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a b s t r a c t
Iron oxide nanoparticles (Fe3 O4 , IONPs) are promising candidates for several biomedical applications
such as magnetic hyperthermia and as contrast agents for magnetic resonance imaging (MRI). However,
their colloidal stability in physiological conditions hinders their application requiring the use of biocompatible surfactant agents. The present investigation focuses on obtaining highly stable IONPs, stabilized
by the presence of an oleic acid bilayer. Critical aspects such as oleic acid concentration and pH were
optimized to ensure maximum stability. NPs composed of an iron oxide core with an average diameter of
9 nm measured using transmission electron microscopy (TEM) form agglomerates with an hydrodynamic
diameter of around 170 nm when dispersed in water in the presence of an oleic acid bilayer, remaining
stable (zeta potential of −120 mV). Magnetic hyperthermia and the relaxivities measurements show high
efﬁciency at neutral pH which enables their use for both magnetic hyperthermia and MRI.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Magnetic nanoparticles (NPs) have been extensively investigated in the last decades for biomedical applications as contrast
agents for magnetic resonance imaging (MRI), and as hyperthermia agents for cancer treatment [1–7]. The colloidal stability of
magnetic NPs may constrain their applicability and functionality
[8,9]. Nano-scale materials have different surface properties when
compared to bulk materials having an extremely high tendency of
adhesion and aggregation. When NPs are in aqueous medium they
may adhere together and form aggregates of increasing size. These
aggregations may not only settle out due to gravity but may also
change the magnetic properties of the NPs due to particle size augment [10,11]. Magnetic NPs are generally composed of pure metals,
metal alloys or metal oxides [12]. Iron oxide NPs (IONPs) are superior to other metal oxide NPs for their biocompatibility and stability
and are the most commonly employed magnetic NPs for biomedical applications [13]. From all the iron oxides, Fe3 O4 (magnetite)
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possesses the most interesting properties because of the presence
of iron cations in two valence states, Fe2+ and Fe3+ , in the inverse
spinel structure [12]. Iron oxide NPs are able to generate heat when
subjected to an alternating magnetic ﬁeld (AMF). This thermal phenomenon may be due to energy losses during the demagnetization
process (speciﬁc loss power). This property is crucial for magnetic
hyperthermia applications [14–16].
The main purpose of the present research work is to obtain
highly stable iron oxide nanoparticles in aqueous medium by using
oleic acid (OA), a mono-unsaturated fatty acid commonly used as a
surfactant to modify the surface of magnetite nanoparticles due to
the high afﬁnity to its surface. Stabilization occurs due to the formation of strong chemical bonds between the carboxylic acid and
the iron oxide NPs [17,18]. Although oleic acid is only soluble in
non-polar solvents, bilayer oleic acid-coated magnetite nanoparticles can be dispersed in polar liquids with the proper adjustment
of pH. Though several works have been reported with oleic acid as
a surfactant for magnetite nanoparticles [19–21], only few authors
have reported the presence of an oleic acid bilayer that turns the
iron oxide NPs soluble in aqueous solvents [17,22,23]. Maity and
Agrawal have prepared iron oxide NPs coated with either a monolayer or a bilayer of oleic acid and found that they are either stable
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in kerosene and dodecane or water, respectively [24]. This is important as per their biomedical use in MRI as contrast agents and for
magnetic hyperthermia as treatment agents. Lan et al. have synthetized bilayer surfactant stabilized nanoparticles with an average
size of about 12 nm by using oleic acid as the primary and secondary
layer of surfactant [25]. Also, the author found that the prepared NPs
are applicable in preparing Pickering emulsions with controllable
stability due to their sensitivity to aqueous dispersion pH and ion
strength. Other authors have found that oleic acid coated Fe3 O4 NPs
are effective to enhance hyperthermic killing ability under an AC
magnetic ﬁeld in mice ﬁbrosarcoma tumour cells. Yang et al. have
performed an extensive study to distinguish between the monolayer and the bilayer [17]. Based on the assumption that the amount
of oleic acid necessary to form a bilayer is 20% of the Fe3 O4 NP, the
authors have characterized both types of samples.
Despite the inﬂuence on size and polydispersivity of the NPs,
the type of coating has a remarkable inﬂuence on their properties. Obtaining of highly stable oleic acid-iron oxide NPs restrains
its applicability in the biomedical ﬁeld. Therefore the inﬂuence of
the oleic acid bilayer in the efﬁcacy of iron oxide NPs as magnetic
hyperthermia agents and magnetic resonance imaging contrast
agents was greatly evaluated. Moreover, cytotoxicity assays were
performed to conﬁrm the biocompatibility of the synthesized
nanoparticles.
2. Materials and methods
All the chemical reagents used in this research work were of analytical grade and used without further puriﬁcation. Iron(III) chloride
hexahydrate and iron(II) chloride tetrahydrate were obtained from
Sigma Aldrich, and oleic acid from Fisher Chemical.
2.1. Synthesis of iron oxide nanoparticles
