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We demonstrate MRI contrast enhancement and ac-field induced heating abilities of organically coated NiFe,O4 nanoparticles
and discuss the underlying physical mechanisms involved in MRI and MFH. Structural characterization reveals that NiFe;O4
particles synthesized with a modified co-precipitation method have very narrow size distribution with 4.4 nm magnetic core
and 15 nm hydrodynamic diameters, with relatively small fraction of agglomerates. The as-prepared particles present
superparamagnetic behavior at room temperature, with ZFC—FC thermal irreversibility, blocking temperature and very small
coercivity. In vitro hyperthermia experiments, performed in ac-field conditions under human tolerable limits, show that
suspensions of synthesized nanoparticles exhibit a maximum SAR value of 11 W/g. 'H-NMR relaxometry measurements
indicate that suspensions of NiFe,O4 have a transverse-to-longitudinal relaxivity ratio ro/ r1 greater than two, as required for
superparamagnetic MRI contrast agents. On the basis of the parameters obtained from magnetic measurements, by comparing
the relevant theoretical models with experimental results we found that the presence of agglomerates and particularly the
interactions within agglomerated nanoparticles has a significant effect on MFH and MRI efficiencies. On the other hand, from
an applicative point of view, both MRI contrast enhancement and heating capabilities allow the simultaneous use of Ni-ferrites

in diagnostic and therapeutic applications as theranostic agents.

[. INTRODUCTION

In the past decades, the biomedical use of magnetic nanoparticles became very popular as witnessed by the large number of
publications introducing novel synthesis techniques, discussing the new application strategies and reporting the successful in
vitro and in vivo application results, where actually the effectiveness in such biomedical applications mostly depends on the
physiochemical and surface properties of nanoparticles. Among these applications magnetic resonance imaging (MRI), targeted
drug delivery and magnetic hyperthermia are among the most promising ones. In MRI, which is a non-invasive technique for
the diagnosis of diseases, magnetic nanoparticles are used as contrast enhancement agents [1-4], where the improved contrast
in MR images permits better definition and precise locating of diseased tissues (e.g. tumors). On the other hand, in magnetic
fluid hyperthermia (MFH), which is a thermal treatment of cancerous cells in conjugation with chemotherapy and radiotherapy,
magnetic nanoparticles are used as heating mediators [5,6]. In this technique after intravenous injection of magnetic fluids into

the body, nanoparticles are concentrated in the vicinity of malignant tissue either by site specific targeting or by the application



of an external magnetic field in action-at-a-distance manner. Localized particles are then exposed to a time-varying magnetic
field and induce a temperature increase in the tissue, where increased temperature selectively kills cancerous cells which are
more sensitive to relatively high temperatures [7]. In recent years considerable attention has been focused on multifunctional
magnetic nanoparticles, in which the above mentioned diagnostic (MRI) and therapeutic (MFH) capabilities are combined
together [8,9]. Such a possibility to combine the therapeutic effect generated by the heat release with the enhanced contrast in

MRI is extremely appealing since it would provide the possibility to monitor the effect of the applied hyperthermia therapy.

Considering the biomedical applications of magnetic nanoparticles, as an alternative to iron oxides (FesO4 or y-Fe.O3) which
are the most studied materials among all ferrites due to its excellent biocompatibility, NiFe;O4 is a good candidate having
reasonably high bulk saturation magnetization and low magnetic anisotropy. A proper surface coating can easily prevent toxic
ion leakage from magnetic core to biological media and permits the use of NiFe,O. nanoparticles in these applications. H. Yin
et al. [10] have investigated the effect of particle size and surface coating on the cytotoxicity of NiFe;O4 and reported that
NiFe,04 nanoparticles encapsulated with an oleic acid coating as monomers exhibit no cytotoxic effect. Similarly, S. Rana et
al. have shown that NiFe,Os nanoparticles coated with polyvinyl alcohol, polyethylene oxide and polymethacrylic acid
(PMAA) polymers, are well suited to be employed as magnetic carriers for drug delivery applications [11]. Several research
groups have synthesized nickel ferrite nanoparticles with different physical methods, i.e. mechanical milling [12-14], thermal
plasma vapor condensation [15], or through chemical techniques like sol-gel [16], co-precipitation [17-18], high temperature
hydrothermal decomposition [19], microemulsion (micelle or reverse micelle) method [20]. Among these, the co-precipitation
and hydrothermal decomposition methods seem to be the most suitable ones, since they allow synthesizing samples with high
crystallinity, size-shape uniformity and enables in-situ or post-synthetic coating, which are the key requirements for biomedical
applications. Despite remarkable attention in the literature, there are very few publications related to MRI or hyperthermia
applications of surface coated nickel ferrite nanoparticles. M. Shultz et al. have prepared aqueous solutions of dopamine- and
polyethylene glycol-functionalized nickel ferrite nanoparticles synthesized by reverse micelle method and investigated the MRI
contrast enhancement abilities of synthesized samples by reporting the relaxometry measurement results together with MR test
images [21]. On the other hand S. Bae and his colleagues [22], following the synthesis of uncoated and chitosan coated NiFe2O4
nanoparticles by sol-gel and thermal decomposition methods, have investigated ac magnetic field-induced heating properties
of NiFe204 in solid state and in agar form. In another paper, [23] the same authors presented the hyperthermic characteristics
of different sized NiFe,O, particles for different applied magnetic fields and frequencies, and compared their hyperthermic

efficiency with CoFe;0, nanoparticles, a material with high magnetic anisotropy.

