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ABSTRACT. The preparation of monodisperse and biocompatible water-soluble super-
paramagnetic iron oxide nanoparticles (SPIONs) with high sensitivity in Magnetic Reso-
nance Imaging (MRI) represents a challenge for the development of contrast agents. Here
we report the synthesis of highly monodisperse citric acid (CA) coated SPIONs with an
average diameter of 9 nm and spherical shape, prepared through a suitably optimized co-
precipitation method. CA-SPIONs show a high solubility and stability in aqueous medium.
Imaging of CA-SPIONs aqueous suspensions was performed in a clinical 1.5-T MRI scan-
ner and different clinical acquisition sequences were exploited. Results show that image
contrast can be effectively improved when concentrations of SPIONs lower than 1 ppm
are present, and that the echo time is the main parameter influencing the image contrast
of SPION-loaded solutions. Moreover, we found that CA-SPIONs show a high value of
transverse relaxivity of 128 L mmol−1 s−1 (higher than the commercial contrast agents).
Our results are encouraging for the further development of clinical application of SPIONs in
MRI, and can represent a starting point for the optimization of clinical imaging exploiting
the contrast enhancement of such agents. Namely, it seems possible to achieve an optimal
image contrast with low concentration of SPIONs; this could lead to a lower probability of
side effects.

1. Introduction

Precision medicine incresingly exploits molecular approaches for the diagnosis and
therapy of several diseases. Specific molecular targets can be localized only using high
sensitivity in vivo imaging techniques. To this aim, nuclear medicine provides the most
sensitive technique to locate molecular targets. However, it suffers from low spatial resolu-
tion and is charged by the use of ionizing radiation. Magnetic Resonance Imaging (MRI)
does not use ionizing radiation and is a multi-parametric, large field-of-view technique
which can show high sensitivity for molecular targets (Bakhtiary et al. 2016). Among
MRI contrast agents, it has been demonstrated that better sensitivity can be obtained by
using super-paramagnetic iron oxide nanoparticle (SPIONs) contrast media (Shokrollahi
2013a; Adamson et al. 2017). More generally, SPIONs have attracted a growing attention
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in recent years thanks to their potential biomedical applications including - besides MRI -
also magnetic hyperthermia and drug delivery (Corot et al. 2006; Laurent and Mahmoudi
2011; Kai et al. 2017; Yu et al. 2017).

The large-scale synthesis of SPIONs with high crystallinity and high magnetization at
saturation requires a reproducible and industrial process without any laborious purification
step, in order to ensure cost-effective synthetic procedures (Barrow et al. 2016). Such
contrast agents can be engineered properly in order to bound specific targets (Rapley et al.
2012; Nam et al. 2013; Maggioni et al. 2014; Sundaresan et al. 2014; Mao et al. 2016; Galli
et al. 2017), even if a certain number of issues still remains to be addressed before a full
clinical adoption (Antonelli et al. 2013; Schleich et al. 2015).

Toxicity induced in organ tissues inevitably depend on a series of interrelated parameters.
Consequently, recent studies, aimed to evaluate the possible effects of biocompatibility and
toxicity attributable to SPIONs, have been carried out for different cell types in human
organs keeping into account different concentrations and for a wide set of coating materials
and exposure times (Hong et al. 2011; Patil et al. 2018). Exposure time, as well as
concentration, have been shown to play a crucial role in toxicity of SPIONs: a high dose
exposure can produce a severe cellular stress, while concentration, also depending on the
involved organ, does not cause undesired effects if kept under a proper threshold. It has
been also observed (Faux et al. 1992) that in vivo studies on administration of dietary iron in
rats increased the number of DNA breaks revealing a possible source of genotoxicity; on the
other hand, data on immunotoxicity effects due to SPIONs are to date not enough to ensure
an interaction between SPIONs and immune system. Anyway, the toxicity effects due to
SPIONs are currently under control in several facets, bearing in mind the optimization of all
the parameters to minimize DNA damage, oxidative stress and mitochondrial membrane
dysfunction, to guarantee as large as possible biocompatibility.

Among the several features influencing the capability of magnetic resonance (MR)
scanners to detect SPIONs (Shokrollahi 2013b; Basini et al. 2017), particle size, oxidation
state, concentration and the transverse relaxivity (Muller et al. 1991) are the main ones to
which the contrast-enhancing effect of SPIONs in MRI can be ascribed; another feature
affecting image quality is represented by the choice of the proper MR sequence (Nam et al.
2013; Adamson et al. 2017; Knopp et al. 2017).

