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ABSTRACT

This study reports on the development of thermoresponsive core/shell magnetic nanoparticles (MNPs)
based on an iron oxide core and a thermoresponsive copolymer shell composed of 2-(2-methoxy)ethyl
methacrylate (MEO2MA) and oligo(ethylene glycol)methacrylate (OEGMA) moieties. These smart
nano-objects combine the magnetic properties of the core and the drug carrier properties of the
polymeric shell. Loading the anticancer drug doxorubicin (DOX) in the thermoresponsive MNPs via
supramolecular interactions provides advanced features to the delivery of DOX with spatial and
temporal controls. The so coated iron oxide MNPs exhibit superparamagnetic behavior with a
saturation magnetization of around 30 emu g-1. Drug release experiments confirmed that only a small
amount of DOX was released at room temperature, while almost 100% drug release was achieved after
52 h at 42 °C with Fe3—5604@P(MEO2MA600OEGMA40), which grafted polymer chains displaying a
low critical solution temperature of 41 °C. Moreover, the MNPs exhibit magnetic hyperthermia
properties as shown by specific absorption rate measurements. Finally, the cytotoxicity of the core/shell
MNPs toward human ovary cancer SKOV-3 cells was tested. The results showed that the polymer-
capped MNPs exhibited almost no toxicity at concentrations up to 12 ug mL—1, whereas when loaded
with DOX, an increase in cytotoxicity and a decrease of SKOV-3 cell viability were observed. From
these results, we conclude that these smart superparamagnetic nanocarriers with stealth properties are

able to deliver drugs to tumor and are promising for applications in multimodal cancer therapy.

KEYWORDS: core/shell MNPs, responsive nanomaterials, hyperthermia, drug delivery, SKOV-3

cells.

INTRODUCTION

Superparamagnetic iron oxide nanoparticles (SPIONS) are well known to display magnetization only
when a magnetic field is applied™2. Moreover, they can generate heat upon application of a local high
frequency alternating magnetic field (HAMF)Y3". This is particularly interesting when considering
cancer therapy since cancer cells hardly survive a heating to 45°C®°. Indeed, over 42°C the natural
enzymatic processes ensuring the cells to be alive are destroyed, and the cancer cells become very

sensitive to temperature!'2, In regards to the magnetic hyperthermia property, the development of



SPIONSs for cancer therapy using magnetic hyperthermia is an increasing research field. Furthermore,
the use of these nanoobjects is also envisioned for imaging and theranostics. Many structures with
efficient magnetic hyperthermia properties have been developed like iron oxide nanoparticles!®® and
lanthanide doped NPs.!” To targeted specific application, and ensure the stability of the SPIONS, the
grafting of polymer macromolecules at the surface of polymeric SPIONS is appealing compared to
small molecules since the final core/shell NPs can take advantages of the macromolecules physico-
chemical properties in physiological media *8. Hence, stimuli responsive polymer have been grafted at
the surface of SPIONS, to ensure responsiveness, drug loading and release at physiological range!®%.
Thermo-responsive polymers are indeed known to exhibit either an Upper Critical Solution
Temperature (UCST) or a LCST*®21-2% When the UCST is reached upon heating, the polymers become
hydrophilic, whereas the LCST is the temperature at which the polymer chains will shrink due to the
release of water molecule from their backbone leading to a decrease of the volume and to their
hydrophobicity?. Consequently, the use of thermoresponsive polymers displaying a LCST in a
temperature range of 40-42°C is of high interest for the design of core/shell NPs for biomedical
applications'®?®, Below the targeted temperature, once the thermo-responsive macromolecules are
covalently grafted at the surface of SPIONSs, the NPs can trap a cancer drug by specific interactions
whereas their hydrophilicity allows their good dispersion and circulation in the blood?*2°. Upon heating
locally at 40-42°C, the drug release could be triggered in a temporal controlled way?>2°,

For example, poly(N-isopropylacrylamide) (PNIPAM), which is the most commonly used thermally
responsive polymers with LCST of 32 °C, was grafted at the surface of SPIONSs via grafting-onto and
grafting from process. However, the low LCST?’ and the cytotoxicity?® of the PNIPAM prevent its use
for further clinical applications. Furthermore, pH responsive polymer with cationic groups in their
backbone, such as poly-((2-dimethyl amino)ethyl methacrylate) (PDMAEMA) were grafted at the
surface of inorganic core/shell y-Fe2Os@SiO2 and loaded with high amount of DOX (essentially within
the silica shell) and RohB and the pH dependent release of the drug was demonstrated?®. Other example
in the literature shows that PDMAEMA and other positively charged polymers such as
polyethylenimine (PEI), and polyamidoamine (PAMAM) can be used as gene carriers for gene delivery
applications with nucleic acids loaded via electrostatic adsorptions 48223031 For more details, the
reader can refer to the following detailed review*?232, Moreover, when considering further applications
of MNPs, which involve their introduction in biological environments such as blood, interstitial fluid,
or extracellular matrix (ECM), the rapid covering of their surfaces by various proteins (called protein
corona) has to be considered.}’**-8 This protein corona modify the particle surface energy, size,
cellular uptake, biodistribution, and toxicity. To achieve NPs with stealth properties, in one hand,

poly(ethylene glycol) (PEG) chains were grafted on their surface by the grafting-to process (the
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grafting of pre-synthesized polymer chains) method>3*4%, In another hand, co-polymers based on 2-
(2-methoxy) ethyl methacrylate (MEO2MA) and oligo (ethylene glycol) methacrylate (OEGMA)
moieties have shown interesting features compared to PEG. Indeed, besides being biocompatible and
proteins repellent, these polymers are thermo-responsive and display a tunable LCST in the range of
body temperature depending the ratio of monomers used?#142,