In this paper, we present a comprehensive study on organically coated monodisperse NiFe,O4 nanoparticles synthesized by a
modified co-precipitation method. First, morphological, structural and surface characterizations of the synthesized
nanoparticles are given. Thereafter, magnetic properties of nanoparticles in stable suspension form have been investigated,
together with a discussion about the relation among such properties and the physical mechanisms underlying MRI and MFH
applications. Regarding MFH efficiency of nanoparticle suspension, the self-heating temperature rise curves deduced for
different biologically tolerable ac field conditions are presented and experimentally calculated specific absorption rate (SAR)
values were compared with theoretical ones. Finally, MRI contrast enhancement ability of magnetic fluid prepared with
nanoparticles is investigated by means of nuclear magnetic relaxation dispersion (NMRD) profiles, where a theoretical fitting

of this profile with known model for superparamagnetic proton relaxation is also given. As a result, the synthesized
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monodisperse NiFe,O. nanoparticles, which form a very stable suspension in carrier liquid, showed both MRI contrast
increment and heating effect and can serve both as MRI contrast agents and hyperthermia mediators at the same time. To the
best of our knowledge, this is the first study reporting this simultaneous application potential of nickel ferrite nanoparticles

with a narrow size distribution for MRI and MFH.

II. EXPERIMENTAL
A. Synthesis of organically coated NiFe;O4 nanoparticles and preparation of their stable dispersion

Nanoparticles were prepared with a synthesis method introduced by Caruntu et al. [24], which is based on the decomposition
of metallic precursors in liquid phase environment. In this three-step synthesis method, following the formation of metal
compounds, the hydrolysis/condensation of these materials is realized at second step and finally the particles are coated with
oleic acid. All chemicals and solvents used in the synthesis were purchased from Sigma-Aldrich and Alfa Aesar Chemical
Company and used as received without further purification. Briefly, after dissolving 10 mmol FeClz-6H20 in 175 ml diethylene
glycol in a three neck flask, 5 mmol NiCl-6H.0O is added to the solution and mixed for 1 hour with magnetic stirrer at maximum
speed. An individually prepared mixture of 40 mmol NaOH with 80 ml diethylene glycol was injected to the solution and this
solution was mixed for 4 hours under N flow, while a gradual change of mixture color from yellow to brown was observed
during this process. Thereafter, the mixture was heated to 210 °C and maintained at this temperature for 2 hours, while 55 ml
of diethylene glycol including 8 mmol of oleic acid were added. After cooling down to room temperature, the mixture was then
centrifuged at 4000 rpm for 20 min and nanoparticles were obtained as a precipitate. After washing the precipitate with
methanol and dispersing in toluene, as a size selection process, relatively larger particles were isolated from sample by
subsequent precipitation, redispersing and centrifugation. Finally, the particles were stabilized with tetramethyl ammonium
hydroxide (TMAH), which also works as a solvent, and then transferred to aqueous phase. The particle dispersion in water

exhibits excellent stability for very long time period even under strong magnetic field.

B. Structural characterization via XRD, TEM, DLS, FTIR

X-ray diffraction (XRD) pattern of nanoparticle powder was collected by using a Rigaku D/Max-Ultima diffractometer (having
Bragg-Brentano geometry) equipped with a divergence slit of 1°, anti-scatter slit of 1° and detector slit of 0.3 mm. Sample was
scanned with Cu-Ka radiation obtained under 40 k\V/40 mA, where the scanning performed with 0.02° angular steps and four
times slower than normal speed. Standard resolution and high resolution Transmission Electron Microscopy (TEM and
HRTEM) images of nanoparticles were obtained with JEOL JEM-2100F, which is a field-emission sourced scanning
transmission electron microscope (STEM) with highest 0.19 nm point resolution. The sample was prepared for analysis by
dispersing the nanoparticle powder in ethanol and by depositing a drop of such dispersion on a copper-carbon grid. The images
were obtained in bright field mode with acceleration voltage of 200 kV. Dynamic Light Scattering (DLS) measurements were
performed with a Brookhaven Instruments 90Plus Nanoparticle Size Analyzer. The light scattered from the sample was
collected at 90° with respect to the incident 659 nm laser light radiation. The obtained autocorrelation function cannot be fitted
with the cumulant method, highlighting the multimodality of the sample, and was therefore Laplace-inverted with CONTIN
[25] algorithm. The size distribution was evaluated in terms of intensity-weighted diameters. Infrared absorption spectra were
recorded with a Perkin EImer One Fourier transform infrared (FTIR) spectrometer, equipped with a deuterated triglycine sulfate

(DTGS) detector and can scan a wavenumber range between 400 and 4000 cm™. Prior to the analysis a KBr pellet, including
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coated NiFe,O4 powder as 1:100 mass ratio, was prepared. The spectra of this sample was then subtracted from the background

spectra of pure KBr sample.

C. Magnetometry measurements with SQUID

Magnetic measurements were carried out on powders and suspension of nanoparticles using a Quantum Design
Superconducting Quantum Interference Device (SQUID) MPMS magnetometer. In order to obtain zero field cooling (ZFC)
curves, after cooling down the sample to lowest temperature (5 K) in the absence of any magnetic field, the magnetic moment
has been measured under a static field of 100 Oe by slowly heating the sample to 300 K. For field cooling (FC) curves, the
temperature was decreased back to 5 K, without removing the dc magnetic field. For obtaining the hysteresis curves, magnetic
field has been swept between +5 T both at 5 K and at 300 K.

