyleneoxide)), PAA-MREO, were
prepared as stabilizers with different compositiand molecular weights. At pH &5, the negatively ionized
PAA block interacts strongly with the positivelyariged nanoparticles, thus playing the role of arharing
block. Aggregates of coated nanoparticles wereadlgtabserved by dynamic light scattering (DLS) and
transmission electron microscopy (TEM). The hydrmaiypic diameter was in the 50-100 nm range and the
aggregation number (number of nanoparticles pereggde) was lying between several tens and hundred.
Moreover, the stealthiness of these aggregatesssessed "in vitro" by the hemolytic CH50 test.rblsponse
of the complement system was observed, such thatdalical applications can be envisioned for theagmatic
nanoparticles. Preliminary experiments of magnatiating (10 kA/m; 108 kHz) were performed and dpeci
absorption rate varied from 2 to 13 WHQ(

Keywords: Magnetic nanoparticles RAFT polymerization Hyperthia Stealth behavior

1. Introduction

Magnetic nanomaterials have great promise in tlsggdeof electronic and electrical devices [1], sea$2],
electromagnetic shielders and materials for highsidg digital storage [3]. Biomedical applicaticaa® under
current investigation, such as retinal detachnieeiaipy [4], cell separation methods [5,6], tumagoédrghermia
[7], improved MRI diagnosis [8-10], radioactive thpies [11-13] and magnetic field-guided carriens f
localizing drugs. In biomedicine, for magnetic npadicles to be instrumental tracers, they havgeto
functionalized by ligands, peptides or oligonuciées in order to reach target-cells and tissuek lifese
surface modifications, however, result often in tinélesired aggregation/precipitation of the pagticln case of
irreversible aggregation, the nanoparticles lobs& tvery specific properties, for instance théiiligy to "get
close" to biological entities [15]. This explaindiwthe colloidal stability of inorganic nanoparéisihas been a
key issue in the recent years.

In this respect, magnetic hanoparticles have begresed in carrier fluids, i.e., associated to toalecular
weight or polymeric surfactants. These fluidic @ispons, known as "ferrofluids”, must resist thegnetic
attractive forces combined with inherently largefate energies (>100 dyn/cm) [16,17].

Another issue is the biocompatibility and durabibif the magnetic nanoparticles in biological eamiments.
For instance, their sensitivity to oxidation caaddo formation of antiferromagnetic oxides, thustte loss of
the magnetic response. Iron oxides, such as magiie&O,) and maghemitey{Fe,0s), combine a reasonable
stability against oxidation and a strong ferromdigrigehaviour. Moreover, the lethal dose of madeés high
(LD50 in rats, 400 mg/kg), and polymer-coated maigmevould not be toxic according to acute or sutbac
testing on animals [7,17,18].

Magnetite particles are commonly prepared by cosaliion of divalent and trivalent iron salts in giresence of
hydroxide. Electrostatic and steric (entropie) sitedrs have to be used to prevent agglomeratiomdégurring
[19-30]. Steric stabilization of magnetite nanojgdes by poly(ethylene oxide) (PEO) chains is & thmost
importance for biomedical applications. Recenthg preparation of PEO coated magnetic nanoparticies
been reported by several groups [24]. Liu et alehsynthesized aqueous suspension of superparaticaigoe
oxide nanopatrticles coated with diblock (graft) alymer, poly(ethylene glycol) monomethyl eth#g)-
poly(glycerol monoacrylate) (PEGPGA). In the suspension, PGA was chemisorbedlyigint the nanoparticle
surface by coordinating its 1,2-diols to the Fara@nd the PEG block extended into the water mgada,b].
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Jeong et al. used a PEG-silane copolymer [polyt3ethoxysilyl) propyl methacrylateHpoly (ethylene
glycol) methyl ether methacrylate] where the silgneup is a surface anchoring moiety [24c]. Gaal ehave
succeeded to prepare biocompatibledzeéNPs by covalently modifying NPs with monocarboteiminated
PEG via its carboxylic group [24d]. Indeed, PEGhis most effective material for making nanoparidesalthy,
i.e., not or hardly detectable by the immune systéher through humoral reactions or, at the eslél, through
opsonins. The reason is that the highly hydratetfi@xible PEO chains can form a steric barrienagiahe
adsorption of proteins at the nanoparticle surf8t¢ Whenever, the proteins are no longer adsorbed
(opsonization), the phagocytosis of the nanopagied avoided and their lifetime is increased elitood
circulation [32]. The components of the complenmsystem, which is part of the immune system, araghoto
cooperate with the other opsonins in making foreigriaces prone to phagocytosis [33]. Becausei®f th
important role of the complement system, quantigationsumption of the proteins of the human complgm
system, as consequence of adsorption onto nandpartis a stealthiness criterion. Basically, ireatablished
test (CH50 test), the hemolytic capacity of thecesl, non-adsorbed complement proteins is evadyafter
contact of human serum with different amounts afaparticles [34,35].