Iron oxide NPs were synthetized using a method described elsewhere [2] based on chemical co-precipitation. The amount of oleic
acid added to the NPs suspension was calculated as a percentage
of the NPs mass and added to a known volume of the NPs colloid
after synthesis with proper pH adjustment to either form a monolayer or a bilayer. The samples were mechanically stirred for 1 h
and further washed to remove any free oleic acid. The mixture was
sonicated for 5 min before use. For further characterization, a part
of the nanoparticles suspension was freeze dried (VaCo 2, Zirbus).
Iron concentration of the samples was measured using the 1,10phenanthroline colorimetric method [19].
2.2. Characterization
FTIR spectra of the dry samples were obtained using a Nicolet
6700–Thermo Electron Corporation Attenuated Total ReﬂectanceFourier Transform Infrared spectrometer (ATR-FTIR). TEM images
of a diluted suspension of NPs placed in a Kevlar 25 mesh grid
were obtained in a Hitachi H-8100 II with thermionic emission
LaB6 equipment. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) studies were carried out using a Thermal
Analyzer NETZSCH STA 449 F3 Jupiter® at a rate of 10 ◦ C/min in a
N2 atmosphere. Dynamic Light Scattering (DLS) and Zeta Potential
measurements were performed using a SZ-100 nanopartica series
(Horiba, Lda) with a laser of 532 nm and controlling temperature
with a Peltier system (25 ◦ C). DLS measurements were carried out
for diluted NPs suspensions in triplicates using a disposable cell
with a scattering angle equal to 90◦ . Data analysis was performed
using cumulants statistics to measure hydrodynamic size and polydispersity unless stated otherwise. Zeta Potential measurements
were performed with a scattering angle equal to 173◦ , in a graphite
electrode cell. The DC magnetic properties were performed using
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a 7 T SQUID magnetometer (S700X; Cryogenic Ltd.). The zero-ﬁeld
cooled (ZFC) and ﬁeld-cooled (FC) measurements were performed
by cooling the sample to 5 K at zero ﬁelds or in the presence of an
external ﬁeld of 100 Oe, respectively. All the magnetic measurements were carried out in increasing temperature range 5–320 K.
Isothermal magnetization curves were obtained for ﬁelds up to 5 T
for temperatures of 10 K and 320 K.
2.3. Biomedical applications
2.3.1. Magnetic hyperthermia
Magnetic hyperthermia measurements were obtained using a
DM100 series from Nb Nanoscale Biomagnetics apparatus. The
heating ability of 1 mL sample of freshly prepared NPs solution was
measured during 10 min keeping both the magnetic ﬁeld intensity
and frequency constant at 24 kA m−1 and 418.5 kHz, respectively.
These measurements were performed varying the iron concentration for each oleic acid concentration: 0%, 8%, 32%, 64% and 96%.
Next, samples for in vitro heat generation were prepared. NPs colloids were dispersed in a hot agar solution (1 wt.% of agar) in a glass
vial [26]. Samples were sonicated for 1 min to disperse the NPs and
then solidiﬁed. Iron content of all samples was kept constant for
72.6 mM of iron. Agar phantoms were subjected to an AC magnetic
ﬁeld of 24 kA m−1 , with a frequency of 418.5 kHz for 10 min.
2.3.2. MRI contrast agents
Measurement of the NPs efﬁciency as contrast agents for MRI
was performed using samples prepared with iron concentrations
ranging from 0.2 to 2.6 mM in aqueous agar solution of 0.5 wt.%
[27]. The longitudinal and transverse relaxation times of these samples were measured in a Bruker Avance III NMR spectrometer in a
7 T magnetic ﬁeld at 25 ◦ C using an inversion-recovery and a Carr
Purcell Meiboom Gill impulse sequences, respectively.
2.4. Cytotoxicity assay
Cell viability studies were performed by resazurin assay on
Vero (ﬁbroblast-like kidney cell) and SaOs-2 (primary osteogenic
sarcoma) cell lines. The cells were seeded at density of
5 × 104 cells mL−1 in 96-well plates. SaOs-2 cells were grown in
McCoy 5A medium, supplemented with 10% fetal bovine serum
and 1% Penicillin-Streptomycin (10,000 U mL−1 ), while Vero cells
were grown in Dulbecco’s modiﬁed Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 1% Penicillin-Streptomycin
(10,000 U mL−1 ), Sodium Pyruvate (100 mM), and GlutaMAXTM
Supplement followed by incubation at 37 ◦ C in 5% CO2 overnight.
Next day, cells were treated with fresh medium containing a known
concentration of nanoparticles ranging from 12.5 mM to 0.78 mM
Fe in each well in triplicates and the plates were incubated for
24 h. After this time, the medium was removed and rezasurin was
added to each well. After 2 h incubation time the absorbance was
measured at 570 and 600 nm. Cell viability was expressed as a
percentage of the control, given by [% cell viability = NP treated
cells/control cells × 100].
3. Results and discussion
3.1. FTIR spectroscopy and DSC/TGA
The presence of oleic acid bounded to the NPs was evaluated by
FTIR spectroscopy. Fig. 1 shows the FTIR spectra of pristine IONPs
and the same particles with different concentrations of oleic acid.
The typical bands of pristine Fe3 O4 NPs are present: 560 cm−1 ,
attributed to the Fe O stretching vibration mode; 1630 cm−1
related to the O H stretching vibration mode; and the broad band
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Table 1 resumes the relation between the amount of oleic acid
added to the iron oxide nanoparticles samples and the measured
amount in TGA. In the case of OA 8%, the measured amount of oleic
acid is slightly above the calculated amount, which may be due to
experimental errors during the addition of the surfactant.
3.2. TEM images