D. Relaxometry measurements on nanoparticle suspensions

In order to obtain Nuclear Magnetic Relaxation Dispersion (NMRD) profiles of nanoparticles suspension, as a measure of their
MRI contrast increasing capability at different frequencies, the longitudinal (T1) and transverse (T) relaxation times of 'H
nuclei has been measured by varying the magnetic field, in the Larmor frequency range 10kHz - 300 MHz. The measurements
were performed at room temperature, but differences between the results measured at room and physiological temperatures
were normally within 10%. Proton NMR signal has been collected with two different pulsed FT NMR spectrometers: i) a fast-
field cycling Stelar SMARTracer (10kHz — 10MHz range) and ii) an Apollo Tecmag (for v >10 MHz). The longitudinal and
transverse relaxation times, T1 and T, have been measured by performing standard saturation recovery and Carr-Purcell-
Meiboom-Gill (CPMG) pulse sequences, respectively.

E. Time-dependent calorimetric measurements on nanoparticle suspensions

Hyperthermia efficiency of the nanoparticle suspension, , has been investigated by recording the temperature change of the
magnetic fluid under ac magnetic field. The measurements were carried out on a specially designed homemade setup consisting
of an Ambrell Easyheat-LI rf power supply (power: 4,2-10 kW, frequency: 150-400 kHz), a helical coil (90 turns, inner
diameter: 6.35 cm) wound around the tube holder, a fiber thermometer connected with a LabView-controlled digital multimeter
and a computer. All the heat losses from magnetic fluid-containing tube have been minimized with specific arrangements for
reaching an adiabatic condition. Time dependent temperature rise was recorded at constant frequency of f=170 kHz, by

changing field amplitudes between 17.2 and 23.7 kA/m, these field parameters being within human body tolerable limits.

[ll. RESULTS AND DISCUSSION

A. Structural properties



The x-ray powder diffraction pattern (XRPD) of the synthesized sample is given in Fig.1. Indexing of the observed diffraction
peaks indicates that the as-prepared particles have cubic spinel crystal structure. The lattice constant a for each peak was
calculated by using the formula for cubic crystals: a = (h? + k? + 12)/2, where d is the interplanar spacing and h, k, | are
miller indices of the crystal planes. The mean lattice constant ap was determined to be 8.36 A, a result in agreement with the
reported value for NiFe;O4in JCPDS cards file N0.10-0325. The broadening of the peaks in the pattern is due to the small size
of the crystallites and the mean crystallite size D of particles can be calculated by using the Debye-Scherrer formalism:D =
0.94/Bcos6, where A is the wavelength of Cu-Ka radiation, S is the full width at half maximum (FWHM) intensity of the
broadened peak and @ is the Bragg angle at which the diffraction peak is observed. By applying this formula to the most intense
(311) peak and using the FWHM value obtained from Gaussian fit of this peak, the mean diameter for NiFe,O4 nanocrystals
was found to be 4.43 nm. Mean crystallite size values calculated from other diffraction peaks, together with other XRD

experimental data are given in Table.1.
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Fig.1. X-ray powder diffraction (XRPD) pattern of as prepared NiFe,O4 nanoparticles

Table.1. XRD data and calculated values of lattice constant a, and nanocrystal size D for each diffraction peak

20 (%) d (A) FWHM (°) hkl a0 (A) D (nm)
30,00 2,975 1,738 (220) 8,41 4,78
35,57 2,521 1,888 (311) 8,36 4,43
43,26 2,089 1,699 (400) 8,36 5,03
57,39 1,604 1,902 (511) 8,34 4,78
63,04 1,473 1,801 (440) 8,33 5,15

The morphology of the synthesized NiFe,O. nanoparticles has been investigated by TEM images. Normal resolution TEM
image (Fig.2a), shows that particles have uniform spherical shapes and generally stand well apart each other; this is most

probably ensured by the oleic acid and TMAH coating on their surface, which cannot be observed (due to its low molecular
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weight) in TEM. However, there are also agglomerates which can be seen in TEM images (inset of Fig2a). In Fig.2b, a
histogram graph of the particle size distribution, determined by statistically analyzing more than 300 particles in the image with
a digital image processing program (Image-J), is shown. This histogram data were fitted with log-normal function and the
average size of the particles is calculated as 4.41 £0.02 nm, in good agreement with XRD results. On the other hand, the high
resolution HRTEM image given in Fig.2c shows the crystal nature of the particles (uniform contrast) and the distance between
adjacent lattice planes can be measured (inset of Fig.2c). More evidence on the crystal nature of the particles and the alignments
of the nanocrystals can be obtained by looking at the selected area electron diffraction pattern (SAED) corresponding to the
HRTEM image (Fig.2d). In SAED pattern, considering that each pair of equal-radial distant spots represents diffraction from
one crystal plane at certain orientation, the diffraction circle of (311) planes indicates that nanoparticle ensemble is mostly
constituted by randomly oriented single crystals. Identification of other diffraction spots as (220), (400), (440) and (511)

confirms the cubic spinel structure of particles, coherently with XRD data.
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Fig.2. TEM images (a), size distribution histogram (b), HRTEM images (c) and SAED pattern (d) of NiFe,O4 nanocrystals.