This paper aims at reporting on the preparatiamoetl, hydrophilic, diblock copolymers, i.e., pagtylic
acid)b-poly(ethyleneoxide), PAA-PEO, and poly(acrylicdeb-poly(acrylate methoxy poly(ethyleneoxide)),
PAA-PAMPEDO, by reversible addition fragmentatioraichtransfer (RAFT) polymerization. Magnetite
nanoparticles were prepared in water (pH.5) and stabilized by these copolymers. The thi@alss of these
suspensions was established by the CH50 testbuasiot least, they can generate heat when sulghtdtan
alternating magnetic field, which is the basic aptoof magnetic hyperthermia.

2. Materials and methods
2.1. Materials

Toluene was dried by refluxing over the sodium/lmgienone complex and distilled under nitrogen leetse.
Poly(ethylene oxide) monomethyl ether (MPEO-OH)n(¥2000 g/mol), was purchased from SIGMA. Acrylic
acid (AA) was purified by distillation under reducpressureu-Acrylate o-methoxy poly(ethylene oxide)
(AMPEO, Mn = 454 g/mol) purchased from Aldrich, dithylformamide (DMF), azo-bis-isobutyronitrile
(AIBN), dimethylaminopyridine (DMAP) andll-dicyclohexylcarbodiimide (DCC; Aldrich, 99%) weused as
received. 2-dodecylsulfanylthiocarbonylsulfanyl-24myl propionic acid (DMP) was synthesized accaydm

Lai et al. [39]. FeGI6H,O and FeCl4H,O (Aldrich) were used without further purificationater MiliQ was
deoxygenated for at least 30 min with ultra-highigunitrogen (99.9+%). Hydrochloric acid (Aldricijas used
as a 25% v/v aqueous solution.

2.2. Synthesis of PAA-PEO diblock copolymer

(i) Synthesis of PEO-RAFT macroinitiatesmethoxye-DMP-poly(ethylene oxide) (PEO-RAFT) was
synthesized by esterification of the hydroxyl emdugp of the mono-methoxy poly(ethylene oxide) by BM
which is a typical RAFT agent. A representativectiem was carried out as follows-methoxye-hydroxy-
poly(ethylene oxide) (MPEO-OH) with a molecular gleti of 2000 g/ mol (10 g; 5 mmol) was added inf0a
mL two-necked flask equipped with a stirrer. The BIROH was dried by three azeotropic distillatiofis o
toluene and finally dissolved in 50 mL dry tolueB&JP (1.1 equiv., 2 g), DCC (1.1 equiv., 1.13 gl @MAP
(1.1 equiv., 0.67 g) were then added, and the flesk heated in an oil bath at 70 °C overnight. FRAJ~T was
collected by precipitation in ether at 0 °C anditdeed at 40 °C in vacuo for 24 h. The functioration yield
was 88% as determined by NMR (CDCL) from the relative intensity of the resonances at4.21 ppm

