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Abstract:

Magnetite (FgO,) nanoparticles are proper materials for MagnetituidF
Hyperthermia applications whenever these conjugstebility at physiological
(neutral pH) medium and high specific dissipatioowpr. Here, magnetite
nanoparticles 9 - 12 nm size, electrostaticallyitaed by citric acid coating, with
hydrodynamic sizes in the range 39 -55 nm and disfpersed in agueous solution
were prepared using a chemical route. The influesfcenedia acidity during the
adsorption of citric acid (CA) on the suspensiormgl term stability was
systematically investigated. The highest content nanoparticles in a stable
suspension at neutral pH is obtained for coatingfopmed at pH = 4.58
corresponding to the larger amount of CA molecwdsorbed by one carboxylate
link. Specific absorption rates (SAR) of various gmetite colloids, determined
calorimetrically at a radio frequency field of 2685z and field amplitude of 40.1
kKA/m are analyzed in terms of structural and magnetlloid properties. Larger
dipolar interactions, lead to larger Néel relaxationes, in some cases larger than
Brown relaxation times, which in the present cageaeced magnetic radio frequency
heating. The improvement of suspension stabilisylts in a decrease of SAR values,
and this decrease is even large in comparison wvitbated magnetite nanoparticles.
This fact is related to interactions between peasic
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1. Introduction
Stable dispersion of magnetic nanoparticles (MNRByeh attracted

much attention, in a first stage because of tHesological propertiésthat allow a
dynamic control by applied fields, and more recerdue to their widespread
biomedical diagnostic and therapeutic applicatidrsich as visualization agents in
magnetic resonance imagfhgtherapeutic carriers indrug delivery® heat
intermediaries in cancer treatment therapieand labelers fom vitro andin vivo
separation experimeritsThe usefulness of the magnetic colloids for bidire
application depends on their biocompatibility, tistability of the magnetic
nanoparticles in solution at neutral pHs and thEabdity of MNP surfaces to become
chemically functionalized.

Among many studied materials, Fe and its oxidestlaeeunique FDA (US
Food and Drug Admistration) accepted ones. The ateplc surface of Fe oxides
facilitates their funtionalization. Subsequentlyamyg protocols have been developed
for its preparation by either high-temperature degosition of an organic iron



precursor or low-temperature coprecipitalfonThe MNPs produced by high-
temperature decomposition methodology display besteuctural and magnetic
properties but also hydrophobicity, then furtherrkvon MNPs surfaces for their
stabilization in neutral conditions is needed. #itgbin suspension is a major
requirement for any biomedical application thatalwves injection in a living human
being and results from the interplay between aitraadipolar and van der Waals
interactions and repulsive electrostatic and stateractions.

Steric stabilization includes coating with non-orsurfactant molecules,
polymers, and inorganic layers as silica or somelexnetals. Among the routes
employed for obtaining the water soluble functiczed iron oxide MNPs, the
addition of small biocompatible organic moleculesch as aminoacitfs peptide&’,
citric acid**>*® and cyclodextritf presents the advantages of combining electrostatic
and steric stabilization, assuring coating biocatibgddy and providing functionality
for biomolecule conjugation. Polymeric stabilizatioomparing with electrostatic one
presents the advantage of reversibility from thgregated state by dilution, but
usually involves the binding of a large macromoleaesulting in a coated MNP with
a large overall size which strongly modifies itslhgdynamic behavior. So, a renewed
interest has appeared in iron oxide nanopartigjeshesized by coprecipitation and
stabilized by functionalization of their surfaceings small molecules with large
deprotonation ability like organic polyprotic aciddeading to electrosteric
stabilization.

Citric acid (AH; with A= CgHs0y7) is a small molecule that has three carboxyl
and one hydroxyl groups and is known to chemisorlrdn oxide nanoparticle by
forming a carboxylate group with the Fe-OH molesutgesent on the nanoparticle
surface, leaving one or two carboxyl groups negéticharge that can be used for
other purposes. A positively charged dfugnd/or a fluorescent molecule, like for
instance rhodamin®& can be bonded to them for applications in druéyel or for
in-vitro labeling studies, respectively. As the Aiolecule is small the nanoparticles
hydrodynamic radii are not much enlarged, whichofsimportance in magnetic
hyperthermia therapy applications. Differencesdenced in the rheological and
microstructural properties of biocompatible citaicid coated magnetites prepared by
different protocols based on the coprecipitatiorthoé have been recently discussed
elsewher®.