TEM measurements do not supply information on particles’ hydrodynamic size. For this reason Dynamic Light Scattering
(DLS) measurements have been performed, where the volume-size and the number-size distributions have been obtained from
the intensity-weighted distribution, inserting the real and imaginary parts of the refractive index of NiFe,Os particles [26]. DLS
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results (presented in supporting information-S1) reveal three different size populations; a dominant population of small particles
with diameters around 15 nm, an intermediate one, whose size ranges around 100 nm and a larger one, characterized by sizes
around 1 pm, where the relative abundance of latter two populations is very low. Clearly, the first population belongs to isolated
nanoparticles observed in TEM and the hydrodynamic size, larger than obtained by TEM, means that nanoparticles were
successfully coated. However the second and third populations are a signature of the presence of aggregates of primary

particles, even though with low relative abundance.
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Fig.3. FTIR spectrum of oleic acid and TMAH coated NiFe204 nanoparticles in powder form.

The presence of oleic acid and TMAH molecules on the surface of NiFe,O4 nanoparticles has been further confirmed by Fourier
Transform Infrared (FTIR) spectroscopy. Fig.3 shows the infrared transmission spectra of coated nanoparticles in powder form.
The broad peak around 3400 cm* characterizes O-H vibrations of the hydroxyl group present in TMAH molecule. The sharp
peaks observed at 2923 cm and 2852 cm! can be associated with asymmetric and symmetric C-H stretching of the long CH;
chain in oleic acid and CHs groups in TMAH, respectively. The other two close peaks at 1544 cm™ and 1431 cm™are attributed
to the stretching vibrations of COO- and a superimposed small peak at 1710 cm™ represent C=0 stretching; this result clearly
shows that oleic acid molecules are successfully coated around NiFe,O. surface [27]. Furthermore, the strongest absorption
peak observed in the spectra at 604 cm™ is related with the NiFe,O4 magnetic core and corresponds to the stretching vibrations
of metal-oxygen bonds in the tetrahedral sites of the spinel structure, whereas the characteristic IR absorption peak of metal-
oxygen bonds in octahedral sites (expected around 405 cm™) cannot be observed since it is unfortunately out of the scan range

of our spectrometer.

B. Magnetic properties



Magnetic behavior of synthesized NiFe,O4 nanoparticles was investigated by means of temperature and field dependent
magnetization measurements. The zero field and field cooling (ZFC-FC) curves shown for powder sample in Fig.4a represent
the typical behavior of an ensemble of single domain superparamagnetic nanoparticles with the critical temperatures of
irreversibility (i.e. the temperature at which the ZFC and FC curves split) Tir ~ 110 K, and the temperature of ZFC maximum
Tmax~ 12 K. The superparamagnetism implies a thermally activated reversal phenomenon for the magnetic moments of the

particles so-called as Néel relaxation [28,29], where the Néel reversal time 1 is given by Arrhenius law:

K.V
Ty = To €Xp (ﬁ) 6

where is the attempt time, whereas keT is the thermal energy and KeV is the magnetic anisotropy energy barrier, given by
the product of the effective anisotropy constant Kerand the magnetic core volume V. According to Eq.1, when the condition
(2m/tm)-tn~ 1 is fulfilled, i.e. the measuring time tn is close to the order of the moment fluctuations, the system appears blocked.
On this respect, Tirin ZFC-FC curve corresponds to the magnetization blocking of the largest particles (having biggest energy
barrier) in the size distribution, whereas Tmax Can be associated with the blocking of the mean sized particles, which comprise

the majority of the particle ensemble. For this reason, Tmax can be assumed as the blocking temperature of the system.
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At the blocking temperature Tg, by substituting typical values of tn=1 s for standard dc magnetometry measurements and =10
% s for non-interacting or weakly interacting particles, Eq.1 reduces to Tz=K, ¢V /21kp. Hence as a first approximation,
assuming monodispersed spherical nanoparticles and using the particle volume calculated with the mean size value obtained
from TEM, the magnetic anisotropy constant Ker of the synthesized NiFe,O4 nanoparticles takes the value Ker=0.79x10°
erg/cm?®. This value of Ke, which is the total anisotropy energy density including the magneto-crystalline, surface and shape
anisotropy contributions, is much greater than the reported value of 0.07x108 erg/cm? for bulk NiFe,QO4[30], as expected for

such small nanoparticles where the surface anisotropy contribution is quite high due to enhanced surface to volume ratio.

In the field dependent magnetization measurements shown in Fig.4b, an open hysteresis curve with a coercive field H;=98 Oe

is observed at T=5K, whereas the M(H) curve at room temperature shows a closed hysteresis loop, which means that the
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nanoparticles are unblocked at room temperature. Nevertheless, the small coercive field (H;=30 Oe) observed at room
temperature indicates that some particles, probably the larger agglomerates detected in DLS measurements, are in the blocked
state. Both M(H) curves in Fig.4b do not reach the saturation even at the highest magnetic field of H=5 kOe. However, the
saturation magnetization Ms can be estimated by fitting the magnetization data at high magnetic fields to the empirical formula
M = Mg + b/H + c/H?. By this method the saturation magnetization of the nanoparticle powder has been calculated as
M=40.8 emu/g at room temperature, which is smaller than the reported value of Ms=55 emu/g for bulk NiFe;O4. This
difference, as consistent with calculated anisotropy value, is a consequence of the disordered spin layer at the surface of
nanoparticles, which do not contribute to the particle magnetization. Such disorder can have different origins: i) spin canting
due to the minimization of magneto-static energy at the surface and/or ii) spin-glass like behavior due to the broken exchange
bonds or formation of chemical bonds between coating molecules and surface metal ions [31]. Discrimination between these

two effects (finite size effect and coating effect) is rather difficult.