Aim of the present work was to synthesize and characterize SPIONs with high transverse
relaxivity and to optimize their detectability and related image contrast, using a clinical
MRI scanner, with different clinical MR sequences.

2. Materials and methods

2.1. Nanoparticle preparation and characterization. Citric acid (CA) coated nanoparti-
cles were synthesized using a slight modification of the coprecipitation method reported by
Narayanan et al. (2011); 0.01 mol of FeCl3 · 6H2O and 0.05 mol of FeSO4 · 7H2O were
dissolved in 10 ml of deionized water under argon in a three-necked flask. Sixteen milliliters
of NH4OH solution (≥ 25%) were added drop-wise to the metal solution with vigorous and
continuous stirring over a period of 20 minutes. The colour shift of the solution from orange
to black is a signature of the formation of magnetite particles. A solution containing 0.5 g
of citric acid in 1.5 ml of distilled water was then added dropwise to the previously prepared
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solution and then the solution was kept at 65◦C for 1 hour. The solvent was removed by
magnetic decantation and the particles (CA-SPIONs) were washed twice in water; a proper
amount of the precipitate was dispersed in water by intensive ultrasonication, to obtain a
well dispersed and stable solution.

Another part of the precipitate was dried in a vacuum oven at 50◦C for solid phase
characterization. The dried precipitate was characterized by X-ray diffraction (XRD) for
structural determination and estimation of crystallite size in a Bruker D2 Phaser desktop
diffractometer equipped with a Cu tube (λ = 1.54056 Å), recording the data in the 2ϑ range
of 20◦−80◦ with an angular step size of 0.025◦. The average crystallite size of Fe3O4 is
calculated by X-ray diffraction line broadening using the Debye Scherrer formula:

d =
κλ

β cosθ
(1)

where d represents the grain size; κ = 1 is the Scherrer constant related to the shape and
index (hkl) of the crystals; λ is the wavelength of the X-ray (CuKα , 1.54056 Å); ϑ is
the diffraction angle of the peak; β stands for the full width at half-height of the peaks
(in radians). The morphology of samples was analyzed using a JEOL JEM 2010 TEM
microscope operating at 200 kV. The infra-red spectra were recorded in the range 4000-400
cm−1 using a Thermo FTIR Nicolet iS50 spectrometer with a MCT detector.

2.2. MRI measurements. The prepared SPIONs were diluted in distilled water samples,
at different concentrations. Cylindrical test tubes containing the samples were placed in a
parallelepiped phantom filled with pure water, and imaged with a 1.5 T superconducting
MRI scanner (PHILIPS 1.5T MR Achieva) using a brain coil. The per cent contrast index,
CI(%), on sample images was evaluated as:

CI = 100 · Is − Iw

Iw
(2)

where Is and Iw are the image intensities for each sample and for water, respectively. Is was
evaluated drawing a circular region of interest (ROI) on the median plane of the sample,
with a diameter of about 2/3 the tube diameter, while Iw was estimated as average of four
measurements taken at the four cardinal points surrounding the doped sample. Various
sequences were adopted in order to focus the optimal performance: gradient-echo (GE), spin-
echo (SE) and turbo spin-echo (TSE), for different combinations of parameters: repetition
time (TR), echo-time (TE) and flip angle (FA). Table 1 summarizes all the experimental
measurements carried out for the various sets of parameters.

The first sequence studied was the gradient-echo one. For this sequence, and for each
SPION concentration χ , different (T E,FA) combinations were adopted: T E = 23,37 and
46 ms for FA = 18◦, T E = 46 ms for FA = 8◦ and 38◦. The second sequence employed
was the turbo spin-echo one, choosing for TE the values of 120,250 and 500 ms, and a flip
angle of 90◦. Finally, the SE sequence was tested, with a FA = 90◦ and a double value
of T E = 50,200 ms. These last results were used to calculate, following the approach
described by Rohrer et al. (2005), the transverse relaxation times T2, as:

SI(T E) = SI0 · e−T E/T2 +SInoise (3)
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TABLE 1. MRI sequences adopted on the 1.5 T scanner, for different combinations of
TR, TE and FA acquisition parameters.

sequence TR (ms) TE (ms) FA slices acq. matrix acq. time (s)

