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Evaluation of nickel ferrite nanoparticles coated
with oleylamine by NMR relaxation measurements
and magnetic hyperthermia†

M. Menelaou,a K. Georgoula,a K. Simeonidisb and C. Dendrinou-Samara*a

Nickel ferrite nanoparticles were synthesized via a facile solvothermal approach. Oleylamine (OAm) was

used in all synthetic procedures as a stabilizing agent and solvent. By varying the polarity of the solvents,

hydrophobic NiFe2O4 nanoparticles coated with OAm of relatively similar sizes (9–11.7 nm) and in a range

of magnetization values (32.0–53.5 emu g−1) were obtained. The as-prepared hydrophobic nanoparticles

were characterized by XRD, TEM, SEM, TGA and VSM and converted to hydrophilic by two different

approaches. The addition of a positively charged ligand (cetyltrimethyl ammonium bromide, CTAB) and

the ligand exchange procedure (2,3-dimercaptosuccinic acid, DMSA) have been successfully applied. The

aqueous suspensions of NiFe2O4@CTAB and NiFe2O4@DMSA showed good colloidal stability after a long

period of time. The different surface modification affected both the NMR relaxometric measurements and

the hyperthermia effects. In both techniques CTAB modification demonstrated higher r2 relaxivity (278.9

s−1 mM−1 in an NMR spectrometer at 11.7 T) and SAR values (423.4 W g−1 at an applied AC field with a par-

ticle concentration of 0.5 mg mL−1). The results indicate that a coating with a larger molecule as CTAB

under the same size, shape and magnetization of NiFe2O4 NPs gave rise to NMR relaxometric properties

and heating efficacy.

1. Introduction

Spinel ferrite nanoparticles MFe2O4 (where MII = Fe(II), Mn(II),
Co(II), Ni(II)) are currently considered among the most success-
ful magnetic nanoparticles (MNPs) for technological and
medical applications, spanning from magnetic storage
systems,1 photomagnetic materials,2 and contrast enhance-
ment in magnetic resonance imaging (MRI)3 to site-specific
drug delivery4 and hyperthermia.5 The composition of ferrites
depends on the chemical identity of the divalent metal (MII) as
well as on the charge and distribution of the metal ions
among tetrahedral and octahedral sites of the generic spinel
structure. Therefore, it is possible to fabricate ferrites over a
continuous range of composition, with completely different
magnetic and physicochemical properties and as a conse-
quence different potential applications.6

Increased magnetization of MNPs is a matter of concern for
all the above applications. Several synthetic procedures are
applied to isolate monodispersed ferrite nanoparticles of con-
trollable size and shape targeting to enhanced magnetic pro-
perties. A metal dopant substitution strategy of metal ferrite,
such as Zn2+ dopants, can affect drastically the antiferro-
magnetic coupling interactions between tetrahedral and octa-
hedral interstices and have been pursued to achieve high and
tunable nanomagnetism.7 It is well known also that the
surface organic coating used for the isolation of distinct MNPs
and/or for further functionalization may strongly affect the
magnetic properties of the nanoparticles through modifying
surface spin disorders. π-Acceptors such as oleic acid induce a
dramatic collapse of the saturation magnetization; in contrast,
σ-donors such as amine ligands increase the spin–orbit coup-
ling due to a decrease of the crystal field splitting and there-
fore favor the uplift of the magnetocrystalline anisotropy of the
surface layer.8,9 Moreover, it has been demonstrated that incre-
ment in magnetization of metal ferrites can be effectively
modulated by adsorbed ligands as effectively taking the posi-
tions of the missing oxygen atoms resulting in a reduced
surface anisotropy.9,10 Recently, our group demonstrated that
high magnetization can be achieved through the control of the
composition of the spinel ferrite targeting increased iron
content.11 The effective control of magnetization for the
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development of applications in the nano regime still remains
challenging due to the complexity of the parameters involved.

NiFe2O4 is a soft magnetic n-type semiconducting material
with low magnetic coercivity and high electrical resistivity
which possesses a fully inverse structure (i = 1) due to the
chemical nature of Ni(II) where all nickel ions are only located
in the octahedral sites while iron ions occupy tetrahedral and
octahedral sites.12,13 In particular, NiFe2O4 nanoparticles have
been isolated following synthetic procedures such as thermal
decomposition,14 hydrothermal synthesis,15 solvothermal syn-
thesis,16 sol–gel,17 co-precipitation,18 combustion reaction,19

spray-pyrolysis20 and sol–gel auto-combustion.21 As a result,
most of the applicable techniques lead to hydrophobic
NiFe2O4 nanoparticles in a range of shapes and sizes where
coercivity and magnetization values are directly influenced.16b

Superparamagnetic behavior has been observed as well as the
reduction of the saturation magnetization in comparison with
the corresponding bulk material (55 emu g−1).22 The use of
such nanoparticles for new biomedical applications requires
aqueous dispersion and further functionalization. In this case,
tailoring the surface and understanding the surface character-
istics are necessary.