Fig. 1. FTIR spectra of pristine Fe3 O4 nanoparticles uncoated (black line), coated
with 8% (red line), 32% (green line), and 96% (blue line) of oleic acid. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)

between 3000 and 3500 cm−1 that is attributed to the O H stretching vibration of water vapour. For low concentrations of oleic acid
(below 20%) which are assumed to form a monolayer [28], the FTIR
spectra show some characteristic bands of the surfactant. The sharp
bands at 2910 and 2849 cm−1 , attributed respectively to the symmetric and asymmetric CH2 stretching vibration modes in the oleic
acid molecule, and at 1506 and 1415 cm−1 , attributed respectively
to COO− symmetric and asymmetric stretching vibration modes,
while the typical band at 1630 cm−1 corresponding to the O H
stretching vibration of Fe3 O4 disappears.
This is an indication of oleic acid monolayer since when the oleic
acid bilayer is present (above 20%), a band at 1704 cm−1 appears
corresponding to the C O stretching vibration for free COOH. This
has been correlated to a second layer of oleic acid [17], which is
also corroborated by the decrease of the band at 1415 cm−1 when
the concentration of oleic acid increases.
The presence of oleic acid covering the nanoparticles was also
evaluated by thermal analysis. The TGA/DTA curves of Fe3 O4 NPs
coated with oleic acid are shown in Fig. 2. In the analyzed temperature range pristine Fe3 O4 NPs shows only a slight decrease in
the mass percentage which is related to the conversion of Fe3 O4 to
␥-Fe2 O3 and FeO, which are the stable phase of diagram of Fe O
system above 570 ◦ C [29]. Fe3 O4 NPs with 8%, and 96% of oleic acid
show three derivative peaks in the DTA curve corresponding to
mass losses in the TGA curve.
The ﬁrst peak at 214 ◦ C is close to the boiling temperature of
oleic acid (b.p. 94–195 ◦ C/1.2 mmHg) and is common to both oleic
acid samples, OA 8% and 96%, where a mass loss of about 2.3% and
7.5%, respectively, is obtained and can be correlated to the removal
of free oleic acid on the Fe3 O4 NPs. The second peak is at about
338 ◦ C with a mass loss of 10.6% for OA 96% and less than 2% for OA
8% and corresponds to the removal of oleic acid molecules that are
bounded to Fe3 O4 NPs surface. This peak adsorption temperature
conﬁrms stronger binding energy between the oleic acid molecules
and Fe3 O4 NPs, and happens when a bilayer is formed [30]. The third
peak at 617 ◦ C and 712 ◦ C is common to both OA samples and the
mass loss is of 6.8% and 32% for OA 8% and OA 96%, respectively.
Above 600 ◦ C the carbon from the oleic acid is oxidized to CO and
CO2 during the annealing and the reduction mechanism may be as
follows [31]:
Fe3 O4 + CO → 3FeO + CO2