Magnetic Fluid Hyperthermia (MFH) is a therapy teat cancer tumors.
Briefly, MNPs exposed to a radio frequenay) (field, absorbs energy from the
applied field and dissipate this energy throughgmegic relaxation effects locally
raising the tumor temperature above 43 °C and thedée killing tumor cell$. The
figure of merit of a given nanoparticle for thispéipation is given by the specific
absorption rate (SAR), which is defined as the Ipeater absorbed from thé field
per gram of magnetic material. Nowadays, activeaesh is being executed on MNPs
synthesis protocol to improve specific absorptiates in order to reduce the amount
of material that has to be incorporated into a mitenor for its treatment and also in
order to extend this kind of therapy to smaller dusn which requires the attainment
of larger SAR values. For single-domain MNPs, rateon processes are of the Néel
and Brown types. These processes correspond toatha@particle magnetic moment
switching among its easy axis directions and tiseauis friction due to the Brownian
rotational diffusion of particle in the fluid, resgtively. As both processes take place
in parallel, the heating is driven by the one hgvihe shorter characteristic tife
From the stabilization ways previously outlined, ezges either the possibility of
using MNP with large hydrodynamic sizes (polymdikke coating) possibly resulting



in Néel driven process or using MNP covered wittalbrarganic molecules, as the
ones studied here, which may dissipate throughoavBitype process. The question of
which of these mechanisms optimizes the heatinggs®is still an open question,
whose answering requires more experimental research

In this work, highly stable and biocompatible magnsuspensions of citric-acid
coated FgO, nanoparticles in water were produced as biomedm#&ids suitable for
energy dissipation under an external ac magnedid in therf range and appropriated
for magnetic hyperthermia therapy. Moreover, thecdfc heating efficiency at a
frequency of 265 kHz and field amplitudes of 20,823nd 40.1 kA/m were
determined and are discussed here in terms of thBd&tructural and magnetic
parameters. Optimum synthesis conditions for l@mmtsuspension stability, as well
as the performance of the obtained ferrofluidgffdreating, are determined for a wide
range of experimental conditions. A detailed analg$ SAR measured values in
terms of magnetic and structural colloid properiteaddressed. Finally, the coated
MNP were efficiently internalized by human lung adearcinoma A549 cells and its
viability was analyzed by fluorescence-activatelll smting (FACS) using Annexin -
propidium iodide (PI) markers.

2. Experimental details

Fe;04 nanoparticles (core) were prepared by co-predcipiiaf ferric chloride
and ferrous chloriden the presence of excess ammoniays8H solution (AS) via a
modified Massart methdd* The so obtained magnetite cores were negatively
charged by CA adsorption over its surfaces. Theimgavas performed without
leaving the wet route, in order to avoid nanopbatgurface passivation. Both steps,
co-precipitation and CA adsorption, were carried onder a N reflux, to assure
anaerobic conditions, with continuous and vigorauagnetic stirring to assure
reagents homogeneity, and at controlled constanpeeature equal to 68C. The
heating device was close loop controlled in ordeagsure temperature homogeneity
and reproducibility.

Briefly, 2.75g of Fe(J.4H,0 and 1.01g of Fe@bH,O were dissolved in 50
ml of bidestilled water each, mixed in a three-nélekk, and heated to the reaction
temperature. Then, 3 ml of AS (25 % w/w) was addexp by drop and left to react
for 30 min, after that, 75 ml of AS were added aate of 1 drop/s until the solution
reach a pH of 10.5, high enough to prevent agglatimr due to surface charge.
Isoelectric point (IEP) of magnetite is knotfrto be in the pH range from 6 to 7
depending on the Beconcentration and temperature. Then, the blackigitate was
separated from the dispersion medium by meangefraanent magnet, mixed with a
CA aqueous solution (0.02 g/ml), and left to reatc60°C during 90 min to obtain
citric acid coated magnetite. To yield uncoated meite (1), the black precipitated
was washed several times and resuspended in wadepka close to neutral one (7-
7.4).