In this work, we report then the development and the characterization of superparamagnetic and
thermo-responsive core/shell NPs that can be used as drug delivery systems. We have investigated in
vitro their use as drug carriers towards the human ovarian cancer cell line (SKOV-3 cells). These NPs
are composed of Fez-sO4 NPs coated with P(MEO2MAx-OEGMA100x) (Where x and 100-x represent
the molar fractions of MEO>MA and OEGMA, respectively) and loaded with the cancer drug
doxorubicine (DOX). The synthesis of SPIONs and the grafting of copolymer on their surfaces were
performed following the method reported earlier by Alem et al.*

The thermo-responsive polymer was engineered to display a LCST around 41°C in physiological
medium (PM), above the temperature required for living cells in normal conditions. The drug release
kinetic was studied for DOX and the release profile was dependent of the temperature and the time in
culture medium. The drug release occurred around 42°C with a cumulative DOX release around 100%
within 52 h. It has been also shown that such prepared drug-loaded magnetic MNPs displayed magnetic
hyperthermia properties as heat was delivered when an alternating magnetic field was applied.

The cytotoxicity results showed that the core/shell MNPs exhibit limited cytotoxicity towards SKOV-
3 up to concentration of 12 pg.mL*. When loaded with DOX, upon its release, MNPs were much more
cytotoxic towards those cells than the free DOX.

2. MATERIALS AND METHODS

2.1 Chemicals

All reagents were purchased from Sigma-Aldrich, excepted
((chloromethyl)phenylethyl)trimethoxysilane (CMPETMS) (Gelest,> 95%). All the reagents were
used as received.

The synthesis of sodium citrate stabilized Fes.s04 MNPs was carried out using iron (l1) chloride
hexahydrate (Lancaster, 98%), iron (11) sulfate heptahydrate (Merck, 99.5%), ammonia solution (NHs,
28%-30% wi/v) and sodium citrate (99.8%), which were all purchased from Sigma-Aldrich. To graft
the polymerization initiator, ((chloromethyl) phenylethyl) trimethoxysilane (CMPETMS) (Gelest,>
95%), tetramethylammonium hydroxide pentahydrate (TMAOH) (VWR chemicals, 99.8 %) and
toluene (Laboratory Reagent, > 99.3%) were used. To conduct the grafting of the P(MEO2MAx-



OEGMA100-x) by surface initiated polymerization, the, 2-(2-methoxy) ethyl methacrylate (MEO2MA)
(98 %), oligo (ethyleneglycol) methacrylate (OEGMA) (98 %), N, N-Dimethylformamide (DMF)
(>99.8%), Dimethylsulfoxide (DMSQO) (>99.8%) and Milli-Q water, from Sigma-Aldrich were used.
The biological studies were performed in Dulbecco’s Modified Eagle Medium high glucose (DMEM,;
Sigma Aldrich, Saint-Louis) for the cells growth, supplemented with 15% Fetal Bovine Serum (FBS;
Sigma-Aldrich, Saint-Louis), 100 U/mL penicillin, 100 g.mL™ streptomycin, 4 mM L-glutamine, and
0.25 pg.mL* of amphotericin B. Cell were grown in an incubator at 37°C, 5% CO_ atmosphere, and

humidity.

2.2 Synthesis of Fes-s04 MNPs

Superparamagnetic Fes.sOs nanocrystals were synthesized by coprecipitation. A mixture of
FeClz.6H20 (6 mmol; 1.622 g) and FeSO4.7H20 (5 mmol; 1.39 g) was dissolved in 40 mL water in a
three necked round bottom flasks. 5 mL of a 28% (v/v) aqueous ammonia solution were subsequently
added to the mixture and the final solution was heated at 90°C under argon atmosphere with magnetic
stirring. Then, 4.4 g (14.9 mmol) of sodium citrate in 15 mL water were added dropwise until getting
a black solution. The reaction mixture was further stirred for 30 min. Fes.s04 SPIONs were finally
recovered by magnetic separation, washed several times with ethanol and redispersed in 100 mL water.
2.3 Synthesis of CMPETMS-coated Fes.s Os MNPs (Fes.s Os@silane)

SPIONs were dispersed in 10 mL of toluene under argon. CMPETMS (0.2 mmol, 49.1 uL) was injected
and the mixture stirred for 2 min. Then, 1 mL of an ethanolic solution of tetramethylammonium
hydroxide pentahydrate (TMAOH) (36.25 mg) was added and the mixture further stirred under argon
for 15 min at 50°C. The mixture was then cooled to room temperature and SPIONs were separated by
centrifugation and washed two times with toluene. The silanized SPIONs were dispersed in 10 mL of
toluene and 2 mL of an ethanolic solution of TMAOH (36.25 mg) were injected.

The reaction was conducted under argon for 30 min at 50°C under magnetic stirring. The mixture was
cooled in a water bath and SPIONs were separated by centrifugation and washed two times with

toluene.

2.4 Synthesis of Fe3.s04@P(MEO2MAx-OEGMA100-x)

The growth of P(MEO2MAx-OEGMA100-x) from iron oxide MNPs surface was conducted using an
adapted protocol described by Alem et al.*® Briefly, in a 100 mL Schlenk flask, 50 mg of Fes
s0s@silane MNPs were dispersed in 10 mL of a DMF/DMSO mixture (10/90, v/v). 1.6 mL of
MEO:MA and 1.14 mL of OEGMA were added for the synthesis of Fe3s04s@P(MEO2MAgo-



OEGMA4) 1.26 mL of MEO2MA, 1 mL of OEGMA for Fez.s04@P(MEO2MAss-OEGMA35). Once
the MNPs were completely dispersed, 200 mL of CuBr2/TPMA (0.884 mmol CuBr», 4.3 mmol TPMA)
stock solution in DMSO were added to the mixture. The reaction mixture was stirred and heated to 65
°C. Next, 250 mL of a stock solution of hydrazine in DMSO (7.1 mg.mL™) were added and the mixture
was stirred for 2 h at 65 °C with argon. At the end of the polymerization, the mixture was poured drop
by drop into hot Milli-Q water to precipitate the insoluble components. The materials were purified by
redispersion of the core/shell MNPs in cold water followed by centrifugation of the solution after
heating.