GE 722 23 18◦ 23 232×146 451
GE 722 37 18◦ 23 232×146 451
GE 722 46 18◦ 23 232×146 300
GE 722 46 8◦ 23 232×146 150
GE 722 46 38◦ 23 232×146 150
TSE 3000 120 90◦ 11 168×132 438
TSE 3000 250 90◦ 11 168×132 876
TSE 3000 500 90◦ 11 168×132 1314
SE 2000 50/200(a) 90◦ 3 256×205 190

(a) double

where SI(T E) is the signal intensity as a function of the echo time TE, SI0 is the steady-state
SI and SInoise is the noise level of signal. For each experimental sample, i.e., for each SPION
concentration in water, the T2 relaxivity, r2, was evaluated as:

r2 =
1
χ

( 1
T2

− 1
T w

2

)
(4)

The relaxivity is expressed in L mmol−1 s−1, when the concentration of Fe ions (magnetic
centers) is in mmol L−1, and the sample and water transverse relaxation times, T2 and T w

2
respectively, are in seconds.

3. Results and discussion

3.1. Characterization of citric acid-coated Fe3O4 nanoparticles. The XRD pattern of
the powered sample (see Fig. 1) evidenced the reflections at 2ϑ = 30.3◦, 35.7◦, 43.4◦,
53.8◦, 57.5◦, 63.1◦, 74.8◦, that are indexed as (220), (311), (400), (422), (511), (440) and
(533) crystal planes of the Fe3O4. All these diffraction peaks are typical of the face-centred
cubic (FCC) crystalline structure of Fe3O4, in accordance with that of the standard spectrum
(COD 1011032). The peaks appear broader because of the reduced particle size; the average
diameter of CA-SPIONs, calculated by the Debye Scherrer equation from the (311) peak, is
about 10 nm. The presence of Fe3O4 phase was further confirmed by XPS results. In the
Fe 2p region, the main peaks are at 711.1 eV (2p3/2), for both oxidation states Fe3+ and
Fe2+, and at 724.6 eV (2p1/2), for Fe3+ (Márquez et al. 2011). A Fe2+ :Fe3+ ratio near to
1 : 2 was obtained by deconvolution of the corresponding peaks, confirming the formation
of Fe3O4.

Size and morphology of CA-SPIONs were examined by transmission electron mi-
croscopy (TEM). In Fig. 2(a) the electron micrograph image of CA-SPIONs evidences a
roughly spherical morphology without aggregation of the nanoparticles, while Fig. 2(b)
shows a narrow-size distribution ranging from 3 to 14 nm, with a dominant population
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FIGURE 1. XRD pattern of CA-SPIONs.

FIGURE 2. (a) TEM image of SPIONs; (b) histogram of size distribution of CA-SPIONs.

around 9 nm (38%), in agreement with the Debye Scherrer equation. Figure 3 shows the
FTIR spectra of pure CA and CA-SPIONs: CA spectrum presents well resolved absorption
bands, whereas CA-SPION spectrum exhibits a smaller number of bands, characterized
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FIGURE 3. FTIR spectra of pure CA and CA-SPIONs.

by a larger width. The 1720 cm−1 peak can be associated to the asymmetric stretching of
C=O bond from the carboxylic group of CA. This peak shifts to 1620 cm−1 in CA-SPIONs
sample due to the partial single bond character of C=O as a results of the CA binding to the
surface of Fe3O4 nanoparticles (Sahoo et al. 2005). Furthermore, the vibrational mode at
1396 cm−1 can be ascribed to the symmetric stretching of COO-group of citric acid (Max
and Chapados 2004). The strong absorption peak at around 583 cm−1 can be attributed to
the Fe-O stretching vibrations in Fe3O4 nanoparticles. Usually the Fe-O stretching vibration
band of the bulk magnetite is around 570 cm−1 but, in our case, the observed band shifts to
higher wave-numbers due to the finite size of nanoparticles (Ma et al. 2003).

3.2. Evaluation of contrast index in MRI. Figure 4 shows an example of MR image
acquired using a turbo spin-echo sequence on our phantom; all images were then analysed
as described in the previous section, in order to determine the contrast index. Our measure-
ments are reported as plots in Figs. 5, 6 and 7, illustrating CI versus SPION concentration
χ of our samples. For all sequences it is evident the effectiveness of SPIONs in enhancing
image contrast, clearly allowing to distinguish the contrast-loaded sample with respect to
the background.