The present work deals with the preparation and the study
of the magnetic properties of NiFe2O4 nanoparticles via a
solvothermal procedure as well as the evaluation of the nano-
particles as potential T2 MRI contrast agents and hyperthermia
heating mediators. In the first step, the relationship between
the synthesis and the magnetic properties was investigated. In
so doing, we select all preparations to take place at 200 °C in
the presence of a σ-donor, oleylamine, while by varying the
polarity of the solvents, nickel ferrite nanoparticles of similar
sizes with different magnetization are isolated. The structure
and morphology were characterized by XRD, SEM and TEM
while the magnetic properties were measured by VSM. To the
best of our knowledge, there is no previous report on how oleyl-
amine acts as a sole surfactant and/or in a triple role (surfac-
tant/solvent/reducing agent) through solvothermal synthesis of
NiFe2O4 nanoparticles. In a second step, the hydrophobic
NiFe2O4 nanoparticles were converted to hydrophilic by two
different approaches to study the effect of surface modification:
(i) by addition of a positively charged ligand cetyltrimethyl
ammonium bromide (CTAB) and (ii) by the ligand exchange
procedure in the presence of 2,3-dimercaptosuccinic acid
(DMSA). Moreover, the resulting hydrophilic NiFe2O4 nanoparti-
cles of both approaches were evaluated using NMR relaxation
measurements while their magnetic hyperthermia effects were
also studied and their characteristics are discussed.

2. Experimental section
Materials

All the reagents were of analytical grade and were used without
any further purification. Iron(III) acetylacetonate Fe(acac)3
(≥97.0%) was purchased from Fluka. Oleylamine (OAm) of
technical grade (70.0%), dimethylsulfoxide (DMSO), diphenyl

ether (≥99%) and NaOH pellets were purchased from Sigma-
Aldrich. Nickel(II) acetylacetonate Ni(acac)2 (≥99.9%) was pur-
chased from Riedel-de Haën and hydrazine hydrate N2H4·H2O
from Merck. meso-2,3-Dimercaptosuccinic acid (DMSA) was
purchased from Tokyo Chemical Industry (TCI) Co. Ltd. Cetyl-
trimethyl ammonium bromide (CTAB) (98.0%) was purchased
from Alfa Aesar, A Johnson Matthey Company. Deuterium
oxide (D2O) (99.9%) was purchased from Deutero GmbH. All
aqueous solutions were prepared with water from a Milli-Q
water purification system.

Synthesis of the NiFe2O4 nanoparticles

A general synthetic procedure for the preparation of the MNPs
was carried out in air in which Fe(acac)3 (1.8 mmol, 0.636 g)
and Ni(acac)2 (0.9 mmol, 0.232 g) were mixed only with oleyl-
amine (14 mL) acting as both a surfactant and a solvent. The
resulting solution was stirred thoroughly for 15 min and then
transferred into a 23 mL Teflon-lined stainless-steel autoclave
and was heated up with a stable rate of 4 °C min−1 until the
temperature reached 200 °C while it remained stable for 24 h.
After a 24 h reaction, the Teflon lined bombs were left to cool
down to room temperature at a stable rate of 5 °C min−1 and
then centrifuged at 1000 rpm. The supernatant liquid was dis-
carded and a black-brown precipitate was obtained. The pre-
cipitate was washed with ethanol for at least three times in
order to remove any excess of oleylamine and unreacted
precursors.

The above procedure was followed for the isolation of
sample D1. A number of modifications were applied then for
the rest of the samples; keeping the same metal ratio (Ni : Fe
1 : 2) and the total volume of the surfactant/solvent (14 mL)
constant, solvents with different polarities were used. For
sample D2, the metal precursors were mixed and dissolved in
a mixture of oleylamine (4 mL) and diphenyl ether (9 mL). Fol-
lowing the synthetic conditions for D2, hydrazine (44 μL) was
also added in the presence of 9 mL of diphenyl ether to
prepare sample D3. Finally, for sample D4, water was used as a
solvent (9 mL). Table 1 summarizes the synthetic conditions
for all obtained samples.