2.5 Drug conjugation to MNCs

Conjugation of DOX with the MNPs was achieved through formation of hydrogen bonds with the
ether-oxyde groups of P(MEO2MA-OEGMA\) copolymer (as illustrated in Figure 6). DOX and MNCs
were mixed in DMEM (pH = 7.4) and the mixture was gently shaken in the dark for 24 h at room
temperature, thereby leading to the conjugation of DOX via imine linkage. The DOX-loaded MNCs
(DOX-MNCs) were retrieved by magnetic separation and washed thoroughly with DMEM until no
DOX was detected in the supernatant (at least 10 washing cycles). The concentration of released DOX
as a function of time (at 37 and 42°C) was calculated by measuring the absorbance of the supernatant
at 480 nm of the free DOX remaining in solution. The drug loading content (DLC), drug loading
efficiency (DLE), and percentage of drug released (%) could then be calculated from Egs. (1), (2) and

@),

amount of DOX in the MNPs 1)
DL (wt %) = amount of MNPs * 100

amount of DOX in the MNPs (2)
DLE (wt %) = - X 100%
total amount of feeding drug

. e | d mass of drug released % 100% 3
percentage o1 drig released = = ass of drug loaded ’

2.6 Characterization methods



Dynamic light scattering (DLS) was performed at room temperature using a Malvern Zetasizer HSa
instrument with an He—Ne laser (4 x 10 W) at a wavelength of 633 nm. The MNPs aqueous solutions
were filtered through Millipore membranes (0.2 mm pore size). The data were analyzed by the
CONTIN method to obtain the hydrodynamic diameter and size distribution in each aqueous dispersion
of MNPs. For Transmission Electron Microscopy (TEM) experiments, one drop of a dispersed solution
of MNPs was deposited on holey carbon grids and imaged. The Microscope used was an ARM 200F.
The crystallographic structure of the MNPs was identified by X-Ray Diffraction (XRD) using a Philips
PW3710 diffractometer with Cu Ko radiation. Fourier-transform infrared (FTIR) measurements were
conducted (i) on powders by using a Nicolet 6700 FTIR spectrometer equipped with a deuterated
triglycine sulphate (DTGS) detector in the 400-7000 cm™ wavelength range (i.e., 1.24-25 mm) in a
reflexion mode (ii) on suspensions in DMEM with a Bruker Vertex 70v using a nine-reflection diamond
ATR accessory (DurasamplIR™, SensIR Technologies, incidence angle: 45°). A SETSYS Supersonic
thermobalance (SETARAM) was used for thermogravimetric measurements. The furnace made of
graphite element operates from room temperature up to 1600°C. The apparatus was controlled by
software appointed Calisto. Dry samples of 30 mg were put in an alumina crucible with a volume of
30 mL. The samples were heated from room temperature to 600°C at an heating rate of 5°C min* under
argon atmosphere. The magnetic properties of the core/shell MNPs were studied by superconducting

quantum interference device SQUID-VSM combined to Vibrating Sample Magnetometer.

2.7 In vitro magnetic hyperthermia

Heat capacity measurements:
Heat capacities of mixtures at atmospheric pressure were measured using a Calvet type calorimeter,
Setaram C80 (France) in a range of temperature from 298 to 373.15 K. A full description of the
procedure is given in previous work.*#° In few words, the sample temperature was first fixed at 298
K during 2h. Then, a scanning rate was set to 0.5 K min~" up to 373 K. This temperature was maintained
during 1h.
Magnetic hyperthermia measurements:
Magnetic heating measurements were performed to assess the heating performances of the
nanocomposites using a magnetic hyperthermia induction apparatus composed of a DM 100 instrument
and DM applicator (Nanoscale BiomagneticsTM, nB), under MaNIaC software. The system was set to
operate at a frequency f = 536.5 kHz and field amplitude H = 300 Gauss. Samples made of 1 mL of
Fes-s0:@P(MEO2MAx-OEGMA100-x) dispersed in water (DMEM) with a concentration of 4.5 mg
mL ! were placed in the middle of the coil. The increase in temperature was continuously logged using
7



optic fiber probes centered in the suspension. The measurement started when the temperature of the
suspension was stabilized at room temperature, and the measurement time was limited to 10 min. The
specific absorption rate (SAR) was commonly employed to quantify the heat dissipation rate of a given
ferrofluid, even though it was not an intrinsic property of the system as it was strongly dependent upon
the frequency and field amplitude used during the measurement. First, a second order polynomial
function was used to fit the plot over the first 120 seconds and determine [dT/dt]t=0. In the fitted plot
AT (t) = intercept + a X T + b X T?, the a value corresponds to [dT/dt]t=0 as detailed by Perigo et

al’. This allows to finally calculate the SAR value by using the following equation:

C AT (4)

where C denotes the specific heat capacity of the sample, mre is the iron mass per unit volume of liquid
and AT/At represents the initial temperature rise rate. The SAR was then calculated in regards to iron

oxide mass.

2.8 DOX release kinetics studies

In order to determine the mechanism of drug release and the release rate, the data obtained were fitted
with the most relevant kinetic models for our system, such as zero-order, first-order, Higuchi and
Korsmeyer—Peppas release models®®.

The zero-order kinetic release is concentration dependent and can be expressed as:

M, = My + K,.t )
where M is the amount of drug dissolved in time t, Mo is the initial amount of drug in the solution (Mo
= 0) and Ko is the zero order release constant expressed in units of concentration/time.

The first order kinetic release is concentration dependent and can be expressed as

My =M,[1—exp(—K,.1)] (6)

where Mo is the initial concentration of drug, K is the first order rate constant, and t is the time.