(t, 2H, CHOCO) andj = 0.83 ppm (t, 3H, CHCHy). (ii) Synthesis of PAA-PEO diblock. PAA-PEO was
prepared by conventional RAFT polymerization witBRRAFT used as a macroinitiator (Scheme 1). In a
previously flamed three-neck flask, distilled AA@Z)), PEO-RAFT (0.5 g, 2.11 x f6nol) and AIBN (3.5 mg,
2.11 x 10°mol) were dissolved in 20 mL of DMF. The solutioasdegassed by three freeze-thaw-evacuation
cycles, and then transferred to an oil bath at@5ATter 3 h, the crude product was precipitatediethyl ether.
This precipitation was twice repeated. The fingl@ymer was slightly-yellow and characterized"syNMR
(400 MHz; DMSO). Theau-proton of the AA units was observed at 2.20 pptd{@0OOH, m) and the methyl
proton of the RAFT end-group at 0.83 ppm ¢GEHs;, t).
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2.3. Synthesis of PAA-PAMPEO block copolymer

(i) Synthesis of PAA. 0.012 g azo-bis-isobutyratet(7.31 x 10 mol), 1.09 g DMP (3 x 1&mol), 15 mL AA
(1.98 x 10" mol) and 15 mL DMF were mixed in a 250 mL Schidiakk. The mixture was degassed by four
freeze-pump-thaw cycles. This reaction mixture teated in an oil bath at 70 °C for 4 h. The polymwas
precipitated by addition of the solution into ethemd dried in vacuo up to constant weight. Theetar
weight was determined B NMR in DMSO (Mn = 3 Xl,.44105 + 364), wherdo.s andl, 4 are the intensity of
the proton resonances at 0.83 ppm £CH,,, t) and 2.20 ppm (CH-COOH, m), respectively. Papdrsity
was measured by size exclusion chromatography (8EBMF. (ii) Synthesis of PAA-PAMPEO. A mixture
of 0.3 g trithiocarbonate-capped PAA {fiol; Mn (NMR) = 3000 and Mw/ Mn = 1.10), 1.5 g AMPH0.028
mol), 1.64 x 1G g AIBN (10° mol) and 10 mL DMF was degassed by four freezegptimaw cycles and heated
in an oil bath at 80 °C for 3 h. The copolymer wascipitated into ether and dried in vacuo up tostant
weight. The molecular weight of the second blocls watermined byH NMR in DMSO (Mn = 3,,/2ly5 +
364), wherdg g andl,, are the intensity of the proton resonances at p3 (CH-C,H,,, t) and 4.1 ppm (CH-
COOCH2, m), respectively. Polydispersity was deteeah by SEC in DMF.

Scheme 1. General strategy for the synthesis of the PAA-PE@RAA-PAMPEOQO copolymers, respectively.
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2.4. Synthesis of R, nanoparticles

The magnetite nanoparticles were prepared by tresdtaprocess [19]. All the solutions were deoxydeth just
prior to use in order to minimize parasitic oxidati Required amounts of Fe®&H,O (40 mL, 1 M in HC1
solution 2 M) and FeG#H,O (10 mL, 2 M in HC1 solution 2 M) were mixed in additional funnel and added
dropwise within 15 min to an alkaline solution (4®Q, 0.75 M) at 100 °C under magnetic stirring. Bodution
quickly turned black as result of magnetite formatiThe magnetite particles were let to grow fdrdnder
stirring and nitrogen. After cooling down to rooemtperature, they were collected with a permanegneia
and the supernatant was discarded by decantatidtrex®@ess and NaCl byproduct were eliminated by
suspending the particles within 200 mL of nitricdefor 10 min. This purification procedure was B\és
repeated. Finally, the purified uncoated partiglese dispersed within deionized water and dialy&mkctra
pore 7, MWCO 8000) against water (pH ~ 4) for 2gjdlge water being replaced twice a day. Particle
aggregates were removed by centrifugation for 39 mhich was repeated until no insoluble was depdsit
the bottom of the tube. Approximately 6 mg®gmL was collected (checked by volumetric titration)