(1)

3FeO ↔ Fe2 O3 + ˛Fe

(2)

CO +

1
O2 → CO2
2

(3)

Pristine iron oxide nanoparticles have been previously evaluated by transmission electron microscopy (TEM) [2]. Average
particle size was found to be 9.1 ± 2.2 nm. Fig. 3 shows TEM image
of both 8% and 96% oleic acid coated NPs and their respective size
distribution. Overall no inﬂuence of oleic acid cap was observed on
the average size of nanoparticles even for higher concentrations of
oleic acid. Nevertheless, compared to pristine samples, an improvement of the nanoparticles stability can be observed for the samples
with higher amount of oleic acid (96%), which is reﬂected by the
decrease of aggregation. The same is not observed for the sample
with only 8% of oleic acid, which may be justiﬁed by the presence
of a monolayer, which is not stable in aqueous dispersions.
3.3. Zeta potential and DLS
The effect of the oleic acid bilayer on the stability of the iron
NPs suspended in water was evaluated by zeta potential and DLS.
The samples with different percentages of oleic acid were prepared
at different pH and measured the Zeta potential of these samples
in order to evaluate their stability (given by a zeta potential value
above +/−30 mV) as a function of pH [32,33]. Fig. 4 represents the
variation of zeta potential as a function of pH for each NPs suspension. At neutral pH the NPs have a zeta potential of around
−32 mV. Moreover at basic pH (above 9) the NPs are stable in aqueous suspension for an iron concentration of 1.25 mM. When oleic
acid is added to the NPs suspension, for a low concentration (8%),
the zeta potential of the NPs at pH 7 shifted to positive values of zeta
potential (around 17 mV). Above the critical concentration for the
formation of the bilayer, the zeta potential at pH 7 is shifted to more
negative values, around −120 mV for 96% of oleic acid. Therefore, it
is possible to achieve a stable NPs suspension at physiological pH
using oleic acid as a stabilizer.
Dynamic light scattering (DLS) measurements allow the probing of the diffusion dynamics of the NPs in a number of conditions
and compare them with the zeta potential results. Autocorrelation
functions (ACF) of pristine NPs show clearly two relaxation modes
(Fig. 5A). Indeed a slow relaxation mode is present, here attributed
to very large NPs aggregates, and contributes largely to the overall
measurement despite its zeta potential value being clearly negative
at pH = 9 (Fig. 4).
The addition of oleic acid at the same pH and NPs concentration shows the disappearance of this slow relaxation mode. Indeed
with 96% of oleic acid, it is completely absent and the ACF shows a
typical single-exponential relaxation. Thus DLS experiments show
that although the zeta potential is clearly favourable at pH = 9 even
without oleic acid, large aggregates persist which may compromise
the long term colloidal stability of the dispersions.
Using 96% of oleic acid as an optimal condition to attain stable
colloidal dispersions the pH was changed in order to understand its
effect on the NPs stability (Fig. 5B). Again, when zeta potential values approach zero (pH = 3) a very slow relaxation mode is observed.
But in the range between pH = 5 and 11 all ACF overlap, showing
that within experimental error the system is independent of pH in
this region. This includes the physiological pH. A single relaxation is
obtained, which may be ﬁtted with a single-exponential function.
In order to analyse the obtained data from dynamic light scattering measurements the method of cumulants expansion for every
measurement described above was used [34,35]. This method is
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Fig. 2. TGA (A) and DTA (B) of pristine Fe3 O4 NPs and coated with 8%, and 96% of oleic acid.
Table 1
Added and measured amount of oleic acid.
Sample