The pH at which CA was adsorbed to the MNP surtpely) was varied from
4.58 to 7.08. AS (0.25 % w/w) was used to adjustduspension pH to gldclose to
7. Then the suspension was again placed in a pemhamagnet during 600 s. By this
way six colloids ¢ (with i=1 to 6 for increasing pid were prepared. Each one of
them was then divided in two parts: the suspensfodNPs that were immobilized
with a permanent magnet ($Rnd the suspension of the MNPs which remained
suspended under the moderate magnetic field crdntetie magnet (GH Details
about the preparation of the six ;@8lloids of FgO, nanoparticles coated at different



pHaq are given in table I. pH measurements were cawigdwith a pH-meter with
+0.01 pH accuracy.

Common and standardized chemical volumetric armlysire used for colloid
concentration [x] determination, expressed as niggnaass per solvent volume with
an accuracy of 2 %. ACr,0O; was used as titrant.

Phase identification and core particle characteamawere performed by X-
ray diffraction (XRD) and Transmission Electron kiscopy (TEM) on dried
samples. Dried coating easily hydrates hinderiaghyde preparation for XRD
analysis, especially in the more efficiently coatedes. The patterns were determined
with a X’Pert Diffractometer within a@range from 20 to 80 degrees. TEM images
were obtained with a JEOL JELM 1200- EX microscope.

Zeta-potential measurements and Thermogravimet@) (tombined with
differential thermal analysis (DTA) were used tonfion coating achievement.
Measurements were carried out on dried powder ssmwith a Shimatzu TG-50 and
DTA-50 system. During measurements the samples \ep inside platinum
crucibles and heated at a constant rate of 10 Kimder a flux of 50 ml/min of N
Laser Doppler Electrophoretic method was used tasowe zeta-potential§ (mV])
of 1 ml of colloid with a Malvern Zetasizer nano25device.

Specific magnetization (M) as a function of applredgnetic field (H) at room
temperature was obtained using a VSM LakeShore 74iidating sample
magnetometer operated with a maximum applied figldna= 1.5 Tesla or with a
SQUID Quantum Design magnetometer WilfH.x = 2.5 Tesla. The later was also
used to measure the magnetization temperature depe& under zero field cooled
(ZFC) and field cooled (FC) protocols carried ou &/min and Hc=100 Oe.

Hydrodynamic sizes were retrieved from Phase sl Light
Scattering (PALS) of Dynamic Light Scattering (DLBgrformed on CScolloids.
Each sample was measured 10 times. Mean valusf(the hydrodynamic sizes are
reported in Table I.

Time-dependent calorimetric experiments were cotedliexposing nt of
the colloid, hold in a clear glass Dewar, rfofields of 20, 27.8 and 40.1 kA/m
amplitude and 265 kHz frequency. The temperature seased during treatment with
a fiber optic sensor placed at the center of tinepda The sensor was connected to a
calibrated signal conditioner (Neoptix) with an a@ry of £+0.1C. Colloid
temperature was kept below 65 °C in order to minégmévaporation and prevent
colloid destabilization.

SAR parameter was obtained from the initial slop¢he heating curve with
the expression

SAR= £ T [1]
[X] ot
whereC is the volumetric heat capacity of the solvent4@8 J/ K cr), and [x] the
MNP concentration given as mass of®gper solvent volume unit.

A549 cells were grown as monolayer in Dulbeceotlified Eagle’s medium
(DMEM) supplemented with 10 vol.% fetal bovine smtuand 0.5 mg
streptomycin in a humidified 5% GQ@tmosphere at 3. For the MNP uptake, the
cultures at 60 % confluence (24 h incubation tim&re washed with phosphate
buffered saline (PBS) and were incubated, in 1®MEM doped with three distinct
concentrations of 34, 67, and 1358gresos/ml culture medium, in 75 cflask
during 12 h. Then, cells were washed four timethviRBS to remove the non
incorporated MNPs and trypsinized from each fldslom each A549 internalized



culture1@ cells were resuspended in Annexin-binding buffed atained with il of
Annexin and 5ul of propidium iodide. Cells incubated without npgadticles at the
same condition of the internalized ones (36 h iatiob time) were used as control.