2.5. Coating of the FgO, nanopatrticles by a block copolymer

A representative recipe (thus, whatever the blagotymer) was as follows. Fifty milligrams of block
copolymer was dissolved in 3 mL double-distilledtevan a 20 mL round-bottom flask equipped with a
magnetic stirring bar. The pH was adjusted to pH~8.mL of the uncoated k@, suspension (6 mg/mL, pH
~ 4) were then added dropwise to the copolymettisoiu

2.6. Complement consumption

Complement activation was measured as the lytiaggpof a normal human serum (NHS) towards antjbod
sensitized sheep erythrocytes after exposure toaheparticles. Aliquots of NHS were incubated with
increasing amounts of nanoparticles. The amousénfm, able to haemolyse 50% of a fixed numbehef t
sheep erythrocytes after exposure to the nanofestiwas determined ("CH50 units") for each samgteS
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was provided by the "Etablissement Francais du 'Sgimgers, France) and stored as aliquots at -8Qrfi@
use. Veronal-buffered saline containing 0.15 mM*@ad 0.5 mM M§" (VBS++) was prepared as reported
elsewhere [32b]. Firstly, sheep erythrocytes weressized by rabbit anti-sheep erythrocytes anfdm@Sérum
hémolytique, Biomérieux, Marcy-I'Etoile, Francedatiluted by the veronal-buffered saline at a final
concentration of 2.109 cells/mL in VBS++. Incregsamounts of the particle suspension were addaiiHi®
diluted in VBS++ such that the final dilution of \HN the mixture was 1/4 (v/v) in a final volumelofnL
After 1 h of incubation at 37 °C under gentle dipita, the suspension was diluted 1/25 (v/v) in VBSand
aliquots of 8 different dilutions were added toigeg volume of sensitized sheep erythrocytes. Aftemin of
incubation at 37 °C, the reaction mixture was dligbentrifuged at 2000 rpm for 10 min. The absanpbf the
supernatant was determined at 414 nm with a miatepeader (Multiskan Anscent, Labsystems SA, Gergy
Pontoise, France) and compared to the resultsrautaiith control serum in order to evaluate the amof
hemolysed erythrocytes. Positive and negative otmwere made in each series of experiments inr dode
account for any difference in the hemoglobin resgdinom a given erythrocyte preparation. Furtheemor
corrections for particle light scattering and spm®ous erythrocyte hemolysis were estimated by U8//V
measurements using blanks containing only partahesonly erythrocytes, respectively. In orderdmpare
nanoparticles of different average diameters, thaiface area was calculated as follows: S =@mvhere S is
the surface area [éinm the weight [ug] in 1 mL of suspensiarthe average radius [cm] determined by DLS,
andp the volumetric mass [ug/cirof the nanoparticles estimated at 106 pgl.cFhe experimental data were
the average of three independent experiments wih?a standard deviation.

2.7. Calorimetric determination of specific absorpion rates (SAR)

For the calorimetric determination of SAR, the itide suspensions were thermally isolated in aeleand
placed into a coil. Temperature changes vs. timexpbsure to an alternating magnetic field (amgétu

10 kA/m; frequency, 108 kHz produced by a Celesigtor C97104) were automatically registered with an
optical fibre connected to a multimeter.

2.8. Methods

Samples were analyzed Hy NMR spectroscopy with a Bruker AM 400 apparatu®5°C, in deuterated
chloroform (CDC}) added with tetramethylsilane as an internal ezfee. Molecular weight and polydispersity
index (Mw/Mn) were determined by size exclusionarhatography (SEC) WATERS instrument, using a 25
mM solution of LiBr in DMF as the eluent at 50 “The columns were calibrated with polystyrene staigla
The diameter of the micelles was measured by dymégtit scattering (DLS), DLS measurements were
performed on a Malvern Instrument Model ZetaSizandZS. The hydrodynamic diameter and size digichu
were calculated by the CONTIN method and data &fast five measurements were averaged for each
suspension. The average particle size, size disivib and morphology of the samples were obseryed b
transmission electron microscopy (TEM) with a RIslCM-100 microscope, at an accelerating voltagE006f
kV. Samples were prepared by deposition of one df@n appropriately diluted solution onto the cepgrid
coated with Formvar and dried in air before obsoma Magnetization of the iron oxide nanopartichess
measured as a function of the applied magnetid fid) with a SQUID MPMS-5S magnetometer from Quamtu
design. The hysteresis curve was recorded by chgrifjbetween -6000 and 6000 Oe at 290 K.