The M (H) curve (Fig.4b) of a superparamagnetic nanoparticle ensemble obeys the Langevin function:

L(x) = coth(x) —% (2

where x = MgVH /kgT and MgV is the magnetic moment of each particle with V being the volume of the particles magnetic
core. Assuming spherical nanoparticles, by fitting the M(H) = MgL(x) function to the room temperature M-H curve (see
supporting information-S2), the mean diameter of the particle has been calculated as d=4.6 nm, which is in good agreement
with values obtained by TEM and XRD.

For magnetic nanoparticles suspended in a carrier liquid (ferrofluid), in addition to Neel relaxation the particle moments can
change direction with Brownian relaxation, which is described as the rotation of the particle as a whole in the liquid
environment. The relaxation time due to the Brownian rotation 75(EQ.3) is given by Stokes-Einstein equation for spherical

particles, where 7 is the viscosity of the carrier liquid and 1, the hydrodynamic volume of nanoparticles:

_ 3V
" kgT 3)

Tp

Hence by using the hydrodynamic diameter (15 nm) deduced from DLS measurements and the viscosity of water at the melting
point (7=1,8x10% N.s.m?), the relaxation time value t; becomes around one microsecond, whereas the calculated Néel
relaxation time 7, at the same temperature according to Eq.1 falls in the

nanosecond scale. In other words, when an effective relaxation rate for the magnetic moments of nanoparticles is defined as

1 1 1
=+ @

Terr Tn T

one can conclude that the Brownian relaxation is too slow as compared to Neel relaxation, which means that the Neel reversal

of magnetization is the mechanism primarily responsible for magnetic relaxation of the prepared ferrofluid.

C. Hyperthermia measurements



When magnetic nanoparticles are subjected to an ac magnetic field with suitable frequency and amplitude, energy is converted
to heat released in the surrounding medium through hysteresis losses and the above mentioned Neel and Brownian mechanisms
[32]. The heating capacity of a ferrofluid is quantified by means of the specific absorption rate (SAR), also known as specific
loss of power (SLP), which is defined as the amount of heat power released per mass of magnetic nanoparticle. One common
method to determine the SAR value is to investigate the ac field-induced temperature rise of the ferrofluid in a given time
interval. Fig.5 shows the experimental results of such calorimetric measurements performed on the prepared NiFe;O4
nanoparticle suspension. In these measurements alternating field frequency f was kept constant at f= 170 kHz and the field

amplitude H, varied between 17.2 and 23.7 kA/m, which corresponds to a maximum product value of Hof =4.0x10° A-m™-s,
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Fig.5. (a) ac field-induced temperature rise curves of NiFe2O, suspensions in long (inset) and short (main graph) time range.

(b) Experimentally deduced SAR values in comparison with theoretical values calculated by Eq.6 and Eq.7.

This value is under the threshold limit (5x10° A-m™-s1) estimated by Hergt et al. [33] for a small exposed region in human
body, which means that these field parameters can be safely applied for small-area local treatment purposes. On the other hand,
since the inducing eddy current power is proportional with (Ho-f-d)? where d is the current loop diameter, using the same field
parameters in relatively larger areas may cause unwanted physiological responses i.e. possible cardiac and arrhythmia
stimulations due to the variation of bioelectricity, stimulation of skeletal muscle and serious brain or cranial nerve damage [34].
For example Brezovich et al.[35], after their experiments on human patients, reported that for a loop diameter of d~30 cm a

value of Hof =4.85x108 A-m™-s1 should not be exceeded.

In the inset of Fig.5a one observes that by applying the maximum field intensity the temperature increases in time until reaching
a maximum temperature difference ATma=7 °C (in 20 min) from starting temperature of 19 °C, meaning that when extrapolated
to physiological temperatures, the desired hyperthermia temperature values (40-42 °C) for selective cell damage could be
attained. Another observation in the inset of Fig.5a is that the temperature rising rate decreases with increasing temperature and
time as generally observed in in-vitro magnetic fluid hyperthermia experiments. This behavior can have several physical
reasons such as: i) thermal degradation of magnetic spin structure (hence magnetic moment) of nanoparticle effecting the heat
generation through Néel relaxation process; ii) temperature induced viscosity variation of carrier liquid which may change the

“Brownian rotation” contribution to heat generation [22]; iii) an increasing heat exchange depending on the temperature
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difference between magnetic fluid and its surrounding due to the fact that the experimental setup is not perfectly adiabatic. On
the other hand, as shown in the main graph of Fig.5a, the initial part of the temperature rise curves for all applied fields are

roughly linear and, by taking the initial slope dT/dt of the curves, the calculation of SAR is possible using the equation:
SAR = ZiGiM (d_T) 5)