Higuchi model describes a drug release from solid matrices as:



M, =K, .t/? (7

where M is the drug released at time t, and K, is the rate constant. Once a plot of M¢/t¥2 is linear with
a slope >1, it is considered to follow the Higuchi drug release kinetics.

Korsmeyer—Peppas model consists in a simple relationship, which describes a drug release from a
polymeric matrix, and written as:

M,
M,

M. _ o
M_oo_ kp-t ’

<0,6 ®)

where My/M., is the drug release fraction at time t; Kyp is a constant; and n is the release exponent. The
release model follows Fickian diffusion as n < 0.5, while non-Fickian as 0.5 < n < 1'®, By comparing
the regression coefficient (R?) of the different model, the accuracy of each fitting could be verified. For

each temperature, the model giving the highest R? was considered as the best fit of the release data.

2.9 Biological Characterization

The human ovarian adenocarcinoma cell line SKOV-3 was obtained from ATCC® (LGC Promochem,
Molsheim, France). Cells were grown in humidified atmosphere, 5 % CO., at 37°C in Dulbecco’s
Modified Eagle’s Medium (DMEM) without phenol red (Invitrogen, Cergy-Pontoise, France),
supplemented with 9 % heat-inactivated fetal calf serum (FCS) and 1 % 200 mM L-glutamine (Life
Technologies, Carlsbad, USA). Three days before adding the MNPs, SKOV-3 cells were trypsinized,
recovered in supplemented DMEM and seeded in 96-well plate at 10° cells.mL? (2.5-10* cells per
well). Cells were exposed to free DOX (range 1.3-10 pg.mL™), Fes-s04@P(MEO2MAs-OEGMA40)
(range 0.78-12.5 pug.mL™) or DOX-loaded Fes-504@P(MEO2MAs-OEGMA40) (range 1.3-10 pg.mL-
1 MNPs) for 24h at 37°C or 5h at 41 °C.

Cell viability was assessed by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide; Sigma] colorometric assay, which measures the capacity of mitochondrial deshydrogenase in
viable cells to reduce MTT to purple formazan crystals. Following incubation, cells were washed twice
with cold PBS, fresh medium was added, and cells were maintained in an incubator. 24 h later, the
medium was removed, the MTT solution was added to each well, and cells were placed in an incubator
for 3h. The formazan crystals were solubilized by adding dimethyl sulfoxide and absorbance was
measured at 540 nm with a plate reader (Ascent Multiskan). Cell death percentage was obtained by

referring the treated samples to control non-treated cells.

3. RESULTS AND DISCUSSION



3.1 Characterization of P(MEO2MAx-OEGMAY) growth from SPIONS

The efficiency of the growth of P(MEO:MAx-OEGMAu100-x) by ARGET-ATRP process from
Fess04@Silane surface as illustrated in Figure 1, was confirmed by FTIR. The spectrum of MNPs
shows two broad bands at 1556 and 1394 cm™ mainly assigned to the carboxylate group from the
remaining citrates groups. The band at 1247 cm™ was assigned to the Si-CH2-R groups near the core
and the overlapped bands between 1150 and 1000 cm™ were assigned to the stretching bands from C-
OH, Si-O-Si and Si-O groups. Concerning the polymer chain chemical signature, absorption bands
located at 1720 and 1110 cm™ are assigned to the ester C=0 and C-O bonds stretching of the repeatitive
unit moities of the P(MEO2MAx-OEGMAu100-x) (see Figure SI 1).

N MQ/
_si
© \o 10 mmol (MEO;MA,OEGMA)
x Ti
o-si o CuCI,/TPMA, Hydrazine
0/ ‘\_©_/ DMSO/DMF (90/10, v/v)
60°C
o,/
Si
i

Figure 1: Schematic illustration of the synthetic process for the preparation of Fes-
s04@P(MEO2MAx-OEGMA100-x) MNPs.

The amount of copolymer anchored at the MNPs surface is of importance as it is directly linked to the
amount of drug that can be loaded within the core/shell MNPs. Thermogravimetric analysis were
conducted, and as can be seen in Figure 2, depending on the ratio MEO.MA/OEGMA, the amount of
the grafted polymer varied from 38% for the Fez-sO4@P(MEO2MAss-OEGMAS35) to 43% for the Fes.
s04@P(MEO2MAg-OEGMAL), the reference being the Fes.s04@Silane MNPs. This high calculated
amount of copolymer confirms the advantage of the use of grafting-from process (growth of the
macromolecule from the MNPs surfaces) compared to the grafting-to process (grafting of the co-
polymer after its synthesis) that has been shown to lead to amounts of polymer varying between 8 to
15% at the surface of the MNPs. 1530

10
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Figure 2. TGA-DTA analysis in N2 atmosphere.

3.2 Core/shell MNPs microstructure

To study the microstructure of the MNPs, TEM and High Resolution-Transmission Electron
Microscopy (HR-TEM) experiments were performed. In figure 3a the TEM micrographs of Fes-
s04@P(MEO2MA60-OEGMA40) confirmed the spherical shape of MNPs with an average size of 10 +
1.5 nm (calculated from TEM images). Moreover, the well coverage of the MNPs surfaces by the
copolymer could be studied by HR-TEM combined with Energy Filtered-Transmission Electron
Microscopy (EF-TEM) analysis. The elemental signal of carbon (in white, Figure 3d) was detected at
the surface and at the interspace between particles indicating the presence of the co-polymer around

the magnetic MNPs.