3. Results and discussion

The major purpose of this work was to develop ahaowdlogy for the preparation of highly stable aqieo
dispersions of magnetite nanoparticles endowed pyitkein repellency and thus with stealthinessfdpneed
Fe;04 nanoparticles were accordingly coated with a higgatible hydrophilic steric stabilizer, so makimgit
dispersion well-suited to biological fluids. Foiglpurpose, two types of block copolymers, PAA-P&@
PAA-PAMPEO, were considered that consist of an arioly PAA block towards the E®, nanoparticles and a
PEO (or PEO containing) hydrophilic block known fiarticle steric stabilization, biocompatibilitycdprotein
repellence. Synthesis of PAA-PEO block copolymeas weported in the scientific literature by eithaionic
polymerization [36] or atom transfer radical polyimation (ATRP) [37]. Nevertheless, the anionictpedy was
time consuming, because AA could not be polymerizigbdout protectiontert-Butylacrylate was the usual
substitute, and an additional step was needednwecbthe polyacrylate chains into PAA by hydrogysi
Moreover, the major drawback of ATRP is an organtattie catalysis, which may be source of unaccdptab
contamination for biomedical applications.
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3.1. Copolymers synthesis

In this work, the envisioned block copolymers werepared by RAFT, with 2-
dodecylsulfanylthiocarbonylsulfanyl-2-methyl propio acid (DMP) as a RAFT agent. RAFT is indeed an
organic process of controlled radical polymerizatiechnique, applicable to a wide range of monomarder
mild reaction conditions [38]. Lai et al. reporti synthesis of DMP and used it successfully éncibntrolled
polymerization of acrylic acid [39].

Scheme 1 shows the two-step technique used faytitbesis of PAA-PEO copolymers. Monomethoxy
poly(ethylene oxide) (Mn = 2000 g/mol) was firsdetapped by the RAFT agent, by esterification ef th
hydroxyl end-group with the carboxylic acid funatiof DMP. The yield (88%) was determinedyNMR
(see experimental section). Polymerization of acigtid was initiated by the PEO-RAFT macro agaridMF,
in the presence of AIBN. Two diblock copolymersdifferent molecular weights and compositions were
synthesized with a narrow molecular weight distiidiu (Table 1, entries 1-2).

RAFT was also considered for the sequential polyaagon of AA and AMPEO, in order to replace thediar
PEO block of the previous diblocks by PEO with anbelike architecture. The reason for the synthektbe
two series of diblock copolymers was to investigatepossible impact of the architecture of the REEll
around the magnetite particles on the stabilitthefr dispersion and on their stealthiness.

Fig. 1 shows that the AMPEO radical polymerizat®mell controlled when initiated by azo-bis-isojmanitrile
(AIBN) in the presence of DMP, in DMF at 80 °C ([ANEQO]/[DMP]/[AIBN] = 440:20:1, [AMPEO] = 0.5 M).
The apparent molecular weight that was determiryetHiNMR increases linearly with monomer conversion
(Fig. 1a). The polydispersity index (Mw/Mn) for #ile samples is lower than 1.15. The time deperedehc
In([M] o/[M]) is linear, indicating a constant concentratiof radicals in the polymerization medium (Fig).1All
these observations confirm that DMP is quite arr@yiate chain transfer agent for the controlled
polymerization of AMPEO.

Copolymers consisting of PAMPEO and PAA blocks wanathesized by the sequential RAFT polymerization
of AA and AMPEO. The acrylic acid was first polyrnesd, and the molecular weight of PAA agreed with a
controlled process. PAA was precipitated in ordereimove the unreacted monomer and used as a rRAd¥0-
agent for the polymerization of AMPEO. Table 1ditlte copolymers synthesized in this work and tised
stabilize magnetite nanopatrticles (entries 3-6).