In Eq.5 the heat capacity of the sample, which is the sum of the heat capacity of each constituent cim; in the magnetic fluid, is
divided by the mass of the magnetic nanoparticles myp. Since the NiFe.O4 nanoparticle concentration is low (~4.5 mg/mL) in
the suspension, in our calculation the heat capacity of water (4.18 J/g°C) was taken as the sample’s heat capacity and the initial
slope was determined from a linear fit of the temperature rise curves. Fig.5c shows experimentally obtained SAR values with
Eq.5, where strong dependence of these values (11 W/g for 23.7 kA/m) from the field intensity is observed. In particular,
according to linear response theory (LRT) [36], the heating power produced by magnetic fluids is proportional to frequency f
and the square amplitude H,? of excitation field. Since the magneto-thermal energy conversion originates from the delay of
particle moment relaxation (either by Néel or Brownian processes) with respect to oscillating ac magnetic field, the heat power
dissipation is also proportional to out-of-phase component of ac magnetic susceptibility y’’. Therefore, as supposed by

Rosenweig [37], for magnetic fluids including superparamagnetic nanoparticles, a theoretical description of SAR can be given

by
P um
SAR =—=—fHzy" 6
5 pfo)/ (6)

where P is the volumetric power dissipation, p is the mass density and [ is the magnetic permeability of vacuum. In Eq.6 the

imaginary part of ac susceptibility »’’, whose value at working frequency (f=170 kHz) cannot be directly measured by
commercial magnetometers, can be written as /' = }{027Tffeff/[1 + (anreff)z] where 7 is the effective relaxation time

given by Eq.4 and y, is the static susceptibility, which as a good approximation equals toy, = UoM2V /kgT. Substituting these

into Eq.6, one obtains:

_ T[fv(”OMsHO)Z 27Tf‘[eff

(7
pkBT 1+ (Zﬂffeff)z

SAR

The second term in Eq.7 has a strong dependence on particle size due to 7. (Eq.4, Fig.6b-inset) and for correct estimation of
SAR, the size distribution of nanoparticle ensemble should be considered. For this reason, by taking into account the log-
normal size distribution deduced by TEM and using parameters from structural and magnetic characterization (dn=d+10nm,
Ms=40.8 A-m?-kg?, Ke=0.77x10° J.m3, 1,=107), theoretical SAR values has been calculated with Eq.6 for experimental
conditions f=170 kHz and Ho=17.2-23.7 kA/m. As depicted in Fig.5b, calculated values (in solid columns) are very small
compared to experimental ones (dashed columns). In fact, when the characteristic time of hyperthermia experiment is
considered, with same parameters Eq.6 predicts a maximum SAR value of 202 W/g for the condition 27tf7.¢,~1, which is
fulfilled when the mean particle size equals to d=9.2 nm. However, for particles with sizes d < 9.2 nm, Néel reversal of

magnetization always dominates to Brownian rotation which leads to 7,,,=7y and a very sharp decrease in SAR with
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decreasing particle size is observed (Figure.6a,c). Eventually, for our NiFe;O4 particles in suspension (dmean= 4.4 nm) since
2mf1.rr < 1, very small SAR values (0,1-0,2 W/g) are obtained. When normalized to field parameters (dividing by f.Ho?),
similar SAR values have been experimentally observed in the literature for NiFe,O4 particles having very similar size
distribution [38].

.
.
._../.
(b)
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core size (nm)
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Fig.6. a) Size dependence of relaxation times (tn, T, Tefr) assuming parameters Keg=0,77x10° J/m®, 10=10"%, =102 N.s.m?dy
=d + 10nm b) Calculated values of the second term in Eq.7 c) Size dependence of the calculated SAR values according to
linear response theory.

The significant discrepancy between experimental and theoretical SAR values implies that Eq.6 based on the LRT is not enough
to completely explain the experimentally observed SAR and hysteresis losses should be involved in heat generation. As
evidenced by DLS measurements, despite of their weak abundance, larger agglomerates of NiFe,O, nanoparticles coexist with
isolated single-domain superparamagnetic particles in the suspension and those particles forming the agglomerates have
different relaxation dynamics with respect to isolated ones, due to effective dipolar and/or exchange interactions among them.
In particular, interparticle interactions give rise to an increase in anisotropy energy barrier and average blocking temperature
of nanoparticles, which means that the agglomerated particles may still be in blocked regime and show ferromagnetic property
at temperatures and frequency of hyperthermia experiment. The small hysteresis obtained with quasi-static magnetization
measurements (see Fig.4b) is an indication of these agglomerates in blocked regime and in this case the SAR can be simply

calculated from the area under the hysteresis curve as:

Ho
SAR = ,Llof M(H)dH (8)

—H,
The SAR values extracted from hysteresis area (hollow columns in Fig. 5¢) obtained with quasi-static measurements are nearly
one order of magnitude greater than values anticipated by LRT, but are still smaller than experimental ones. However, certainly
one should expect larger area in dynamic hysteresis curve measured at the frequency of hyperthermia experiment (f=170 kHz),
and a better consistency with experimental SAR, which is always underestimated due to non-adiabatic experimental conditions.