Surface modification methods

Method A. Surface modification of NiFe2O4 NPs via CTAB.
The as-prepared hydrophobic NiFe2O4 NPs (samples D1, D2
and D3) were converted to hydrophilic via the cationic

Table 1 Synthetic conditions for the isolation of NiFe2O4 nanoparticles

Sample Phase
Molar ratio
(Ni : Fe) Surfactant Solvent

Reducing
agent

D1 NiFe2O4 1 : 2 OAma OAm OAm
D2 NiFe2O4 1 : 2 OAm OAm/

DPHEb
OAm

D3 NiFe2O4 1 : 2 OAm OAm/
DPHE

OAm/
Hydrazine

D4 NiFe2O4 1 : 2 OAm OAm/H2O OAm

aOleylamine. bDiphenyl ether.
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surfactant cetyltrimethyl ammonium bromide (CH3(CH2)15N
+-

(CH3)3Br
− (CTAB)) according to a previously reported

method.23 0.02 M CTAB was added to ultrapure water to form
solution A. Then, 3 mg of samples D1, D2 and D3, respectively,
were dispersed in 0.5 mL of chloroform to form solution
B. Solutions A and B were mixed together to generate an oil-in-
water microemulsion and the mixture was sonicated for more
than 5 h until the chloroform was completely evaporated,
leaving an orange-brown aqueous solution. The resulting sus-
pensions are stable in water for a long period and are named
as D1@CTAB, D2@CTAB and D3@CTAB, respectively.

Method B. Surface modification of NiFe2O4 NPs via surface
exchange (DMSA). A mixture of 10 mg of meso-2,3-dimercapto-
succinic acid (DMSA) in 0.5 mL of dimethyl sulfoxide (DMSO)
was added to a mixture of 10 mg of NiFe2O4 NPs (samples D1
and D2) in 3 mL of toluene. The resulting mixture was soni-
cated for 2 hours and mechanically stirred for 24 hours at
room temperature. After that, the supernatant was discarded.
The precipitated NiFe2O4@DMSA NPs were successfully mixed
and centrifuged with ethanol several times to remove free
oleylamine molecules before being dispersed in water. The pH
of aqueous suspension increased to 10 with 1 M NaOH solu-
tion in order to deprotonate the carboxylic groups and thiol
groups (pK 9.2) of the DMSA.24 Finally, the pH was adjusted to
7 with the addition of 1 M HNO3 solution in order to achieve
better dispersion of the ferrite NPs.24,25 The resulting suspen-
sions are stable in water for a prolonged period and are named
as D1@DMSA and D2@DMSA.

Physical measurements and characterization techniques

X-ray powder diffraction (XRD) measurements were performed
on phase identification using a 2-cycle Rigaku Ultima diffracto-
meter (40 kV, 30 mA) with monochromatized Cu Kα radiation
(λ = 1.5406 nm) with Bragg–Brentano geometry (detection limit
approximately 2%). Conventional TEM images were obtained
using a JEOL 100 CX microscope (TEM) operating at an accel-
eration voltage of 100 kV. For TEM observations we have used
suspensions of the nanoparticles in organic solvents (toluene
or chloroform) deposited onto carbon-coated copper TEM
grids. The elemental composition of the samples was tested by
inductively coupled plasma atomic emission spectroscopy
(ICP-AES), Perkin-Elmer Optima 3100XL, by scanning electron
microscopy (SEM), JEOL 840A, and a flame atomic absorption
spectrometer (FAAS), AAnalyst 400, Perkin Elmer. Fourier-
Transform Infrared Spectroscopy was recorded using a Nicolet
FTIR 6700 spectrometer with KBr pellets in the range
350–4000 cm−1. Thermogravimetric analysis (TGA) was per-
formed using SETA-RAM SetSys-1200 and carried out in the
range from room temperature to 850 °C at a heating rate of
10 °C min−1 under an N2 atmosphere. Magnetic measure-
ments were performed at 300 K using a 1.2 H/CF/HT Oxford
Instruments VSM. The AC thermal response of the samples
was measured at 765 kHz by recording the temperature rise
with an OpSensPicoM optic fiber thermometer in an AC field
(250 Oe) application.

NMR relaxation measurements

The spin–spin T2 relaxation times of hydrogen protons in
ultrapure water and 10% D2O at various concentrations of the
modified nanoparticles ranging from 0.2 to 0.8 mM were deter-
mined using an 11.7 T NMR spectrometer (Agilent 500 MHz)
at 20 °C. T2 was acquired using the Carr-Purcell-Meiboon-Gill
(CPMG) pulse sequence. T2 analysis in order to fit the data for
the T2 curves for each peak was performed via the VNMRJ 3.1
software.

Magnetic hyperthermia

A test tube containing 1 mL of the suspension in various con-
centrations of each sample (0.5 mg mL−1, 1 mg mL−1 and
2 mg mL−1) was placed in the center of a water-cooled induc-
tion coil with 23 mm diameter consisting of three turns and
connected to an AC field generator of 4.5 kW.

3. Results and discussion
Synthetic aspects

NiFe2O4 nanoparticles were synthesized via solvothermal syn-
thesis as a simple, eco-friendly and cost effective way to afford
high crystallinity materials.16 The reaction conditions are
easily reproducible and can be further scaled up for mass
production.