Amount of oleic acid added (%)

OA 8%
OA 32%
OA 64%
OA 96%
a

Amount of oleic acid measured in TGA (%)

In respect to NPs mass

In the total sample amount

8
32
64
96

7.4
24.2
39.0
49.0

8.5a
–
–
47.5a

In these cases, the slight decrease in the mass percentage of Fe3 O4 due to the conversion of Fe3 O4 to ␥-Fe2 O3 and FeO was considered.

Fig. 3. TEM image of iron oxide nanoparticles coated with 8% (A) and 96% (B) of oleic acid and their respective size distribution graphs.

based on the expansion in Taylor series of the expression that
relates the autocorrelation curve with the experimental curve,
given by:

where  is the delay time (sec), C is the autocorrelation, ␤ is a preexponential factor and  is the decay constant, giving the average
values <>. In a ﬁrst order expansion: <> =  and

C () = 1 + ˇexp (−2)

 = Dq2

(4)

(5)
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Fig. 6. Measured vs. calculated hydrodynamic diameter in the range of pH measured
for OA 96% Fe3 O4 NPs.

Fig. 4. Graphical representation of oleic acid coated iron oxide nanoparticles zeta
potential as a function of pH for an iron concentration of 1.25 mM.

Being D the diffusion coefﬁcient and q the scattering vector that
can be determined by:
q=

4n
sin


 

2

(6)

where n is the refractive index,  is the wavelength (532 nm) and 
is the scattering angle (90◦ ). Finally, the hydrodynamic diameter of
the samples can be calculated using the Strokes-Einstein equation
given by:
Dh =

kB T
3 (T ) D

(7)

where kB is the Boltzmann constant, T is the absolute temperature
and  is the ﬂuid viscosity. Under non-optimal conditions, i.e., when
ACF has more than one relaxation, this type of analysis is not valid.
In such cases, a multi-exponential analysis is required enabling the
calculation of two decay constants, giving two calculated diameters
attributed to different populations of aggregates [34,35].
These diameters probably represent the isolated NPs (smallest
diameter, around 200 nm) and the larger aggregates, since these
suspensions are not stable enough to prevent NPs aggregation.
Fig. 6 shows the relation between the measured and calculated
hydrodynamic diameters in the range of pH. Accordingly to ACF
curves, at pH 3 and 12, the most instable ones, the measured and
calculated hydrodynamic diameters are different. However, in the
cases where all ACF measurements overlap the relaxation is singleexponential and the method of the cumulants is valid. In these