In this respect, we can conclude that agglomerated nanoparticles primarily contribute to the heat generation in the suspension.
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In summary, in addition to structural and magnetic characteristics of nanoparticles like the mean size, size distribution, and
magnetic anisotropy, dipolar interactions between particles also play determining role in the heat production, and similar
observations have been reported in a considerable number of papers[39-43,]. In fact, in order to achieve the highest SAR values
with magnetic nanoparticles, rather than almost concluded discussions on optimal size and material, the role of dipolar
interactions is still under investigation. Recently, there was significant effort to develop theoretical models describing the
influence of dipolar interactions on hyperthermia properties [44-49]. In these models performed with different numerical
simulations, it is predicted that dipolar interactions have a significant effect on the SAR, being capable of both decreasing and
increasing it, depending on the external field parameters and particle anisotropy. In particular, it is found that for soft magnetic
particles, SAR can be increased by orders of magnitude with dipolar interactions, consistently with our observation. In contrast,
for hard magnetic particles having relatively high magnetic anisotropy, the efficacy of heat release is hampered by dipolar

interactions.
D. Relaxometric measurements

Superparamagnetic nanoparticles serve as MRI contrast improving agents, where the image contrast depends mainly on proton
density, longitudinal (T1) and transverse (T) nuclear relaxation times differently weighted along different parts of the body.
Under the external magnetic field used in MRI, magnetized nanoparticles create inhomogeneous local fields on nearby protons
and the time evolution of these dipolar fields is at the origin of the contrast enhancement effect. In particular, fluctuating fields
generated by the electronic spins of nanoparticles, interacting with the nuclear moments of protons, cause the shortening of the
nuclear relaxation times T and T, thus modifying the local MRI signal intensity. Superparamagnetic nanoparticles effectively
decrease T at a greater extent than T1; hence, they are used as T-relaxing (or negative) contrast agents, giving images with
darker regions where they are delivered. Contrast enhancement capabilities of superparamagnetic fluids are evaluated by means
of the relaxivities ri1», which are defined as the increment in proton relaxation induced by one mmol of magnetic ion per liter:

T, = [(1/T1_2)Sup - (1/T1,2)dm] /C where C is the molar concentration of magnetic ions. A conventional method to test the

contrast improving ability of nanoparticles is to measure the longitudinal and transverse relaxivity as a function of proton
Larmor frequency (i.e. the applied magnetic field), known as nuclear magnetic relaxation dispersion (NMRD) curves. Fig.7
presents the NMRD profiles of NiFe,O4 nanoparticles dispersed in water, where the longitudinal relaxivity r; exhibits a behavior
typical of superparamagnetic dispersion in liquid: it remains flat at low frequencies, then reaches to a maximum and finally
decreases rapidly at high frequencies.
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Fig.7. Frequency/field dependence of longitudinal (a) and transverse (b) relaxivity of water protons in NiFe2O4 nanoparticle

suspension. Fitting of r;-NMRD curve with theoretical model (Eq. 9) is also given in Fig.7a.

This behaviour is explained with theoretical model introduced by Roch et al.[50], which takes into account two mechanisms
responsible for enhanced proton relaxation. The first mechanism is the afore-mentioned Néel reversal of particle magnetization
characterized by 7, (given in Eqg.1). The second mechanism, the so-called “Curie relaxation”, involves the Langevin function
(Eq.2), representing the progressively aligning of magnetic moments in the field direction and the diffusion of water protons
in the “outer sphere” of particle. This motion is characterized by a correlation time 7, = R?/D, where R is the particle radius
including the thickness of the organic coating (if impermeable to diffusing protons) and D is the diffusion coefficient of water.
Since the Néel relaxation time 7, depends on the anisotropy energy barrier, NMRD profile is also sensitive to particle’s
magnetic anisotropy; actually the local minima observed at Larmor frequency o~ 1 MHz is due to the relatively low anisotropy
of NiFe,O4 particles. This feature is typical for USPIO (Ultra Small Particle of Iron Oxide) with sizes d < 4-5 nm and disappears
for larger particles, in which the high anisotropy locks the particle magnetization along the easy-axis direction. From theoretical
point of view, the frequency dependence of the two mechanisms contributing to the longitudinal nuclear relaxation is
represented by Freed and Ayant spectral density functions, Jz(w,, Tp,Ty) and J,(w;, tp) respectively [51,52].The Roch’s
heuristic model linearly combines these functions with weighting parameters P and Q, whose values depend also on the

anisotropy energy barrier of the particle. The complete equation describing the longitudinal relaxation rate is [53]:

321 %22 NAC L(x)
= (f3s000) 5977 () % 0P Jrr o) +

[7Q @ +3(P+Q) (1 —L*(x) — 2?)] X Je(wy, Tp, Ty) + 3L2(x)] 4 (w;, Tp)} 9)

In EqQ.9, ugp is the nanoparticle moment sensed locally by protons equal to psp, = AMgVp, where Ms is the saturation
magnetization, V is the particle volume, p is the mass density of particle and A is an adjustment coefficient. Among other
parameters, y;is the proton gyromagnetic ratio, R and D are, respectively, the minimum approach distance from particle center
and the self-diffusion coefficient of water (D=2.9x10%cm?.s), Na is Avogadro’s number, C is the molar concentration of
nanoparticle and L(x) is the Langevin function given by Eq.2, where x = uspHy/kgT. Based on the results of TEM and
magnetometry measurements giving intervals for R and Ms respectively, and setting tn as a free parameter (in addition to A
and P=1-Q) the relaxation data given in Fig.7a were fitted with Eq.9. Table.2 gives the output values of these parameters

together with the experimental values deduced from magnetic and structural characterization.
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Table 2. Output parameters obtained by NMRD fitting and comparison with the values deduced
from SQUID magnetometry and DLS experiments. The weighting parameters used in Eq.9 are
A=0.93, P=0.28 and Q=0.72.