Concerning GE sequences, as described by Fig. 5, the value of CI around −80% is
obtained for different concentrations: χ = 5 ppm for T E = 46 ms and FA = 8◦,18◦ or 38◦,
χ = 8 ppm for T E = 37 ms and FA = 18◦, χ = 10 ppm for T E = 23 ms and FA = 18◦.
Spin-echo sequence, using a 50 ms TE, gives the worst CI at all concentrations, as shown in
Fig. 6. On the other hand, using a 200 ms TE, a high CI of −80% is reached at 5 ppm, as
the best performing GE sequence. Finally, a TSE sequence (see Fig. 7) appears the most
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FIGURE 4. Images obtained by a TSE sequence of solutions containing SPIONs,
for χ = 0.2,0.5,1,2 and 5 ppm, increasing from the lightest to the darkest, in a
pure water phantom.

FIGURE 5. Contrast index (CI) vs. SPION concentration χ when a GE sequence
is adopted for different (T E,FA) combinations.

promising one. As a matter of fact, CI drops rapidly down to −80% for T E = 500 ms and a
concentration χ = 1 ppm, or, similarly, for T E = 250 ms and a concentration of χ = 2 ppm;
conversely, the third adopted echo time, T E = 120 ms, would require a concentration
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FIGURE 6. Contrast index (CI) vs. SPION concentration χ when an SE sequence
is adopted for different TE values and for a FA = 90°.

FIGURE 7. Contrast index (CI) vs. SPION concentration when a TSE sequence
is adopted for different TE values and for a FA = 90°.

χ = 5 ppm. Transverse relaxation times T2 and relaxivity r2 were calculated, relying on SE
imaging, following the approach described in the previous section.
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TABLE 2. T2 relaxation rates and relaxivity for the various tested concentrations.

χ (ppm) 0.1 0.2 0.5 1 2 5
χ (mmol L−1) 1.79E-03 3.58E-03 8.95E-03 1.79E-02 3.58E-02 8.95E-02
1/T2 (s−1) 1.384 1.566 2.478 3.765 6.101 12.225
1/T2 −1/T w

2 (s−1) 0.197 0.380 1.291 2.579 4.915 11.038
r2 (L mmol−1 s−1) 110 106 144 144 137 123

Table 2 reports these results, while Fig. 8 shows the linear relationship between the
difference of relaxation rates and the solution concentration. When comparing these
results with those reported by Rohrer et al. (2005) about T2-weighted imaging in a clinical
1.5-Tesla scanner of water solutions of the commercial super-paramagnetic contrast media
Resovist© and Feridex/Endorem©, one sees that the average r2 obtained for our samples
((128±17) L mmol−1 s−1) is higher than the corresponding values reported for Resovist (61
L mmol−1 s−1) and Feridex/Endorem (41 L mmol−1 s−1). The high value of r2 relaxivity
of our SPION samples enabled us to obtain significant contrast in very diluted solutions,
characterized by concentrations ranging from 8.9×10−2 mmol L−1 (5 ppm) to as low as
1.8×10−3 mmol L−1 (0.1 ppm). In comparison, Rohrer et al. (2005) employed dilutions
of SPION contrast media ranging from 0.5 to 0.1 mmol L−1. Our results are also quite
encouraging in comparison with those ones exhibited by far larger SPIO nano-clusters of 64
nm diameter (Xu et al. 2012) that, in a clinical 1.5-T MRI scanner, have shown a r2 value
of about 650 L mmol−1 s−1, but using particles seven times larger in diameter.

FIGURE 8. Plot of the difference between SPION solution and water relaxation
rates as a function of the concentrations, resulting from imaging with an SE
sequence.
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4. Conclusions

Through an optimized co-precipitation method, highly mono-disperse SPIONs were
synthesized. XRD characterization identifies Magnetite as the unique crystalline phase
in our SPIONs. TEM results point out the uniformity in shape and size (∼ 9 nm) of the
obtained particles; furthermore, due to the stabilization of the surface by adsorption of citric
acid, SPIONs show a high solubility and stability in water solution, suitable properties for
biomedical applications. Our study shows that the prepared SPIONs are able to enhance the
signal intensity also when highly diluted, using commercial MR scanners and sequences.
We highlight that TE is the most crucial parameter influencing the contrast index (i.e., the
detectability of lesions potentially targeted by SPIONs) whereas the sequence kind and
flip angle are far less important. These results are encouraging for further development of
clinical application of SPIONs in MRI, and can represent a starting point for the optimization
of clinical imaging exploiting the contrast enhancement of such agents. Namely, it seems
possible to achieve an optimal image contrast with low concentration of SPIONs; this leads
to a lower probability of incidence of relevant side effects, such as anaphylaptic shocks,
sometimes lethal.
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