Sharp and clearly defined peaks can be observed on the XRD pattern (Figure SI2 in the Supporting
Information), which indicates a high degree of crystallinity for the MNPs. The diffraction peaks match
with the formation of a spinel iron oxide phase. The calculated lattice parameter is 0.841 nm by
comparison with those of FesO4 magnetite phase of 0.8396 A (JCPDS PDF no. 00-019-0629) and the
maghemite one y-Fe;Os (0.8346 A, JCPDS file 39-1346). A mean crystallite size of 11.3 nm was
calculated from the XRD pattern by the application of the Scherrer equation to the broadening of the
(311) reflection signal, which is in good agreement with the particle size determined from TEM

micrographies (Figure 3a).
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Figure 3. (a) TEM micrographs of Fe3s04@P (MEO2MAs-OEGMA40) MNPs. (b)
Fe mapping images of Fe3.s04@P (MEO2MAg-OEGMA40) MNPs obtained by EF-TEM, (c)
C mapping images of Fe3-s04s@P (MEO2MAs-OEGMA40) MNPs obtained by EF-TEM.

Superparamagnetic properties of the core/shell MNPs

The superparamagnetic properties of the SPIONs at room temperature and as a function of temperature
could be verified by the zero field cooled-field cooled (ZFC-FC) measurements. As depicted in Figure
4a, the maximum of ZFC curve assimilated to the blocking temperature is at around 250 K, which is
largely below the physiological temperature range. This blocking temperature is slightly larger than
that was reported for other iron oxide nanoparticles with similar sizes which suggested some
aggregation of nanoparticles. Indeed the presence of dipolar interaction induced a shift of the blocking
temperature towards higher temperature®®#’. The saturated magnetization of the Fes.
504@P(MEO2MAs-OEGMA40) and Fes.s0:@P(MEO2MAg-OEGMAS3s) MNPs are 30 emu.g™ and
33 emu.g?, respectively, and are lower values than the one for the uncoated Fes-sO4 mNPs (80 emu.g”
1y (Figure SI3 in the Supporting Information). This can be attributed to a decrease in the magnetic
interaction with diamagnetic coating. Despite of a decrease of the magnetization, all the MNPs quickly
and firmly interact with a magnet (inset in Figure 4b).

Moreover, this superparamagnetic behavior was evaluated at 5 K and 300 K. At 5 K, an hysteresis
cycle can be observed due to the transition to a low temperature blocked state with a saturation
magnetization of 80 emu.g* and a coercive field of about = 270 Oe. Oppositely, at 300 K, no coercive
field is observed and a saturation magnetization of 70 emu.g™* is obtained for the nude Fes-s04 MNPs

(Figure SI13 in the Supporting Information)

12



Fe304@P(MEO2MAG)-OEGMA )

T T T
+— FC —— Fe30,@P(MEO,MAGs-OEGMAgs)
304@P(MEO,MAGy OEGMA g In water

Fe304@si\ane In PBS

20+

M(emu/g)
Intensity (u.a)

Magnetization (emu/g)

Ia

40 . . h A A S SR S
-30000 -20000 -10000 O 10000 20000 30000 0 10 20 30 40 50 60 70 80 90 10(
Température (K) Magnetic Field (Oe) Hydrodynamic diameter (nm)

Figure 4. Characterization of NPs, hydrodynamic diameter, and magnetization properties. (a)
Hydrodynamic diameter distribution of bare and FezsOs@P (MEO2MAg-OEGMA40) MNPs in
water and PBS and (b) Magnetization curve of (MEO2MA.OEGMA100-x)-capped Fes-s04 NPs at 300
K (c) ZFC/ FC curves of Fe3-s04@P(MEO2MAs-OEGMA40), B = 75 Oe.
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Colloidal behavior of the core/shell nanoparticles (in water and in vitro)

In order to translate those MNPs into clinical applications, a major point is their stability in
physiological media. Indeed, contrary to pure water, these media are composed of different salts and
proteins that can influence the colloidal behavior of the MNPs. Firstly, the Fez sO4@Silane (in ethanol)
displayed an hydrodynamic diameter of about 20-30 nm. In water, the measured P(MEO2MAXx-
OEGMA100-x) hydrated coating (~ 55-80 nm in water and ~ 50-75 nm in PBS) which confirms a
moderate aggregation (Figure 4a). It is worth to mention that MNPs with sizes varying between 10 and
200 nm preferentially accumulate into tumor than in healthy tissue due to the enhanced permeability
and retention effect (EPR).1*!Y" Owing to the porous vascular architecture of the tumors and the
degradation of the lymphatic clearance, the MNPs diffusion in tumor tissue would be largely enhanced.
The 50-80 nm hydrodynamic diameters of the MNPs developed in this work seem then optimal for
EPR effect.

The responsive behavior and the starting temperature at which the MNPs started to aggregate were also
monitored by DLS. As depicted in Figure 5, when a solution of Fes.s04@P(MEO2MAs-OEGMA0)
and Fe3-s0:@P(MEO2MA6s-OEGMA35) MNPs is heated from 25 to 50°C, their hydrodynamic
diameter started to increase at 38 and 41°C, respectively, which corresponds to the LCST’s of
P(MEO2:MAg-OEGMA4) and P(MEO:MAg-OEGMASss) in physiological medium (DMEM),
respectively. To confirm the complete reversibility of the processes, five successive cycles of heating
(T > LCST) and cooling (T < LCST) were conducted (Figure SI 4). A reversible behavior in
physiological medium upon heating and cooling was demonstrated for the entire sample. This behavior
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is in perfect agreement with the high hydration capacity of the ethylene glycol groups below the

collapse temperature and the chains shrinking above the latter.181°
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Figure 5: DLS data of Fez-s04@P (MEO2MAs-OEGMA40) (red) and Fez-s04@P (MEO2MAgs-
OEGMAZ3s) (blue) MNPs in DMEM from 35 to 45°C.
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3.4 DOX loaded nanoparticulate systems studies
3.4.a. Interaction between the DOX and the NPs responsive shell