3. Resultsand discussions
3.1 Stability analysis

The crucial step in the preparation of a stableeaga suspension of MNPs
resides on their surfaces engineering, in this caes¢he CA adsorption efficiency.
Representative DTA-TG curves of citric acid and &8loid are shown in Fig. 1a and
1b respectively. DTA curve at Fig. 1 a) displaysharp endothermic peak at 187
without weight loss at the corresponding TG, assigto fusion fAH¢,s=-0.14 kJ/g)
and a broad endothermic feature (centered at 1) assigned to citric acid
decompositionfH=-0.55 kJ/g), happening in many steps. TG datavshan abrupt
single step weight loss (onset at 2@ of 87.5 % due to AC decomposition. On the
other hand, no fusion peak appears at DTA curvg. (Hb) of coated nanoparticle
indicating the absence of free CA precipitatiomteermic peaks related to magnetite
oxidation commencing around 200C are superimposed to attached CA
decomposition. TG curve displays a two step welgbd (onsets at 175 and 222)
of 7.3 and 2.5 % which are attributed to desorptbuitric acid molecules from the
nanoparticle surfat® Two step weight loss is an indication of a bilageating
formation, at the first layer the CA molecules ahemically attach to MNP surface
and the second is bind to the first through hydnogends. The later desorbs at lower
temperature. Two step weight loss has been oldetv®INP coated by bilayers of
n-alkanoic acids. From the comparison of these thermogravimetrioves it is
inferred that the binding of CA molecule to MNP fage was accomplished.

Both types of aqueous suspensions;(@id C9 are very stable and the
MNPs remain suspended for periods of several mobiag CScolloids extremely
stable. For C&olloids the separation of the MNPs from the disjgen media was not
even possible by three times centrifugation at 03f8m during 600 s. The mass
fraction ) of suspended nanoparticles, defined as the quotie concentrations,
measured at plg f = [CSJ/[Ci], was used as a parameter to quantify the CA
adsorption efficiency and as a long term stabitityerion. In Fig. 2, it can be seen
that f decreases monotonically with pld The aqueous citric acid solution left to
react with the oxide particles during the synthesisisists of a pH dependent mixture
of AHz, AHy, AH* and A". The molar fractions, (y = AHs, AH,, AH* and A")
calculated using the known acid dissociation camsfiKa=3.13, pKa=4.76 and
pKag = 6.40 are included in Fig. 2. The larderalue is achieved for CA adsorption
at pHas 4.58, when 60 % of CA molecules were negativélgrged as Akl and 40
% as AH. The decrease of AHand AH" occurring at pH larger than 5.5 disfavors
stability. At pH values lower than 4.58 there ifaege dissolution rate and the MNP
dissolves during preparatithn

Zeta-potentials{) measurements @S, CS, CS andu colloids are shown
in Fig. 3 and the mea& values against pH are displayed in Fig. 4. Thelestric
point (IEP) of coated nanoparticles is close tm@ for pH > 4 the largest mean value
of { is close to -36 mV. Results suggest that atelapi,s stability occurs when
larger amount of All is present at binding condition, i.e. larger amafrCA binds
to the nanoparticles surfaces by one carboxyladging two free dangling ends.
Further deprotonation of already bonded moleculeusc at pH value larger than
pKas = 6.40, providing electrostatic and steric stahtiion. Mear{ values as large as



-36 mV confirms that the particles have become Imgbatively charged, and that the
coating was accomplished. Our results differ froprevious work* where the largest
amount of magnetic nanoparticles in stable suspersi pHys= 10.1 was obtained
with CA adsorption at 80C and pHq¢s=5.2 where 70 % the molecules are twice
deprotonated as AH and 25 % once deprotonated, however the lardélst
determined in both works coincide because both wezasured at pH values larger
than pKa where the three carboxyl groups are dissociateldrdest{ value of -25.6

at pH 6 was obtained in other recent wOrkere coated magnetite was optimized for
drug delivery. A lower{ value means less charge and may be related torgesh
adsorption time (30 min less).

3.2 Structural and Magnetic Analysis

Figure 5 illustrates typical x-ray diffraction pains of uncoated magnetite
before and after CA adsorption. The well definedisebelong to the cubic spinel
structure, indicating that the samples are sindglasp. The whole patterns were
refined, including peak broadening due to crydtalkize, using a cubic spinel
structure (space group Fd3m) with lattice paramater 8.378A and the O atoms
arranged in a face centered- cubic lattice. Figarelisplays a typical TEM image of
u-MNPs (demw = 9.9 £ 2.4 nm). These patrticles are not regul@tetted, instead they
show spheroid-like forms and are quite aggregaeepresentative TEM image of a
coated colloid CS) is shown fig 6b. The MNPs are spherical, morgfarm and
further apart from each other than uncoated natiofga. Chain like arrangements
due to dipolar interactions appear. Mean size wakstimated from TEM data are
listed in table I.