Table 1: Physicochemical characteristics of the nhanopadeicprepared in this work

Entry Ligand description RH Pl (DLS) Zéta potential’ Conductivity SAR
Block DP PI(SEC) DLS (mV) (mS/cm) (WIG(Fe)
copolymer (NMR)

0 — — — — — 45.7 0.07 19.6

1 PAA-PEO 48-45 1.19 7335 0.24 nd nd 9.0

2 PAA-PEO 83-45 1.16 69.20 0.17 -35.8 0.68 5.4

3 PAA-PAMPEO 61-11 1.25 75.50 0.22 -40.6 0.48 13.6

4 PAA-PAMPEO 61-21 151 88.50 0.33 -34.3 0.41 12.4

5 PAA-PAMPEO 34-110 1.35 123.80 0.33 nd nd 2.2

6 PAA-PAMPEO 34-66 1.30 93.35 0.23 nd nd 2.4

Degree of polymerization [DP] and polydispersitgién [PI] determined by SEC for the diblock copolysesed as ligands. Hydrodynamic
radius [RH] and polydispersity index of copolymeicetles. Zeta potentiat] and conductivity for neaked magnetite nanopartietesy [0]
and the same stabilized by diblock copolymers esfil-6].
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Fig. 1. (a) Conversion dependence of both the number-geenzolecular weights: Mn determined by NMR,
+: theoretical Mn] and polydispersity index [PI] AMPEQO. RAFT polymerization of AMPEO was initiabgd
AIBN in the presence of DMP as a transfer agenDitF at 80 °C. [AN]/[DMP]/ [AIBN] = 440:20:1,
[AMPEQ] = 0.5 M. [the solid line is a guide for esje (b) Time dependence of In[[M]M]] for the RAFT
polymerization of AMPEO initiated by AIBN in theepence of DMP as a transfer agent, in DMF at 80 °C.
[AMPEQ]/[DMP]/[AIBN] = 440:20:1, [AMPEO] = 0.5M.
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3.2. Synthesis and stabilization of magnetic nanopicles

Magnetite nanoparticles were prepared by co-pretipn of aqueous solutions of Fg@hd Fedin the
presence of sodium hydroxide base (pH~13) saltisosiunder nitrogen at room temperature. TH&/Fe*
molar ratio was 0.5 for the conversion to be quatitie. After washing by nitric acid, the acid lsad the
protonation of the particles and to the formatida electric double layer around the particless feptization
phenomenon leads to the formation of highly stabkpension in water, as result of electrostatialségns of
charged particles. Residual nitric acid was remdyedialysis (Scheme 2). The diameter of the matget
nanoparticle diameter was 5 + 2 nm as determinetl (Fig. 2). The magnetization of the nanopaeticl
disappeared instantaneously when the externaliaklsuppressed, which indicates that their magneti
remanence and coercivity are close to zero at teomperature. This behavior is typical of superpagmetic
materials, which is desirable for biomedical apgiiens (Fig. 3). The X-ray powder diffraction speah of the
magnetic nanoparticles is shown in Fig. 4. Fiverabi@ristics peaks for E@, corresponding to indices (220),
(311), (400), (511), and (440) are observed, baietitire peaks of the diffractogram are not veri-defined;
they can be indexed either to maghemite or magnétiindicates that probably both structures csteixi the
ferrofluid. In order to discern if these iron oxigarticles are built up of magnetite §Bg = 2F€'Fe#*40%) or
maghemite (F#; = 2F€*30%), the occurrence of Edons was determined by the titration with potassium
dichromate KCr,O-. No significant F& ion concentration was determined (~5%), suggestiagnaghemite
phase as the dominant crystalline phase in the lsamp
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Scheme 2: Preparation of magnetite nanoparticles and coatiygPAA containing block copolymers.
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Fig. 2: TEM images of iron oxide nanoparticles [a] uncahtfh1-b2] coated by PAAPEQs(entry 1), [c1-c2]
coated by PA/-PAMPEQg (entry 6).
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Fig.3: Magnetization curve of magnetite nanoparticlesetm temperature.
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Fig 4: XRD patterns of iron oxide nanoparticles beforatot.
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The ferrofluids were also characterized by dyndigitt scattering (DLS). The average particle sizes
accordingly measured for the uncoated NPs were riaugkr than those determined by TEM (50 nm). The
reason has to be found in magnetostatic (magnigtideddipole) interactions of the particles thatisa their
agglomeration even in the absence of an externghetg field. This phenomenon was experimentallgesbed
[40] and confirmed by Monte Carlo simulations,,ifermation of closed rings and long open looppaticles
without preferential spatial orientation. The aggtes have a lower diffusion coefficient than timgle particle
and the equivalent sphere radius measured bydigtitering is higher than the elementary particle as
revealed by TEM (Fig. 2). In addition, the existerd a structured-water layer adjacent to the hykitiz
surface of MNPs can enhance the hydrodynamic radaasured by DLS as compared to TEM.