To enlighten the interaction between the doxorubicine and the copolymer chains, FT-IR experiments
were conducted, and Figure 6 shows the FTIR-ATR spectra of DOX, MNPs and NPs-DOX recorded
in DMEM medium The assignments were performed according to the literature**->*, The spectrum of
DOX (Figure 6 a) shows well-defined bands at 1582, 1285, 1269, 1211, 1013 and 990 cm™ assigned
to the aromatic moieties of DOX. In addition, the bands at 1724 and 1624 cm™ were assigned to the
C=0 stretching band and NH bending band, respectively.Which clearly differe from the core/shell
MNPs as described above. The spectrum of MNPs after contact with DOX and subsequent rinsing
shows bands at 1285, 1266, 1211, 1015 and 995 cm™. They are assigned to the aromatic moieties of
DOX, and they ascertain the occurrence of DOX on MNPs. The C=0 stretching band absorbs at 1741
cm™ in DOX-MNPs showing probably different hydrogen bonding of the DOX ester group. One
interesting feature of the spectrum is the disappearance of the NH2 bending band previously observed
at 1624 cm. It strongly suggested that this band was displaced in the region between 1550 and 1580
cm™ were several overlapping bands are observed. This shift is due to strong hydrogen bonding

involving the amine group from DOX and the ether oxydes polar groups of the copolymer.
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Figure 6: FTIR spectra in ATR mode of (a) DOX, (b) MNPs, and (¢) MNPs-DOX in DMEM

medium (reference = DMEM medium in which the species are).”

3.4b DOX release profile and mechanism as a function of temperature

DOX was chosen as a drug model to determine the drug-release properties of MNPs. The copolymer
responsive behavior translates in the fact that upon reaching the LCST, the polymer becomes
hydrophobic and shrinks by expelling solvating water molecules. We have shown that DOX interact
with the co-polymer polar ether-oxydes moieties via hydrogen bonding, as the water molecules. We
assumed that DOX molecules are pushing out the water molecules whereas interacting with the
polymer backbone. The drug carrier at different temperatures showed sustained drug release properties
in biological media with different release rates. As expected, the release process at 37°C was much
slower than at 42°C. In culture medium, after incubation at 37°C, the initial proportion of DOX
cumulative release from Fe3s04s@P(MEO2MAs-OEGMA40) MNPs was 0% within almost 10 hours
(figure 7a). The amount of released DOX increased slowly with time and a change in the slope appeared
after 25 h of incubation in culture medium. This change can be related to the presence of different
entities in the culture medium such as proteins and salts, that may act as kosmotropic species (lead to
an early expelling of water molecule from the grafted polymer chains which results in a premature
collapsing of the polymer-chain#), and thus inducing the early DOX-polymer bond breaking with time.
Finally, after 54 h, the released DOX is 80%.

At 42°C, a linear increase of drug release with time was observed. As for the studies at 37°C, the drug

release profile with time was not an on/off system. An initial burst release of 20% was observed for
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the DOX-Fe3.504s@P(MEO2MAg-OEGMA40) MNPs followed by a linear increase with time until
reaching 100% after 54 h.

Nevertheless, the influence of temperature on the drug delivery process can be clearly seen as the DOX
release rate and amount are much higher at 42°C than 37°C with time (Figure 7). The same trend of
the cumulative DOX release with time was observed for DOX-Fe3.s04@P(MEO2MAss-OEGMASs)
MNPs. The Fess0:@P(MEO2MAss-OEGMA3s) MNPs display a LCST at 38°C in physiological
medium, at 37°C the maximum of DOX release (70%) is reached (after 30 h) and an initial burst of
40% is observed at 42°C.
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Figure 7. Release of DOX from Fe3s04s@P (MEO2MAg-OEGMA40) and Fezs04s@P
(MEO2MAg5-OEGMAS35) MNPs in physiological medium (DMEM).

The release kinetics and mechanism of DOX from the magnetic MNPs were determined according to
the mathematical models previously described. The release parameters for each model (K1, Kn, Kip and
n) are shown in Table 1 as well as the correlations values (R?), which enabled the extraction of an
equation for each system in function of temperature (eq. 9-12). The MNPs display two different release
behaviors depending on the temperature. At 37°C, the Zero order kinetics, Higuchi kinetics and
Korsmeyer—Peppas model do not fit well with experimental data as manifested by low R? values,
whereas the first order kinetics seems to be the best illustrating model for our systems at 37°C (see eq.
9 and 10) . Furthermore, the linear increase in drug release at 42°C shows that the Zero Order kinetics
is the most relevant model to illustrate the DOX release behavior from the core/shell MNPs above the

copolymer LCST (see eq. 11 and 12).
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Table 1. Kinetics data of DOX release from the core-shell MNPs.

Zero Order | First Order Higushi Korsmeyer-Peppas

Samples T°(C) | K1 R? K1 R? Kb R? | Kk n R?
Fess04@ 37°C |0.001 (0,718 1.425|0.960 [1.101 |0.84 [ 0.576 | 0.382 | 0.846
P(MEO:MAg 9 0 4 3 2 61 |5 5 8
5-OEGMA3s)
Fes-s0:@ 37°C |0.003 0,830 0.003 | 0.988 |0.826 |0.66 |0.911 |[0.277 |0.823
P(MEO;MAG 8
0-OEGMAu0)
Fes-504 42°C |1.238 (0,987 |1.747 |1 0.984 |[0.444 |0.80 | 0.646 | 0.222 | 0.806
@P(MEO:M 2 4 3 2 9 60 |6 4 0
Ass-
OEGMAss)
Fes-504 42°C | 4.137 (0,989 0.018 | 0.988 |[0.090 | 0.85 [ 0.556 | 0.290 | 0.860
@P(MEO:;M 9
Aso-
OEGMA\0)
The associated equations for each system are the following:
For Fess04@P(MEO:MAs-OEGMA4)-DOX 4 42°C :

Ceda0(%) = 1,3516¢ + 25.5716 (9)
For Fe3s04@P(MEO2MAss-OEGMA35)-DOX a 42°C :

CeZ55(%) = 1.2382t + 38.7545 (10)

For Fe3-s0s@P(MEO2MAso-OEGMA40)-DOX a 37°C
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! 11
23/30(@) = 0,0075.exp( —) + 0,01324 (11)

For Fes.s04@P(MEO;MAgs-OEG MA35)-DOX a37°C
12
€33 /55(%) = -0,118Lexp(- 8—) +0,1659 12

3

WhereCy /Z(%) represents the percentage of cumulative of DOX release, x the degree at which the

release experiment were performed, and y the amount of MEO2MA and z the amount of OEGMA.