Magnetic analysis was performed on dried colloichgli@s and on frozen
uncoated and bot6S andCP; coated colloids. Each sample is a collection nflei
domain particles of magnetic volunwg and giant magnetic momentMyoV (p the
mass density). Particles magnetocrystalline aropgtaxes are randomly distributed.
The energy of this ensemble placed in a magnetid fl arises from three main
contributions, the magnetic anisotropy energy,daeicle magnetic moment Zeeman
interaction with the applied field, and the dipdlateraction among patrticles.

The first and third energy terms dominate at logidfj and then determine the
magnetization behaviour as a function of tempeeatui=C and ZFC curves displayed
in Fig. 7 foru andCS samples. The absence of a maximum in the ZFC afrtleeu
sample indicates a blocking temperature room teatpe¥ due to aggregation and
strong dipolar interaction between particles. Thestancy oM almost in the whole
FC curve is also a signature of a highly interactaystem. The ZFC curve @S
exhibits a maximum at the blocking temperatuge=T92 K, and ZFC bifurcates from
FC curve at the irreversibility temperature= 140 K. For temperatures higher than
Ti magnetization temperature dependence strongly ridegeom the Curie-like
behavior M ~H/T) expected for a non interacting system. As tentpeza
decreases fromiTthe FC magnetization increases. Comparing ZFC-&@es of
uncoated and coated MNPs it is clear that citricd amating prevents strong
aggregation and lowers dipolar interaction, butl she system behaves as an
interacting superparamagnet (ISP). Colloids blogkemperaturesgl obtained from
ZFC data acquired from frozen colloids are listetable 1.

The second energy term dominates at high fieldsistizte main contribution
to the hysteresis loops shown in Fig. 9. The meatigle magnetic moment& in
all the studied samples is around 1.5 % (1§ the anisotropy energy barrikts V is



much smaller than the magnetic moment field intgwacenergy tpuH and the
magnetization of the particles at a given tempeeatind field can be modeled as:

— °° ,uo,u'_l
M (T,H) =N [ ’UL(kB—TJf(’u) dutrH ()

where the Langevin functionL(x)=coth(x)-1/x, being x=guH /KT, is
convoluted with a log-normal distribution of magonet moments
f(,u):exr{—(ln(u/um)IZJZ)]/ua\/ﬁ and xa is the high field susceptibility
related to surface magnetic disorder induced by ldok symmetry. Not fully

coordinated atoms at the surface of the parti@dd te a magnetically frustrated layer
which does not saturate even at 10 K and 2000 k&skee inset at fig. 9a) The

specific saturation magnetization M = N(,u)z N_[Owuf(u) du, whereN is the

particle number mass density and><the mean magnetic momept. values are of
the order of 10 m¥Kg. Although the cycles are well fitted with e®), and the
derived Mg values are correct, the so obtained mean magnetioents display an

unexpeted temperature dependéhic fig. 8 the mean value§u) = 1, exp? /2)

for variousCS samples, obtained from best fits Mf vs. H data of dried colloid

powders and frozen colloids, display an increasiagavior with temperature which
is characteristic of ISP systems. Then, in orderdatermine the particle size
distribution from the magnetic properties of eadkiatd and to compare it with the
results obtained by TEM (&~ is derived fromM vs. H data acquired from colloidal
samples at room temperature (see figure 8) whereffiect of the dipolar interaction

on the recorded pattern is diminished. Using=M?"" oV with magnetite density
0=5175 kg/m andME"*= 86 Amzlkg, a lognorm number distribution of magnetic

core diameterd(dn) ( with median d, :(6/,10/IT|\/|:U|kp)1I3 and g, =0/3 for

spherical particles) is derived froffu) (see figure 10). From meard>, mean
nanoparticle size is derived ds=<d_>+J with Jd=<d_> ((M ok M )Y —1) the

magnetically frustrated surface layer thicknessont-this analysis, it is concluded
that the colloidsCS and CP, under study here, are single domain and behave as
interacting superparamagnets. B, CS andCS samples the size derived from
magnetic cycles are larger than the mean sizesedeby TEM while forCS, CS
andCS the agreement is good. This discrepancy can biébaddo the fact that TEM,
although being a more direct determination, invel@esmaller number of particles
than the macroscopic magnetic measurement.