Particle size Neel relaxation time  Saturation magnetization
dnmr=2R (nm)  (S) Ms (emu/g)
NMR-D fitting 9.36 2.57x10° 39.9
Magnetometry and DLS 15 2.3x10° 40.8

As seen from Table.2, the calculated distance of minimum approach for protons as dymr=2R is lower than the hydrodynamic
diameter dn obtained by DLS measurements: this is expected because, despite the organic coating prevents water molecules to
diffuse closer to magnetic core center, they are able to penetrate the coating layer to some extent, making the dxmr value smaller
than hydrodynamic size (dw), but larger than the magnetic core size (drem). On the other hand, the values of Néel relaxation

time zy and the saturation magnetization Ms are in good agreement with the ones deduced from magnetization measurements.

Besides valuable information included in longitudinal relaxivity ri, transverse relaxivity r, has greater importance, since it is
the fundamental parameter determining the MRI contrast enhancement efficiency of a superparamagnetic material. In Fig7b
the increasing behavior of r, with frequency is an effect induced by particle magnetization, where the relaxivity is associated
with the saturation degree of particles’ magnetic moments in the corresponding magnetic field values (see Fig.4b) [1]. The
observed r, profile is also explained by Roch’s model, which predicts that for low frequencies (i.e. w<1 MHz) r1 and r, values
should be equal. Based on the model we can tentatively expect that the increase in r, curve is further enhanced by the presence
of particle agglomerates. Considering the entire agglomerate as a large magnetized sphere whose global magnetization is
basically the sum of all individual particle moments forming the aggregate, the additional effect of the water proton diffusion
around the whole aggregate characterized by a long correlation time 7j, is the main reason of r, enhancement [54]. On the
contrary, for the whole frequency range r; is diminished by the particle agglomeration based on a quite different mechanism
called water exchange, which can be interpreted as the transfer of proton relaxation due to an exchange between the water
molecules inside the agglomerates, rapidly relaxed, and the ones within the bulk, relaxing much slower [55]. As a result, at
high magnetic fields the ratio r / r1, which is the real identifying quantity of the efficiency of a To-relaxing agent, increases
depending on the magnetization state of the entire particle i.e. the concentration of nanoparticles in the agglomerate and the
agglomerate size. Nevertheless, despite its relatively low transverse relaxivity, the as-prepared NiFe.O, suspension shows a
ratio ro/ ri=4.3. at 60 MHz proton Larmor frequency corresponding to 1.5 T, which is the magnetic field mostly used in MRI
scanners. When compared with the accepted threshold value of r» / r1 = 2 for an effective T.-relaxing agent, the measured value

implies that prepared NiFe,O4 nanoparticle suspension can be regarded as efficient negative contrast agent in MRI.

V. CONCLUSIONS

We investigated the MRI contrast enhancement and hyperthermic properties of NiFe,O4 nanoparticles for potential use in
diagnostic and therapeutic applications. Nanoparticles were synthesized with a modified co-precipitation method, where the
probable toxic effect of nickel is hindered by post-synthetic coating of inorganic core with oleic acid and TMAH, the latter also
acting as stabilizer ensuring non-precipitating particle dispersion in water. Characterization with XRD, TEM and HRTEM

showed that the synthesized particles have single crystal nature and are nearly monodispersed with d=4.4 nm mean diameter

15



of the magnetic core and 6=3% standard deviation, whereas DLS measurements reveal that the hydrodynamic size is dy=15
nm and larger agglomerates, that in weak abundance, coexist with single particles in the aqueous suspension. The as-prepared
sample possessed typical behavior of an ensemble of single domain superparamagnetic particles with ZFC-FC thermal
irreversibility and blocking temperature, which can be described by Neel-Brown mechanisms. However the observed minor
hysteresis imply that the agglomerated particles, which present more significant dipolar and/or exchange interactions than the
isolated ones, are still in blocked regime at room temperature. Regarding the hyperthermic performance of NiFe;O4
nanoparticles, from ac-field induced temperature rise characteristics we obtained SAR values between 4 and 11 W/g for field
intensities in the range Ho=17.2-23.7 kA/m and frequency f=170 kHz, where these field parameters are under human tolerable
limits. These experimental SAR values were explained with observed hysteresis originated from agglomerated particles in
ferromagnetic regime, whereas the estimations by applying LRT based model indicated that the mean size of isolated particles
is too small to produce significant amount of heat through superparamagnetic relaxation. In calorimetric measurements a
maximum temperature difference of AT=7 °C was reached, meaning that starting from physiological temperatures local values
of 42-45 °C could be attained, a range of temperature at which the necrosis of tumor cells begins. On the other hand, longitudinal
and transverse NMRD profiles have been obtained, where the experimental NMRD data were successfully fitted by employing
the Roch model. The fitting procedure allowed us to determine the relative weights of Néel and Curie contributions to proton
relaxation and to extract some important magnetic parameters which are in good agreement with magnetometry measurement
results. It has been shown that, as the similar case in hyperthermia, the agglomeration affects the nuclear relaxation. The
transverse relaxivity rz is increased due to the presence of agglomerates, since the water protons diffusing in the proximity of
these large agglomerates experience relatively strong dipolar fields, depending on the intra-aggregate volume fraction of
particles and the magnetization value. As a conclusion, the as-prepared NiFe,O4 nanoparticles can be regarded as promising

theranostic agents to be simultaneously used for MRI diagnostics and MFH therapeutic purposes in nanomedicine.
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