cases the hydrodynamic diameter is constant over a wide range
of NPs concentration of 96% oleic acid. The determined size at pH 7
(physiological pH) is 164 ± 3 nm and polydispersity is 0.20 ± 0.06,
indicating a fairly monodispersed suspension.
An enormous difference can be detected between the TEM diameter and Dh . In TEM image, the oleic acid coating is not visible;
therefore, the measured diameters correspond to the single core of
the NP. When the NPs are in suspension with oleic acid, the hydrodynamic diameter is measured with DLS which incorporates also
the oleic acid bilayer.
Still accounting with the bilayer leads to a discrepancy of one
order of magnitude between the two experiments. The most plausible explanation is that even at very low concentrations, the Fe3 O4
NPs are aggregated in larger particles with a size of about 164 nm.
Interestingly this effect is pH independent between 5 and 11. At
pH = 12 this size increases to about 390 nm and becomes again
dependent of NP concentration. Therefore, the structure of the
aggregates is dependent of the ionization degree of the oleic acid.

3.4. Magnetic characterization
DC magnetic measurements were performed to access the inﬂuence of oleic acid in pristine iron oxide NPs magnetic properties.
Magnetic saturation values are presented in emu per gram of iron
(Fe). Pristine iron oxide NPs exhibit a magnetic saturation (MS ) of
around 82 emu g−1 Fe at 315 K. When oleic acid is incorporated MS
of the nanoparticles is greatly reduced (around 19 emu g−1 Fe at a
surfactant concentration of 96 mM). The reduction caused by oleic
acid is proportional to its percentage. The blocking temperature

Fig. 5. Comparison of measured (dots) and adjusted (lines) correlation curves of dynamic light scattering measurements between (A) pristine Fe3 O4 , OA 8% Fe3 O4 and OA
96% Fe3 O4 at pH 9, and (B) OA 96% Fe3 O4 at pH 3, 5, 7, 9, 11 and 12.
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Table 2
Properties of pristine iron oxide NPs coated with three different concentrations of oleic acid: average diameter obtained from TEM image and magnetic
properties–magnetic saturation (MS ) and blocking temperature (TB ).
Sample

Average diameter (TEM) (nm)

MS (emu g−1 Fe)

TB (K)

Pristine Fe3 O4 [2]
Fe3 O4 OA 8%
Fe3 O4 OA 64%
Fe3 O4 OA 96%

8.5 ± 2.0
9.0 ± 1.9
–
8.5 ± 2.0

82
80
39
19

172
152
147
102

Fig. 8. Temperature variation as a function of iron concentration generated by Fe3 O4
NPs (black dots) and oleic acid Fe3 O4 NPs with different surfactant concentrations:
8% (red dots), 32% (green dots), 64% (blue dots), and 96% (pink dots) generated by
the application of an AC magnetic ﬁeld, for 10 min, with intensity of 24 kA m−1 and
with 418.5 kHz of frequency. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 7. Magnetization vs. applied magnetic ﬁeld of oleic acid coated iron oxide NPs,
for different surfactant concentration: 0%, 8%, 64% and 96%.