A charged particle moving in a solvent drags with layer of fluid molecules
and counter ions, resulting in an entity with atguarge hydrodynamic diamete;.
In effect, in this study it was found thdg values are one order of magnitude larger
than the overall nanoparticle size including CAtecaa(see table I).

3.3 Specific absorption rates (SAR)

The heating ability of the various colloids analyzeere was calorimetrically
determined and typical heating curves are showhign 11. The time required to
reach a given temperature, at fixed frequency, edsas with increasing field
amplitude. SAR represents the power released @an gif magnetite upon ac-field
application and is mainly given by the magnetizatioop area. SAR values listed at
table | and Il were obtained from the initial slopfethe heating curves using formula
(1). These values range from 5.2 to 41.5 W/gd8&rcolloids, from 29 to 104 W/g for



CP, and 203 W/g fou-MNP colloid. The inspection of figure 10 showstthar our
samples there is no clear relation between SARegaheither with magnetic core
sizes nor with distribution standard deviatiom, For instance, G5 CS andu
colloid dissipates 5.2, 41.5 and 203 W/g respelgtiaad all have nearly the same
mean size. Main differences between these samgdederon saturation magnetization
and blocking temperatures. Lower saturation magaetins are assigned to larger
magnetically frustrated laye® and larger blocking temperatures to interactiod a
aggregation.

Now we evaluate SAR data in terms of the colloilggical characterization
given byMs, <d,>, J Tgi anddy parameters listed in table | and II.

Through the linear response theory SAR parametireoretically given by

SAR= WOTWJ-:)("(T(d)) f(d)add (3)

where s, is the permeability of free spaceat®# 107 H/m), f(d) is the size distribution
of MNPs having diameterd, and ¥’ is the out-of-phase magnetic susceptibility.
SAR field amplitude dependence, plotted in Fig. di2plays an increasing behavior
as expected from formula (3). The dependence degestn the linear relation
expected for SAR plotted againdt® for Ho values larger than a maximum field.
Once this field is exceeded the area of the hysiteteop does not change and SAR
remains constant.
For non interacting nanoparticlgs is a function of the relaxation time)(as

s wr B . U 0°M AV
W) = Xo——— ; With w= 27f and the dc-susceptibility, 0-°=———=— , for
X@=Xo o (@) ptibility, *.T
small magnetic field amplitude. Because the co#loidehave as interacting
superparamagnets the dynamics of such systemgstrd@pends on many physical

parameters related with the MNP properties anchercoupling strengthiVether the

relaxation is driven by Brownr{ :%) or by Néel {n) mechanisms depends on
B

liquid carrier viscositys, hydrodynamic particle volumeVg), magnetic energy

barrier E, and attempt timeo, being bothE, andt, size dependefft The processes

take place in parallet¢=tz*+1y") and prevails the one having the shorter relaratio

time.

1 values calculated at 300 K using data listed lethand; = 8.90 1¢* Pa s
for water, fall in the range 0.2 x10 0.72 x 10 s and are plotted vs. SAR at figure
14.

n for isolating particles is given BYby = 1 exp() with ga= EoksT  (4)

The energ\E, of isolated particles is equal to the magnetisainopy energy
KeV and K is the size dependent effective anisotropy endemsity. For spherical
particles, assuming that the overall anisotropyhef particle is uniaxial, the relation
Kei(d)=Kpuit(6/d)Ks is commonly usedwhere Kpux = 1x1d J/nT is the bulk
anisotropy energy density of magnetite at room &naipre ands is the surface
anisotropy density. Thikeq(d) relation models the increase of the anisotropygne
density with decreasing particle size and has hiested by K. Gilmore et &'.in
magnetite particles grown inside three protein sagfedistinct size, where the cage
served to constrain particle size and shape antute interparticle interaction. Using
this relation withK¢(d)=2 tanh(d/4)as in ref 29,we have retrieveK¢s for each
particle size listed in table I. The correspondimyalues were interpolated from



o(d) relation built from data in references 29 and 3@al&ation of 7y disregarding
interactions results in values in the range 0.16-x0L0° s.