OAm has been selected for the synthesis based on its multi-
functional role: it is a long chain primary alkylamine which
acts as a mild reducing agent; it is liquid in room tempera-
ture with a high boiling point (348–350 °C) that allows a high
temperature wet route to be carried out; it disperses in various
organic solvents and is manipulated easily through the
washing procedures that follow for the separation of the NPs;
moreover it exhibits σ-donor affinity and increases the spin–
orbit coupling as it decreases the crystal field splitting and
therefore favors the increment of the magnetocrystalline aniso-
tropy of the surface layer. The role of OAm in nanoparticle syn-
thesis has been recently reviewed and all the important
aspects in the formation of noble metal NPs, semiconductors
and transition metal oxide NPs through different synthetic
methods were illustrated.26 Nevertheless, OAm has scarcely
been reported until now in a multiple role in the synthesis of
MFe2O4 NPs; two recent reports are referenced for M = Co, Mn,
Cu and Zn, where it has been used through a thermal
decomposition preparation.14,27 Very often, via a variety of syn-
thetic routes, nanoparticles are stabilized through a mixture of
OAm and oleic acid (OA).28 In the present study, OAm was
employed in a triple role (sample D1) while in the presence of
a high boiling point non-polar solvent such as diphenylether
(sample D2), OAm acts as a typical surfactant. The presence of
an extra reducing agent, e.g. hydrazine, was examined (sample
D3) since in some cases it has been stated that the shape of
NPs is influenced by the presence of reductants.29 Finally,
water was employed in the preparation of sample D4, and in
this regard, water-in-oil microemulsions were formed by well-
defined nanodroplets present in the aqueous phase and
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dispersed by the assembly of surfactant molecules in a con-
tinuous oil phase.30 Therefore, the impact of the solvent on
the composition of NiFe2O4 nanoparticles was explored while
the rest of the synthetic parameters remained constant.

Structural and magnetic characterization

The XRD patterns for the prepared samples are illustrated in
Fig. 1. The spectra exhibit Bragg reflections which are typical
of the inverse spinel structure, with relatively broad peaks due
to the small size of the crystalline domains. The position and
relative intensity of the diffraction peaks provided clear evi-
dence for the formation of pure inverse spinel and face cen-
tered cubic (fcc) structure of single-phase nickel ferrite with
Fd3m space group (JCPDS card no. 10-0325) and correspond to
the crystal planes (220), (311), (222), (400), (422), (511), and
(440).

The XRD patterns of the samples present effective line
broadening indicative of the nano sizes. The average crystalline
size of the samples has been calculated from the XRD line of
the full width at half-maximum (FWHM) of the most intense
peak (311) using Scherrer’s formula31 and was found to be
10.0 nm for D1, 9.6 nm for D2, 9.3 nm for D3 and 12.3 nm for
D4, respectively. The corresponding values of the lattice para-
meters for D1–D4 were calculated to be a = 8.414(2) Å, a =
8.407(4) Å, a = 8.382(6) Å and a = 8.373(5) Å, respectively,
slightly larger than the bulk NiFe2O4 (a = 8.339 Å), but in
agreement with earlier reported values for NiFe2O4 NPs.

16b The
observed expansion of the lattice parameter of sample D4 is
inversely analogous to the size.15a It has to be mentioned also
that a higher degree of crystallinity has been observed for
sample D4.

Representative transmission electron microscopy (TEM)
images together with corresponding particle size distributions
are presented in Fig. 2 (samples D1–D4). The sizes of the
particles were arithmetically averaged directly (weighting by

number). The number-weighted distributions were built by
counting ∼150 particles for each sample and were fitted with a
standard log–normal function. The size of the nanoparticles
varies from 9.0 to 11.7 nm, as is presented in Table 2, and
these values are close to the corresponding ones from the XRD
patterns indicating their single crystal character.

The size and morphology of the nanoparticles vary depend-
ing on the reaction conditions. In particular, when only OAm
is present (sample D1) monodispersed almost spherical nano-
particles are displayed. In the presence of the non-polar
solvent (samples D2 and D3) truncated nanoparticles of identi-
cal mean size are favored while the extra use of the reducing
agent (hydrazine) led to lower monodispersity without any
shape changes. However, in the presence of water, monodis-
persed truncated and bigger sizes were formed (sample D4). In
general, water has a multiple role since as a chemically active
solvent it is involved in each step of the reactions that take
place, participates in the acid–base equilibrium as well as in

Fig. 1 X-ray diffraction patterns of the nickel ferrite (NiFe2O4) nanopar-
ticles (samples D1–D4). The data confirm that the nanoparticles are
pure phase of spinel nickel ferrite with Fd3m space group (JCPDS card
no. 10-0325).

Fig. 2 Representative TEM images and particle size distribution histo-
grams (insets) of samples: (a) D1, (b) D2, (c) D3 and (d) D4.