(TB ) of the samples was determined as the maximum value of ZFC
curve. Table 2 resumes the properties of the studied samples.
Fig. 7 represents the hysteresis loops of pristine NPs and Fe3 O4
NPs coated with oleic acid 8%, 64% and 96%, measured at 320 K. Inset
corresponds to the magniﬁcation of the same hysteresis loops.
For all cases it is evident the absence of coercivity and remanence at 320 K, which conﬁrms the superparamagnetic behaviour
of all samples above the blocking temperature. Accordingly, it is
possible to conclude that oleic acid does not change the superparamagnetic behaviour of the NP. However, with the increase in
the oleic acid concentration the magnetic saturation of the NPs
decreases, which may be attributed to surface effects. Larger oleic
acid concentration decreases aggregation of NPs, the surface atoms
to volume ratio in NPs increases and consequently reduces the
saturation magnetization [9,36,37].
3.5. Biomedical applications
3.5.1. Magnetic hyperthermia measurements
To access the inﬂuence of the oleic acid bilayer in the heating
generation ability of the produced iron oxide colloids, magnetic
hyperthermia measurements were performed. Fig. 8 represents the
temperature variation obtained from magnetic hyperthermia test
as a function of iron concentration for pristine NPs and 4 different
concentrations of oleic acid. These experiments were performed
for 10 min with an AC magnetic ﬁeld intensity of 24 kA m−1 and a
frequency of 418.5 kHz. For an accurate estimation we have determined the maximum slope within the ﬁrst few seconds of the
experiments, securing the adiabatic conditions [38].
For pristine Fe3 O4 we can verify that the heating ability of the
NPs tends to stabilize for high iron concentrations. For oleic acid
coated NPs the heating ability seems to have the same relation with
the iron concentration, as observed for pristine Fe3 O4 NPs.
Moreover, with an amount of 8% of oleic acid the heating ability of Fe3 O4 NPs is not greatly reduced, probably due to the small
amount of surfactant. As the oleic acid concentration increases to

Fig. 9. Comparison of SAR values of oleic acid Fe3 O4 NPs with different surfactant
concentrations in agar phantoms and water. Data is expressed as mean ± standard
deviation for 3 independent experiments. *p < 0.05 compared with the respective
water sample.

values above the critical concentration of the formation of a bilayer,
the heating ability of Fe3 O4 greatly reduces. But if the concentration
increases and the bilayer stabilizes, the heating ability of the NPs is
recovered, although not to values as high as for pristine Fe3 O4 .
From magnetic hyperthermia measurements it is possible to
obtain not only the temperature variation but also to calculate the
heating efﬁciency of the magnetic material. This parameter can be
determined using the speciﬁc absorption rate (SAR) given by the
following equation:





SAR W/g =

CNP mFe + Cl ml
mFe

 dT 
dt

(8)
max

where (dT/dt)max is the maximum slope of the temperature curve
of the colloid submitted to an hyperthermia test, CNP is the speciﬁc
heat of the nanoparticles, Cl is the speciﬁc heat of the liquid, ml is
the ﬂuid mass and mFe is the iron mass in the colloid [39].
When the NPs are injected into the body or directly into the
tissue for hyperthermia purposes the NPs are up taken by tumour
cells and stay ﬁxed [26]. In order to simulate the lack of mobility
of the NPs (and as a consequence, the lack of Brownian relaxation),
magnetic hyperthermia tests were performed in agar phantoms
containing a known concentration of NPs [9]. Fig. 9 represents the
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longitudinal relaxation rate experimental data and the longitudinal
relaxivity obtained at pH 5, 7 and 9 was 0.05, 0.05, 0.07 (mM s)−1 ),
respectively.
It is clear that the medium longitudinal relaxation time is
slightly altered. However, for the transverse relaxivity the obtained
values at pH 5, 7 and 9 were 68.6, 88.4 and 128.1 (mM s)−1 , respectively. Thus the transverse relaxation time remarkably increases
with pH as expected by the enhancement of the proton exchange
rate.
3.6. Cytotoxicity assay

Fig. 10. Transverse relaxation rate (1/T2 ) for Fe3 O4 OA 96% NPs at pH 5, 7 and 9.