To take into account that the magnetic momentsntéracting particles
fluctuate with different relaxation times than thosf isolated ones, a total energy
barrier given byE, = KefV+Einx was assumél The interaction energfix was
deducedfrom the shift of ZFC maximum (Fig. 7), disregamglip, dependence with
interactions, with respect to a non interactingeemsle asEin; = Kg(Tgint-Tg)IN(tn/ 7).
Here Tg is the blocking temperature expected for non aung particles of sizes
listed in table I, as derived from th&s and o values mentioned abov@giy; is the
blocking temperature resulting from ZFC measuresésde table 1), ang~100 s the
SQUID measuring time. Then, Néel relaxation timeifiteracting particleg,,, was

obtained with formula 4 witto = (KegV + Eint). The results are shown in Fig. 13
where the relaxation times are plotted vs. SAR emldetermined withl;=40.1 kA/m
I.e maximum used, value, larger than the anisotropy field. Intemaactresults in

slower magnetic relaxation. A crossover betwegp and 7z behavior appears at 20

W/g. The larger SAR values come out with the materacting colloids i.e for the
particles displaying larg€erg; (largeEin; values). In those cases the process seems to
be driven by Brown mechanism while for the othesesaNéel mechanism prevails.

The uncoated magnetite results in a very unstaldpension but produces the
largest SAR of 200 W/g. Although particle sizelikato those of coated particles the
hydrodynamic size is 1.5 pm (polydispersity inddx0.5) indicating the presence or
large clusters of particles moving in the fluidoBking temperature is around 300 K,
due to strong interactions. The analysis outlinbdva for coated colloids, when
applied to the uncoated colloid results in relaxatimes various orders of magnitude
larger. Still 75 < int, SUpporting the idea that interactions play andrtgnt role in
magnetic fluid hyperthermia increasing nanoparsi@eergy dissipation.

SAR values againdils are plotted in figure 14 for aP;, CS andu colloids.
An increasing behavior is observed, as expecteth fyrg dependence withHVig
irrespectively of nanoparticle size and dispersibowering of Ms is assigned to a
larger magnetically frustrated layeér ThoseCS colloids of MNP coated at lower
PHags and displaying larger electrostatic stability s lower Mg values. The
correspondindgCP; colloids display larger Bland SAR values consistently with the
idea of NPs having less coating material on theifaces and being more effectively
attracted to the magnet. These observations suglgastcitric acid may have an
influence on the surface of the MNP, producingdargustrated layers which on one
side improve nanoparticle suspension stabilitydsuthe other one lower SAR values.
The optimum synthesis condition in order to accasmpboth properties, extremely
high stability in suspension at neut@l and large SAR values is obtained by citric
acid coating apHags=6.25.

3.4 In vitro biocompatibility of CA-coated MNP imalized in A549 cells

The materials involve in the synthesis proceduratéwy CA and magnetite) are
known to display good biocompatibility. Howevernse interfacial processes may
take place when NPs are dispersed in biological immettanging their surface
reactivity and consequently their toxiclty we have tested the viability of our
naoparticles in A549 cells. Annexin - Pl stainwgs used to evaluate the cells
necrosis and apoptosis because Pl is only perméalsteembrane of necrotic cells,
while Annexin stains apoptotic and late apoptodiitsc After internalization with CS
colloids at concentrations of 34, 67, and 1B8r.304/ml, the percentages of viable



cells (see Fig. 15) are 94.7%, 95.1%, and 81.3%pedtively. Only for the highest
concentration the culture shown viability decreasmpared with 84.7% of control
cells. The fact that the control culture shows webo viability than the lower
concentrated cultures may be due to an overgrowtralcculture.