Table 2 Size, magnetic parameters, relaxivity (r2) and maximum SAR
values of the NiFe2O4 NPs

Sample

TEM
size
(nm)

XRD
size
(nm)

Ms
a

(emu g−1)
Hc
(Oe)

r2
(s−1 mM−1)

SARmax
(W g−1)

300 K

D1 9.7 ± 1.3 10.0 50.1 230 220.6 371.7
D2 9.0 ± 1.5 9.6 53.5 182 278.9 423.4
D3 9.0 ± 2.0 9.3 38.8 139 198.2 —
D4 11.7 ± 1.1 12.3 32.0 183 — —
D1@DMSA 45.0 125 173.7 92.7
D2@DMSA 48.1 163 200.0 125.6

a The normalized values of Ms are estimated from the reduced mass of
each sample.
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the coordination sphere of the metal ions. More important,
when water is present as a solvent, a different mechanism
occurs where hydrolysis is fast and Fe3+ ions are hydrolyzed
into Fe(OH)3 and then transformed to β-FeOOH. The compo-
sition of Ni(OH)2 occurs in a second step resulting in the final
formation of the nickel ferrite as shown in the following
reactions:32

Fe3þ þ 3OH� ! FeðOHÞ3 ð1Þ

Ni2þ þ 2OH� ! NiðOHÞ2 ð2Þ

FeðOHÞ3 ! β-FeOOHþH2O ð3Þ

2β-FeOOHþ NiðOHÞ2 ! NiFe2O4 þ 2H2O ð4Þ

If so, the larger particle size of sample D4 can be ascribed
to Ostwald ripening since in a heterogeneous solution (water
and OAm) the process reaches a more thermodynamically
stable state wherein the surface to area ratio is minimized.
Therefore, the growth of larger particles occurs at the expense
of less stable smaller particles.33 This is also confirmed by the
different broadening of sample D4 in the XRD patterns, as
shown in Fig. 1.

The FT-IR spectra of the NiFe2O4 NPs in the region
4000–350 cm−1 exhibit absorption bands which are in good
agreement with the characteristic FT-IR bands of pure oleyl-
amine (Fig. 3).26 The broad frequency band around
∼3500 cm−1 is attributed both to the existence of physically
absorbed water as well as to the asymmetric (νas) and sym-
metric (νs) stretching vibrations of the amine groups (–NH2) of
the OAm molecule, respectively. The bands observed at
∼2921 cm−1 and 2853 cm−1 are characteristic of the asym-
metric (νas) and symmetric (νs) stretching vibrations of methyl-
ene groups (–CH2), respectively. The peak at about 1560 is
attributed to the NH2 group and is found to be shifted to some
extent, due to interactions with the metal core. For samples

D1–D3, a broad shoulder is observed at 1635 cm−1 and
is attributed to the stretching vibration of the double bond
(δ(–CvC)) while in the case of sample D4, the intensity of this
peak changed due to different orientation of the double
bond34 since the synthesis was carried out in a water–OAm
mixture. Moreover, the peaks below 700 cm−1 are assigned to
four vibrational modes (ν1–ν4) as a result of the specific struc-
ture of the prepared nanoparticles.35 The two modes ν1 and ν2
are those with the highest frequencies and are due to the
stretching vibration of the tetrahedral and octahedral sites,
respectively. The two low-frequency modes, ν3 and ν4, can be
correlated to oscillations of the metal ions in the isotropic
force field of the tetrahedral and octahedral environments,
respectively. In our case, ν1 is obtained at around 605 cm−1

and ν2 is detected at around 410 cm−1. The two lower fre-
quency modes are missing due to the instrument limitations.

The amount of surfactants coated on the surface of the NPs
was quantitatively recorded by thermogravimetric analysis
(TGA) (Fig. S1, ESI†). The total amount of weight loss of
samples D1–D4 is 27.5 wt%, 25.3 wt%, 24.2 wt% and 19.6 wt%,
respectively, by measuring the mass reduction in the range of
100–850 °C. The decomposition of the organic coating occurs in
a similar way for all samples. Two regions of mass reduction
were observed at 100–450 °C and 450–650 °C; in the first step
hydrocarbon chains were removed while the nitrogen head
groups were burnt off in the second step. This behavior is
similar to that reported previously for oleylamine-capped NPs
(100–300 °C and 500–700 °C).36 In accordance with the FT-IR
spectra, as nitrogen head groups were coordinated on the NPs
surface, they still remained on the surface and decomposed at
higher temperature. The relatively lower weight loss in the case
of D4 can be explained by the increase of the particle size (D4
found ∼12 nm) as the surface area-to-volume ratio is decreased.