comparison of the NPs dispersed in water and in agar 1 wt.% for a
ﬁxed iron concentration (71.6 mM).
For pristine and OA 8% Fe3 O4 NPs, SAR value decreases when the
NPs are entrapped into the agar gel. This result was expected due
to the reduction in the Brownian relaxation mechanisms in agar.
As such, the generated heat will only be dependent on the Néel
relaxation mechanism [40]. However, for higher oleic acid concentrations the SAR value is not statistically different between water
and agar sample. A possible explanation is that oleic acid covering
the iron oxide nanoparticles behaves similarly to agar, entrapping
the nanoparticles in such a way that the is Brownian relaxation
mechanisms are reduced. Therefore, when the samples are ﬁxed in
agar, the generated heat is similar to the one generated in water.
3.5.2. NMR relaxometry
Fig. 10 presents the transverse relaxation rate for the 96% OA
Fe3 O4 NPs in different pH environments. The purpose of these measurements was to evaluate the relation between the bilayer NPs
stability and their efﬁciency as contrast agents for MRI, this was
investigated at pH 5, 7 and 9.
The following equation was ﬁtted to the experimental transverse relaxation data [41]:
1
1
=
+ r2 [Fe]
T2
T20

(9)

where r2 stands for the NPs transverse relaxivity, a measurement
of the efﬁciency of the nanosystem as a contrast agent for MRI, [Fe]
is the iron concentration, and 1/T20 is the transverse relaxation rate
of the medium without NPs. The same equation can be ﬁtted for the

Given the high stability and the promising performance of oleic
acid Fe3 O4 NPs, their in vitro cytotoxicity proﬁle was evaluated.
The cytotoxicity assay results performed in Vero and SaOs-2 cell
lines are shown in Fig. 11. The results show that both Vero and
SaOs-2 cell lines do not show any toxicity to pristine Fe3 O4 NPs
below an approximated iron concentration of 6 mM. However, oleic
acid Fe3 O4 the cytotoxicity proﬁle is different. For Vero cells and
iron concentration above 3 mM reduces cell viability, thus causing
cytotoxic effects. For SaOs-2 cells, cell viability is reduced for the
tested range of iron concentration, although the cytotoxic effect is
mild for an iron concentration of 0.78 and 3.1 mM. Moreover, for
a higher percentage of oleic acid (96%), the higher the cytotoxicity
effects caused by the NPs.
4. Conclusions
Oleic acid was studied as a surfactant for iron oxide NPs and
its inﬂuence on the NPs properties was assessed. Using FTIR and
TGA/DTA analysis, the presence of an oleic acid bilayer was conﬁrmed. This bilayer formation is a major factor for the Fe3 O4 NPs
stabilization in physiological conditions. An oleic acid concentration of 96% is able to prevent the formation of larger aggregates
at physiological pH, as demonstrated by TEM and DLS measurements. The average size of the Fe3 O4 cores is around 9 nm while
the average hydrodynamic diameter is around 170 nm, not only
due to the presence of oleic acid but also probably because the
oleic acid bilayer incorporated small aggregates of Fe3 O4 NPs. Furthermore zeta potential measurements conﬁrmed that at pH = 7,
OA 96% Fe3 O4 NPs are extremely stable (∼−120 mV). Further analysis should be performed to evaluate the inﬂuence of the different
ions present at physiological conditions.
The magnetic studies demonstrated that the presence of the
oleic acid bilayer reduces the magnetic saturation of the NPs. Nevertheless, this surfactant does not change the superparamagnetic

Fig. 11. Cell cytotoxicity assay results for (A) Vero cell line after 24 h exposition to NPs and (B) SaOs-2 cell line after 24 h exposition to NPs. Data is expressed as mean ± standard
deviation for at least two independent experiments. *p < 0.05, **p < 0.005, ***p < 0.001 compared to untreated control cells.
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nature of the Fe3 O4 NPs, as shown by the absence of coercivity
and remanence magnetization at 320 K. Nevertheless the heating
generation of the NPs when an AC magnetic ﬁeld is applied is still
within the expected values. The evidence that the studied IONPs can
be used as contrast agents for MRI comes from the obtained longitudinal and transverse relaxation times. Finally, cytotoxicity assay
shows a moderate toxicity when higher iron concentrations are
used. These results contribute to achieve a compromise between
the use of oleic acid as a stabilizer of iron oxide colloids and its
inﬂuence on the biomedical application of the produced iron oxide
colloids.
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