Conclusions

We have presented a detailed and extensive stusiynttiesis conditions, magnetic
properties, and radiofrequency dissipation efficieaf various biocompatible citric
acid coated magnetite aqueous suspensions at Ingdtreparation method enables
to control the long term stability of the suspensiarying the citric acid adsorption
pH. Largest stability at neutral medium is achievexdtie nanoparticles coatedpd

of 4.58, where citric acid mainly binds to the paet surface by one carboxylate
leaving two free and charged dangling ends. Carid influence the surface of the
MNP, producing thick magnetically frustrated layetsich on one side improve
nanoparticle suspension stability but on the otimer reduce SAR values. Finally, our
results indicate that dipolar interactions betwd#ennanoparticles play a key role in
Néel relaxation mechanism and dissipation efficgendagnetic relaxation becomes
slower for interacting colloids and heating effiodg increases. Largest SAR values
arise from the more interacting nanopatrticles,seea@here Néel relaxation times
become larger than Brown relaxation times leadinBrown dissipation mechanism
to prevail. It is shown that SAR data cannot belgasproduced using the magnetic
data and the most currently used theoretical egfmes, due to the presence of
dipolar interactions between the nanoparticlegragcion energy was included in the

theoretical expressions through the quantity (KeﬁV + Eim)/kBT and its value
inferred from the blocking temperature shift.
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Table I: Synthesis, magnetic and structural charaation parameters and specific

absorption rate (SAR) under a radiofrequency fa#ld65 kHz and 40.1 kA/m of
magnetite aqueous colloids, stable in suspensiderunoderate magnetic fields.

[X] pHads pHsus Ms (o™ Jdm o drem dy Pl Tgi Ts | SAR
(/) | £0.01 | 0.01 | (Am’Kkg) | (nm) (nm | (nm) | (nm) (K) | (K) | (Wig)
)
CS | 134 | 458| 7.44 16.0 7.1 2.5 5/395+t1.6 | 388| 0.35| 81 | 28| 14.4
CS | 107 491| 7.34 9.7 7.0 2.4 7582424 |1 59.8| 0.48| 92 | 41| 4.29
Cs | 183 | 550| 6.97 24.9 6.0 2.8 3/19.3+1.7 | 42.0| 0.19]| 166 | 13| 28.0
CS | 131 6.25| 7.22 26.0 7.1 3.4 3/411.943.5|40.8| 0.23| 196 | 18| 41.5
CS | 5.6 6.88| 7.10 17.7 5.8 2.5 4)09.4¢2.0 | 55.8| 0.27| 132 | 16| 12.1
Cs| 74 7.08| 7.22 11.5 6.7 24 64 | 6.819 | 534| 046| 126 | 32 52

CS (i=1 to 6) labels colloids synthesized by one stegpregipitation at 60°C,
followed by citric acid adsorption at pid medium acidity and finally suspended at
PHsusp X Stands for concentration as mass of magneétesplution volume; typical
error is+ 0.2 Data derived from SQUID-DC magnetometi; standsfor specific
saturation magnetizatioml,, for magnetic core diametety, for standard deviation
and & for magnetically frustrated layer thicknesdgy stands for nanoparticle
diameter retrieved from TEM imaged, and Pl for nanoparticle hydrodynamic
diameter and polydispersity index as determined RALS, Tg; for blocking
temperatures determined from ZFC curve maximiigblocking temperature for
same size non interacting nanoparticles and SARSfacific Absorption Rate at 41
kA/m and 265 kHz in Watts per gram of magnetite.

Table II: Magnetic characterization and radiofragiedissipation of magnetite stable
aqueous colloids and uncoated colloid.

Colloid u CR, Chs CPs
SAR(W/g) 203 | 28.78| 93.6] 104.2
M<(Am%kg) | 67.1 | 336 | 56.1| 706
A (NM) 6.8 7.9 7.7 8.4
3 (nm) 0.6 3.2 1.2 0.6
[X] 8.28 6.1 10.2 6.0

CP (i = 4, 5 and 6) labels colloids synthesized as d=tail table | and magnetically
separated and labels uncoated colloid. SAR stands for Specifiisérption Rate at
41 kA/m and 265 kHz in Watts per gram of magnetibata derived from SQUID-
DC magnetometryMs standsfor specific saturation magnetizatiody, for magnetic

core diameter and for magnetically frustrated layer thickness.
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Figure 1: TG and DTA plots of neat citric acid giper part (a) and GSolloid at
lower part (b).
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Flgu (left) and c coatd atlcl ((@‘,igt),
one citric acid coated MNP (down).
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and field cooled (FC) protocols for: a) £&1d b) uncoated colloids (dried samples),
acquired with Hc=100 Oe and heating rates of 2 k/min
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