Magnetic measurements of the as-prepared nanoparticles
were carried out at room temperature using a vibrating sample
magnetometer (VSM) with an applied field of 10 kOe. The
room temperature hysteresis loops (Fig. 4) for samples D1–D4

Fig. 3 FT-IR spectra of the OAm ligand and OAm-capped NiFe2O4

nanoparticles (D1–D4). The dashed lines demonstrate absorption bands
of ν1 and ν2 modes.

Fig. 4 VSM measurements at 300 K of the effective mass for samples
D1–D4.
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revealed the characteristic behavior of soft magnetic materials.
The saturation magnetization (Ms) values are 38.0 emu g−1,
40.0 emu g−1, 29.0 emu g−1 and 25.7 emu g−1, while the nor-
malized values of Ms estimated from the reduced mass of the
nanoparticles incorporating the thermogravimetric analysis
are 50.1 emu g−1, 53.5 emu g−1, 38.8 emu g−1 and 32.0 emu
g−1 for D1–D4, respectively (Table 2). The resulting values
depend significantly on the synthetic route. Enhanced magne-
tization, close to the bulk (55 emu g−1), is achieved in the pres-
ence of the non-polar solvent while in the presence of an extra
reducing agent, namely hydrazine, the magnetization is lower
due to extra reduction of Fe3+ to Fe2+ taking into account that
crystallinity, particle size and shape are almost the same for
samples D1–D3. Divalent iron ions possess 4μΒ and their dis-
tribution between A and B sites of the spinel structure led to
the observed decline in net magnetization.37 The lowest mag-
netization value of sample D4, despite possessing bigger size
and higher crystallinity, is attributed to the difference in struc-
tural morphology of the spinel due to the participation of
water and/or potential surface spin disorder and the existence
of a dead magnetic layer.38

Surface modification and characterization of the
functionalized NiFe2O4 NPs

The as-prepared hydrophobic NPs were further modified to
hydrophilic using two different methods in order to study how
different coatings affect NMR relaxivity and hyperthermic
effects. The first qualitative method employed a cationic sur-
factant, CTAB, as a phase transfer agent in water, to create an
oil-in-water microemulsion. This interfacial process leads to
assembly of surfactant molecules with a positively charged
group on the surface of the NPs by compact hydrophobic
layers of the outer hydrophobic group of the surfactant mole-
cules and the inner OAm molecules.23b,39 The second quanti-
tative method was achieved through ligand exchange where a
nontoxic substance DMSA, which possesses carboxylic groups,
was employed.40 The modification is carried out in a mixture
of DMSO and toluene, which dissolves nicely the DMSA mole-
cules while the hydrophobic particles can be well-dispersed in

it. In order to obtain stable and clear dispersion, the pH value
has been adjusted in an alkaline environment where negative
charge is generated along with the sulfur–sulfur bondings
around the particle.40 It has to be noted here that both pro-
cedures were successful since they led to stable colloidal dis-
persions for at least a period of six months. A schematic
illustration of both procedures is given in Scheme 1.

The modified with DMSA nanoparticles have been further
characterized since potential changes to the size, shape and
composition of the nanoparticles have been reported in some
cases.41 The presence of DMSA on the surface of the NPs was
confirmed by FT-IR spectroscopy (Fig. 5a) where a sharp peak
at 1704 cm−1 is attributed to free carbonyl stretch while two
intense peaks at 1577 and 1381 cm−1 are assigned to the asym-
metric νas(COO

−) and symmetric νs(COO
−) carboxylate stretch

of DMSA. The difference between these peaks Δ(νas(COO−) −
νs(COO

−)) is 196 cm−1 and indicated a covalent binding while
the splitting of νas(COO

−) can be assigned to different

Scheme 1 Schematic illustration of the NiFe2O4@DMSA and
NiFe2O4@CTAB NPs and chemical structure of the employed molecules
(OAm, DMSA, CTAB).

Fig. 5 FTIR spectra of free DMSA and functionalized NiFe2O4 nanoparticles (D1@DMSA and D2@DMSA) (a) and magnetization curves at 300 K on
the effective mass for the as-prepared (D1 and D2) and the functionalized NiFe2O4 nanoparticles (b).
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coordination modes of the carboxyl groups. The peak at
∼2520 cm−1 present in the spectrum of the free DMSA is
assigned to the S–H bond stretching while missing from the
spectra of all samples. Also, the composition has proven to be
stable for all samples since the Ni/Fe ratio remained constant
(1Ni : 2Fe) as shown via atomic absorption spectroscopy
(FAAS). VSM measurements of D1@DMSA and D2@DMSA in
regard to the as prepared NPs D1 and D2 are given in Fig. 5b.
The total magnetization remained the same with the as-pre-
pared samples (38 emu g−1 and 40 emu g−1 for D1@DMSA
and D2@DMSA, respectively). Calculation of the organic
coating (DMSA) and further correction of the magnetization
values showed that the normalized magnetization is 45.0 emu
g−1 and 48.1 emu g−1 for D1@DMSA and D2@DMSA, respecti-
vely, since 17% and 18% by weight is attributed to the DMSA
ligands. TGA analysis of both samples is given in the ESI
(Fig. S2 and S3†). Thus, no aggregation and/or size effect can
be stated after the modification and the reduced magnetiza-
tion is assigned to the less organic coating (27.5 wt% and
25.3 wt% for D1 and D2, respectively).