PAA-PEO copolymers are double hydrophilic block @gmers, that exhibit stimuli-responsive properiies
water. Similarly to amphiphilic block copolymersatitonsist of two constitutive blocks of oppositglipity,
they are prone to self-assembly into micelles lgyappropriate tuning of the pH. Holappa et al. regzbindeed
that at pH < 4.5, PEO and protonated polyacids tsp@ously form water-insoluble intermolecular coaxgls
by hydrogen bonding. Provided that PEO blocks angér than PAA, micellar particles can be formelbat
concentration. At higher pH (between 4.5 and 5H8 partial ionization of the polyacids restridis £xtent of
the hydrogen bonding and intrachain interactionsidate, such that dilute solutions of contractextkl
copolymer chains can be observed. At pH > 6 thelgoper exhibits a fully extended coil conformatigii]. In
this work, the PAA-PEO diblocks were used at pH%i6 order to ionize the PAA blocks at the expeoise
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complexation with PEO but at the benefit of intéi@ts with the magnetite nanoparticles positivehgged at
pH 4 (Zeta potential = 45.7 mV (Table 1)). So, uparing a solution at pH 6.5 of an asymmetric PAB&P
and the magnetite suspension at pH 4, the copolam&MNPs solutions pH reached 5.7 these nanoleartic
were coated by a PEO shell (Scheme 2). DLS confirthe stability of the coated magnetite nanopasithat
exhibited a narrow size distribution (Table 1). Tiherease in the hydrodynamic diameter of the pabi
nanoparticles was qualitatively consistent witheffective coating. The diameter of the ferrofluidas 50 nm
when coated by a PAA-PEO ligand and 40 nm in cAs&8&-PAMPEO copolymer. In both cases, the diameter
is smaller compared to determinations by DLS, prexhly because TEM only shows the inorganic rictesaf
the aggregates, and the presence of the PEO cisranaobserved by TEM. A closer inspection of THeM
images shows micelles with several tens of magnbiits aggregated in the core and anisotropicastyiluted.
It must be noted that the zeta potential of the matite nanoparticles changed drastically from pasiio
negative (Table 1), which can be explained by igatéd carboxylate groups at the surface [17,41,42]
Therefore, the two blocks of the copolymers contetto the stabilization of the magnetite NPs by tw
mechanisms. Thanks the anchoring of the carboxglateps with the surface of §& nanoparticles, the PEO
chains are immobilized at their surface and thus Bie stabilized by a steric (entropic) repulsibRBO
chains. In addition to this, the electrostatic fsjmun of the non ligated carboxylate groups atNifs surface
enhances the dispersion stability.