Moreover, Drug Loading Capacity (DLC, wt%) and the Drug Loading Efficiency (DLE, wt%) of the
core/shell MNPs could reach 6.2% and 56,1 %, respectively, for Fe3.s04@P(MEO2MAs-OEGMA ).
Close results were also obtained for Fes.sOs@P(MEO2MAg-OEGMASs) (DLC of 5.7% and DLE of
57%). All results were extracted from UV curves and data shown in Supp Info Figure SI 5. The DLC
values were close to those we can find in the literature®?, but the DLE values were lower compared to
literature data®2. This can be attributed to the encumbered branched structure of OEGMA that impairs
the diffusion of DOX compared to other polymers like PEG whose linear structure allows an easier
diffusion of DOX.

3.4 c. DOX loaded-nanoparticulate system stability at 20°C study
DOX (1mg.mL™) and MNPs (0.03 mg.mL™) were incubated in DMEM at 20°C, once the excess of

DOX removed , the resulting hydrodynamic diameter of the DOX-loaded system was measured by

DLS for 72 h. All results are gathered in Figure SI 7, which shows that considering the error bars, the

diameters of the DOX-loaded nanoparticles systems do not change within 72 h.

3.5 Magnetic hyperthermia Study

The temperature profiles with time and SAR values measurements obtained at the AC field parameters
of H=300 Gauss (23.8 kA.m-1) and f=536.5 kHz of Fes.s04@P(MEO2MAg-OEGMA4) and Fes.
s04@P(MEO2MAg-OEGMA3s) MNPs in water and physiological medium (DMEM) are shown in
Figure 8. Magnetic measurements have already shown the superparamagnetic properties of Fes
§04@P(MEO2MAx-OEGMA100-x) MNPs (Figure 4). Thus, the primary factor for heat generated by

superparamagnetic MNPs is attributed to Brownian and/or Neel’s spin relaxations.
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Temperature profile curves show a gradual increase in temperature for the samples in water and
physiological media (Figure 8). The required magnetic hyperthermia temperature (i.e., 41-45°C) can
be then achieved as an increase of temperature can be reached within less than 7 minutes for the Fes.
s04@P(MEO2MAx-OEGMA100-x) MNPs in physiological media at low applied AC magnetic field
(23.8 KA/m, and f = 536.5 KHz). The Fe3.s04@P(MEO2MAx-OEGMA100-x) MNPs disperse more
easily in physiological media than in water. From Figure 8, it could be observed that the SAR increased
with the polymer density and depends on the solvent. The obtained SAR in physiological media for the
Fes.s0:@P(MEO2MAes-OEGMAS35) and Fezs04@P(MEO2MAs-OEGMA40) MNPs were ~45.7 W.g"
! and ~12.6 W.g*! compared to ~61.7 W.g* and ~25.2 W.g? in water (Table 2), respectively.
Compared to the bare Fess04 MNPs (MNPs before silanisation), the SAR which is of ~100 W.g* and
~101 W.g! in water and culture media, respectively, is decreased despite the remaining good
dispersion in water after the copolymer functionalization.

As shown in Figure 5, until 36°C there is no aggregation of the MNPs in water (or in culture media),
but it has to be considered that during the measurements, we collected the temperature of the whole
solution (MNPs with aqueous media), whereas a local heating of the MNPs has to be considered’. This
local heating may reach 50°C, which should induce the collapse of the polymer chain (see Figure 5)
and then the further aggregation of the MNPs. This MNP aggregation by limiting heat transfer finally
explains the decrease of at least by two the SAR as observed in other studies’.

Concerning the influence of the medium, it is clear that when the core/shell MNPs are dispersed in the
culture medium, the SAR decreased. We have shown that the colloidal behavior of the core/shell MNPs
is driven by the copolymer chains grafted at their surfaces. When dispersed in cultured medium
(DMEM)), the salts within the culture medium disrupt the hydration structure that surround the polymer
chains and thus decrease the hydrophilicity of the final core/shell structure.?’ The direct consequence

is that the final dispersion of the MNPs will be less efficient and SAR will decrease.
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Figure 8. Temperature of Fe3.s04@P (MEO2MAx-OEGMA100-x) MNPs under AC magnetic field

Samples SAR (WI/g) in water SAR (W/g) in
physiological media
Fess04@P (MEO2MAes-OEGMA35) 61.7 45.7
Fes-s04@P (MEO2MAs-OEGMA40) 25.2 12.6

Table 2 : SAR values in water and physiological medium for Fes.s04@P(MEO2MAgs-OEGMA3s)
and Fe3-s0:@P(MEO2MAgs-OEGMA0)

3.6 Cytotoxicity Study

Cytotoxicity towards human colon adenocarcinoma cell line HT29
The cytotoxicity of Fez-s0s@P(MEO2MAg-OEGMA40) MNPs was evaluated by conventional MTT
assays after incubation with HT29 cells for 24 and 72 h. Figure 9 displays the cell viability after 24 and