NMR relaxation measurements

Magnetic resonance imaging (MRI) and nuclear magnetic reso-
nance (NMR) are based on the relaxation process of protons
when placed in an external magnetic field.42 There are two
types of relaxation processes: the longitudinal or spin–lattice
relaxation process (T1) and the transverse or spin–spin relax-
ation process (T2). T2 contrast agents are generally based on
superparamagnetic nanoparticles. Dextran-coated superpara-
magnetic iron oxide nanoparticles (SPIO) are already commer-
cially used as T2 contrast agents for clinical applications.43

Based on Koenig and Kellar,44 r2 relaxivity is proportional to
the square of magnetic moment according to the following
equation:

R2 ¼ 1
T2

¼ α

DdNP
γ2μ2CNPJ ω; τDð Þ ð5Þ

where α is a constant, D is the diffusion coefficient, dNP is the
diameter of the nanoparticle, γ is the gyromagnetic ratio of the

water proton, μ is the magnetic moment of the proton, CNP is
the concentration of the nanoparticles, and J (ω, τD) is the spec-
tral density function.

The transverse T2 (or spin–spin) relaxation times of hydro-
gen protons of pure water at various concentrations of the
samples were determined using an NMR spectrometer. The
efficiency of a contrast agent is defined in terms of the trans-
verse (r2) relaxivity, which corresponds to the rates of proton
relaxation and is determined according to the following
equation:

R2 ¼ 1
T2

¼ 1
T0
2
þ r2½M� ð6Þ

where T2 is the observed proton relaxation time in the pres-
ence of nickel ferrite nanoparticles, T02 is the proton relaxation
time of pure water and [M] is the concentration of the contrast
agent.

The NMR relaxivity studies were performed on the hydro-
philic modified NPs: (i) D1@CTAB, D2@CTAB and D3@CTAB,
and (ii) D1@DMSA and D2@DMSA. Fig. 6a and 6b show the
plot of the relaxation rate R2 (1/T2) as a function of the metal
ion concentration (Ni + Fe) of all samples. The relaxivity (r2)
for each system was determined by the slope of a straight line
connecting the different points in the plot among different
concentration values.

The corresponding r2 relaxivity values for the aqueous sus-
pensions of D1@CTAB, D2@CTAB and D3@CTAB were found
to be 220.6, 278.9 and 198.2 s−1 mM−1, respectively, while for
D1@DMSA and D2@DMSA the values are 173.7 and 200.0 s−1

mM−1, respectively (Table 2). The two modification approaches
led to different r2 values with the one for D2@CTAB being
∼1.4 times higher than that of D2@DMSA. Relaxivities of the
modified NPs (D1@CTAB and D2@CTAB) are comparable and
even higher than that of the reported values of γ-Fe2O3@SiO2

NPs studied in a similar NMR spectrometer (11.7 T) where the
highest r2 value is equal to 228 s−1 mM−1 and corresponds to
10.0 nm γ-Fe2O3 nanoparticles.

45 Considering that the NiFe2O4

NPs have similar sizes and Ms values, the differences are attrib-
uted to the larger hydrophilic coating of the CTAB molecule

Fig. 6 T2 Relaxivity plots of aqueous suspensions of NiFe2O4@CTAB (a) and NiFe2O4@DMSA (b) nanoparticles.
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which favors the diffusion of water molecules unlike the
smaller DMSA ligands. Also, “ice-like” water phenomena for
the NiFe2O4@CTAB systems which can induce the r2 values
cannot occur, as has been previously reported in the case of
Pluronic F127, most likely due to the smaller size of CTAB
molecules. Moreover, the small r2 values of the
NiFe2O4@DMSA systems suggest that no agglomeration could
likely occur.46

Magnetic hyperthermia properties

Magnetic nanoparticles such as ferrite nanoparticles have
shown promising results as potential heating mediators in mag-
netic particle hyperthermia due to their efficiency in conversion
of magnetic energy into heat even at low concentrations.47

Thermal activation experiments were performed on the two
nickel ferrite nanostructures with the highest magnetization

value (D1 and D2) coated either with CTAB or DMSA to deter-
mine the specific absorption rate, SAR (W g−1).48

SAR demonstrates the heating ability of magnetic materials
in the presence of an AC magnetic field and is defined as the
amount of heat generated per gram unit of magnetic material
per time unit.