Fig. 5: Consumption of CH50 unit's vs. surface area of méite nanoparticles stabilized by different double
hydrophilic block copolymers.
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Fig. 6: Temperature increase triggered by magnetite nartagh@s in a magnetic field.
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3.3. Complement activation

The stealthiness of the coated nanoparticles wsesasd in vitro by the hemolytic CH50 test and canenp to
poly(methylmethacrylate-co-methacrylic acid) P(MMA-MA25) coated nanoparticles reported elsewhesg [3
This CH50 test is based on the activation of theplement system by the nanoparticles in normal luseaum
(diluted 1/4 (v/v)). The amount of serum proteids@bed on the NPs' surface decreases with inageasi
stealthiness. Basically, after exposure of the hunmal serum to increasing amounts of nanopastithe
amount of serum needed to haemolyse 50% of a fixetber of sensitized sheep erythrocytes was datedni
The complement consumption was thus evaluated iaftabation with nanoparticles stabilized by PAA®E
and PAA-PAMPEO copolymers (Table 1, Fig. 5). Incakes, the nanoparticles did not trigger any mespof
the complement system, the activation being loWwant20% even for high surface contact (>100&/mn). In
contrast, the nanopatrticles stabilized by the P(M&®AMA) copolymer adsorbed much larger amounteofis
proteins, being thus strong activators of the cemgnt system. One hundred percent of CH50 unite wer
indeed consumed when the serum protein solutionewpssed to only 150 cnof nanoparticle surface. This
comparison confirmed the unique capacity of PEQnshi prevent protein adsorption [35]. According t

Fig. 5, the stealthiness of the NPs is independktite architecture of the PEO blocks, i.e., sirgteks vs.
comb-shaped blocks. This observation is in appar@mtradiction with a previous work by Rieger etvaho
reported that a comb of shorter PEO chains was bemeficial than only one PEO chain of a higherenolar
weight tethered to the NP's surface [35]. In tleestec however, the average diameter of the NPs wah higher
(200 nm) than in this work, consistently with sthess that increases when the size is decre@ked.
stealthiness of the uncoated magnetite NPs couldenanalyzed because of their precipitation ulditen of
the VBS++ solution, this can be considered as ar étalication of the magnetic NPs coating by thpatpmers.

3.4. Specific absorption rates

Because superparamagnetic magnetite NPs genegdtbyhiéel and/or Brown relaxation losses in an
alternating magnetic field [43], their use was mbgd for the heat ablation of tumors [44]. Therefdhe
temperature profile of the magnetite nanopartiaked in this work was recorded (Fig. 6). Inductieating
experiments show that a magnetic field of 100 kéiakile to produce enough energy for temperaturetease
by approximately 10 °C within a short period of éinThe specific absorption rates (SAR) are repdrtddible

1. They were calculated by the expression SARATt, where Gs the sample specific heat capacity, which
strongly depends on the weight of iron in the solytand4T/4t is the slope of temperature (from 36 to 38 °C)
vs. time. The higher value (~20 W/g was reported for the uncoated nanoparticles odgmgreement with data
in the scientific literature. The SAR value sigo#itly decrease upon coating falling between 21&nd//gr.)
The application of the SAR equation requires theviledge of the iron mass which has been deterntiged
volumetric titration of the starting solution coaeiing, in first approximation, that the furthengaing of the
starting solution distributes constant amount o im each sample.

4. Conclusion

A series of PAA-PEO block copolymers were synthexdisy RAFT polymerization of acrylic acid in the
presence of a macro-RAFT agent (PEO end-capped?®Fa agent). A second series of PAA-PAMPEO block
copolymers, in which PEO has a comb-architectuess also prepared by sequential RAFT copolymeriaaifo
acrylic acid and the-acrylate a-methoxy poly(ethylene oxide) macromonomers, wittho2lecylsulfanyl-
thiocarbonylsulfanyl-2-methyl propionic acid as AR agent. These double hydrophilic block copolysner
were able to stabilize magnetite nanoparticlesamepby co-precipitation of Eeand F&" in water. TEM,
observations and DLS and zeta potential data coafirthat magnetic NPs were incorporated withirctive of
micelles with an average diameter lower than 100Time protective shell of PEO chains provided the
nanoparticles with stealthiness in addition to ditgbMoreover, they prevented any response ofdbmplement
system from responding. Although accurate dataat@vailable yet, the ferrofluids prepared in thizrk
should be source of heat when submitted to amaltiely magnetic field.
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