72 h exposure to MNPs. The results show that the magnetic core/shell MNPs exhibit a dose-dependent
cytotoxicity. Above 12.5ug.mL™, Fess04@P(MEO2MAg-OEGMA40) MNPs induce a major decrease
in cell viability with 85 + 8% and 75 £ 55 % after 24 h and 72 h, respectively. Chen et al. have proposed
a dose-dependent cytotoxicity mechanism for MNPs which involves an increase of the metal ions
released when the amount of MNPs increases.?! Their study highlighted that the leaching of free metal
ions from the core/shell MNPs could lead to a high toxicity to cells. However, due to the low solubility
of Fe?* ions at physiological pH, the most relevant mechanism that can be considered when Fez.50a4

MNPs get in contact with a tissue, is a mitochondrial disturbance which is translated by an increase of
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swelling and cell permeability, and the generation of reactive oxygen species (ROS) with oxidative
stress through the Fenton reaction. Our cytotoxicity tests showed that for almost all core/ shell MNPs
concentrations, the cytotoxicity decreased with the amount of copolymer grafted at the surface of the
MNPs. Therefore, the grafting of co-polymer shell prevents oxidative reactions. However, these MNPs

still exhibit a favorable biocompatibility which makes them useful for biomedical applications.
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Figure 9. Viability of HT29 cells after (a) 24 and (b) 72 h exposure to Fez.s0s@P (MEO2MAego-
OEGMA40) MNPs

3.7 Cell viability after adding non-loaded Fes-sOs@copolymer

Cytotoxicity towards ovarian cancer line SKOV-3

SKOV-3 cell viability after 24 h exposure to Fes-sOs@copolymer MNPs at 37°C or 41°C revealed mild
cytotoxicity irrespective of temperature of non-loaded MNPs. Cell viability at 37°C was above 80%
even for the highest MNPs dose that produced only an average of ~10% cell death (90.85 + 10.6% cell
viability). At 41°C, the cell viability decreased but remained between 70 and 80 % excepted for the
highest MNPs concentration for which 65.08 £ 2.23 % cell viability was observed (Figure 10).
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Figure 10. Viability of SKOV-3 in function of the concentration of Fez-s0s@P (MEO2MAso-
OEGMA40) MNPs at 37°C and 42°C.

3.8 Cytotoxicity of DOX loaded in Fes-s0s@copolymer compared to free DOX

To study the efficiency of SPIONs responsive MNPs as drug carrier, SKOV-3 cells viability towards
DOX was evaluated in different conditions. The Fe3.s0s@P(MEO2MAg-OEGMA40) MNPs were
selected as drug carrier as they display a LCST in physiological medium above 41°C, whereas the
LCST of Fez-s04@P(MEO2MAes-OEGMA3s) NPS is around 38°C, which is too close to the body
temperature. In all experiments, we compared the SKOV-3 cells viability when cells were submitted
to free DOX (at 0.78 pg.mL™?) (the results impact of the increased concentration of the DOX on cells
depending on the temperature are gathered in figure SI 09) or to DOX incorporated within Fes.
504@P(MEO2MAg-OEGMA40) MNPs, named MNPs-DOX in the graph Figure 11. All experiments
were performed in SKOV-3 cell culture medium at 37°C for 24 h and at 41°C for 5 h (to limit the
impact of temperature on cells). Figure 11 shows the percentages of cell viability obtained when cells
were exposed to either free DOX or DOX-MNPs for 24 h at 37°C.

The concentration of the DOX release from the NPs is actually very lower that the chosen concentration
of the free DOX, but 0.78 pg.mL* was the lower concentration to see an impact of the free DOX
(especially at 37°C) on the cells viability.

Hence, at the mentioned concentration of free DOX, the average percentages of SKOV-3 cells viability
were 85.97 £ 10 % and 72.9 + 9.1 % at 37°C and 41°C respectively. When the DOX was released
from the NPs, even the concentration was very lower, up to 0.07 ng.mL™, a higher amont of cells death
could be achieved. Indeed as depicted in figure 11, for the concentration of 0.02, 0.03, 0.04, 0.05, 0.07
ug.mL?, the cells viability at 37°C was of 94.6 + 6.1 %, 88.5+0.9 %, 78.9 + 6.1 %, 71.3 + 0.8 %, 66.0

+ 5.1 % respectively. At 41°C, the combination of the DOX release and the increase of the temperature
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led to the increase of the cytotoxicity towards the cancer cells. As shown in Figure 11, for the same
DOX concentration as mentioned before, the cells viability was of 95.0 + 15.7 %, 80.78 + 6.1 %, 58.8
+9.1 %, 48.0 £ 6.9 %, 32.9 + 4.3 % respectively. A cell death of almost 70% can then be reached for
for a DOX concentration as low as 0.07ug.mL™, which demonstrate the higher impact of the coated
MNPs on the cancer cells. Those systems can then be promising candidates for new tools for cancer

therapy.
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Figure 11. Viability of SKOV3 cells after 24 h exposure to free DOX, Fe3.s04@P(MEO2MAgo-
OEGMA0) and Fe3-504@P(MEO2MAs-OEGMA40)-DOX MNPs at 37 or 41°C.

CONCLUSIONS

Core/shell Fez-sO4@P(MEO2MAx-OEGMA100-x) MNPs were synthesized via SI-ARGET ATRP by
growing the poly(MEO2MAx-OEGMA100-x) copolymers from the surface of FessOs MNPs. These
core/shell MNPs exhibit a thermo-responsive behavior that could be controlled by tuning the molar
ratio of MEO2MA and OEGMA monomers. The magnetic hyperthermia properties of the MNPs was
higlighted. The thermo-responsive behavior denoted by a LCST showed lower values in DMEM. The
cytotoxic tests towards human ovary cancer cells SKOV-3 showed that the core/shell MNPs had almost
no toxicity at concentrations up to 12 ug.mL*, while when loaded with DOX, a cytotoxic effect and a
decrease of SKOV-3 cell viability in a short time and at very low concentration of DOX, as low as
0.07ug.mL* were observed. This work is a promising way for the design of new tools towards cancer

therapy and theragnostic.
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