SAR ¼ Cms

mNPs

dT
dt

� �
ð7Þ

In eqn (7), C is the sample specific heat capacity (Cwater =
4.186 J g−1 C−1), dT/dt is the initial slope of the temperature
versus time graph, ms is the mass of the suspension, and mNPs

is the mass of the nanoparticles in suspension.49

Fig. 7a and 7b show the temperature versus time curves for
NiFe2O4@CTAB nanoparticles and NiFe2O4@DMSA nanoparti-
cles, at three different concentrations varying from 0.5 mg

Fig. 7 Temperature versus time curve for D1@CTAB and D2@CTAB (a) and D1@DMSA and D2@DMSA (b) NiFe2O4 nanoparticles. SAR values for
NiFe2O4@CTAB and NiFe2O4@DMSA (c) systems at various concentrations.
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mL−1 to 2 mg mL−1 in water, respectively. Both graphs indicate
a rise in temperature as the concentration increases in the
presence of an AC applied field.

SAR values of NiFe2O4@CTAB and NiFe2O4@DMSA nano-
particles are calculated from eqn (7) and the initial slope as is
demonstrated in Fig. 7a and 7b. We remark that the SAR
values were calculated without any organic component correc-
tion, since for potential applications, the relevant values are
those measured experimentally. As it can be seen from Fig. 7c,
SAR values gradually decrease with an increase of the particle
concentration (0.5 mg mL−1 to 2.0 mg mL−1) in all systems.
The maximum SAR value among NiFe2O4@CTAB systems
is 423.4 W g−1 while among NiFe2O4@DMSA systems it is
92.7 W g−1. As the concentration of the particles is increased,
the separation between them decreases leading to dipolar
interactions and in either ferromagnetic or antiferromagnetic
interaction while the heating capacity is decreased. A similar
behavior to the studied systems has been previously observed
for Fe3O4 NPs.50 Moreover, as has already been stated, the net
magnetization of the NiFe2O4@DMSA systems is slightly lower
compared to the as-prepared ones; thus we can conclude that
small differences in these values cause significant differences
in SAR values of each system. Hysteresis losses for the systems
can be excluded since no significant difference arose from hys-
teresis loops. Magnetization measurements on samples D2
and D2@DMSA in lower magnetic fields (300 Oe and 700 Oe)
are given in ESI (Fig. S4†). Considering that the thermal power
dissipation is due to several types of loss processes: magnetic
hysteresis loss, Neel relaxation and Brownian relaxation, and
that the magnetization values, shape and size of the samples
are nearly the same, the differences are attributed to the
organic layer and Brownian relaxation is dominant.51 Thus,
among the two different organic layers, the larger size of the
coating CTAB compared to DMSA ligand increased the SAR
values.

To the best of our knowledge, there are only a few studies
on hyperthermic effects and the calculation of SAR values for
NiFe2O4 nanoparticles in the literature. These studies were
carried out under different experimental conditions and thus
straightforward comparison is not possible; for 5 nm NiFe2O4

the SAR value found is 1.85 W g−1 ( f = 300 kHz and Ho = 98
Oe)52 while the influence of frequencies (30–210 kHz) at a
fixed applied field (80 Oe) for 28.4 nm NiFe2O4 has been
studied53 and the dependence of self-heating temperature on
applied magnetic fields (60–160 Oe) at a fixed frequency
(40 kHz) for 35 nm NiFe2O4 has been given by Bae et al.54

4. Conclusions

Monodispersed NiFe2O4 NPs of similar sizes (9.7 and 9.0 nm)
have been effectively synthesized when OAm is applied in a
triple role or also in the presence of a typical non-polar solvent
(diphenyl ether) with normalized magnetization values (50.1
and 53.5 emu g−1) close to the bulk. When an extra reducing
agent was applied (hydrazine) although the size (9.0 nm) and

shape remained the same, the magnetization value decreased
(38.8 emu g−1) and is attributed to the different Fe2+/Fe3+ dis-
tributions in the spinel. In the presence of water a different
formation mechanism occurred which led to bigger nanoparti-
cles (11.7 nm) with a decreased magnetization value (32.0 emu
g−1) implying a different structural mode of the spinel. Surface
modification was achieved successfully through the addition
of CTAB molecules and the ligand exchange procedure
through the DMSA ligand as the systems showed good col-
loidal stability for a period of six months. The different surface
modification affected both the NMR relaxometric measure-
ments and the hyperthermia effects. In both techniques, CTAB
modification demonstrated higher r2 relaxivity (278.9 s−1

mM−1 in an NMR spectrometer at 11.7 T) and SAR values
(423.4 W g−1 at an applied AC field with a particle concen-
tration of 0.5 mg mL−1) indicating that a larger sized coating
under the same size, shape and magnetization of NiFe2O4 NPs
is more effective, although further functionalization with a
variety of biomolecules can be achieved with DMSA ligands.
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