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a b s t r a c t
The identification of alternative biocompatible magnetic NPs for advanced clinical application is becoming an important need due to raising concerns about iron accumulation in soft issues associated to the
administration of superparamagnetic iron oxide nanoparticles (NPs). Here, we report on the performance
of previously synthetized iron-doped hydroxyapatite (FeHA) NPs as contrast agent for magnetic resonance imaging (MRI). The MRI contrast abilities of FeHA and EndoremÒ (dextran coated iron oxide
NPs) were assessed by 1H nuclear magnetic resonance relaxometry and their performance in healthy
mice was monitored by a 7 Tesla scanner. FeHA applied a higher contrast enhancement, and had a longer
endurance in the liver with respect to EndoremÒ at iron equality. Additionally, a proof of concept of FeHA
use as scintigraphy imaging agent for positron emission tomography (PET) and single photon emission
computed tomography (SPECT) was given labeling FeHA with 99mTc-MDP by a straightforward surface
functionalization process. Scintigraphy/x-ray fused imaging and ex vivo studies confirmed its dominant
accumulation in the liver, and secondarily in other organs of the mononuclear phagocyte system. FeHA
efficiency as MRI-T2 and PET-SPECT imaging agent combined to its already reported intrinsic biocompatibility qualifies it as a promising material for innovative nanomedical applications.
Statement of Significance
The ability of iron-doped hydroxyapatite nanoaprticles (FeHA) to work in vivo as imaging agents for magnetic resonance (MR) and nuclear imaging is demonstrated. FeHA applied an higher MR contrast in the
liver, spleen and kidneys of mice with respect to EndoremÒ. The successful radiolabeling of FeHA allowed
for scintigraphy/X-ray and ex vivo biodistribution studies, confirming MR results and envisioning FeHA
application for dual-imaging.
Ó 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
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Magnetic nanoparticles (MNPs) have received much attention
in the last decade due to their suitability for a wide variety of functions, going from magnetic recording to intriguing therapeutic and
diagnostic medical applications [1–4].
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Thanks to their inherent low toxicity [5,6] and relative ease of
synthesis [7] superparamagnetic iron oxide nanoparticles (SPIONs)
are the most studied MNPs for clinical applications, mainly as MRI
contrast agent (CA). Some of them, such as dextran and carboxydextran coated Ferumoxide and Ferucarbotran were approved for
clinical use by FDA in the ’90 as CA for the liver. However clinical
concerns associated with their use are emerging, and are due to
(i) the high concentration of iron-rich MNPs in a localized area,
and (ii) to the in vivo durability of their coatings whose function
goes from preventing the release of iron ions to conferring biocompatibility and colloidal stability to SPIONs [8–11]. In this regard,
high levels of iron deriving from SPIONs administration have been
persistently observed in the liver of cirrhotic patients over weeks
after MRI scan [12], resulting in a high biological risk caused by
iron overload in tissues/organs potentially triggering cytotoxicity,
DNA damage, inflammatory events and many other adverse effects
[13]. These facts highlights the importance of developing novel
biocompatible MNPs based CA containing low amount of iron
and having the same efficiency of SPIONs in term of contrast
enhancement [14].
Synthetic hydroxyapatite (HA) is the most widely used bioceramic for the repair and regeneration of bone tissue defects [15].
The recent progresses in the preparation of nano-sized HA with tailored surface characteristics and colloidal stability in combination
with their intrinsically biocompatibility, biodegradability and nonimmunogenicity, have opened new perspectives in the use of HA
for applications not related to bone [16–18].
HA presents a highly flexible structure that can easily incorporate foreign ions inducing modifications in its physico-chemical
properties. It was reported that HA nanoparticles (NPs) can be
endowed with a range of abilities not displayed by mere HA, such
as photocatalytic, luminescent and magnetic properties, by doping
with Ti, Eu and Fe respectively [19–21]. In this regard, the use of
Gd3+, Dy3+, Fe3+ doped HA NPs as MRI CAs has already been proposed [18,22,23]. However, these NPs feature only a paramagnetic
behavior limiting their utilization as multifunctional or ‘‘theranostic” nanomaterials (i.e., materials able to exert both diagnostic and
therapeutic functions) that are nowadays at the forefront of nanomedicine. In fact, superparamagnetism is a requisite for MNPs to
accomplish the most promising therapeutic applications such as
hyperthermia, magnetofection, cell magnetization for stem-cell
therapy and drug nano-carries [1,24–26]. Superparamagnetism is
the ability of MNPs to be rapidly magnetized when exposed to a
magnetic field, and as rapidly demagnetized without a remnant
or residual magnetization when the magnetic field is removed.
This feature is necessary to avoid coagulation and agglomeration
of NPs causing possible embolization of capillary vessels when
they are used in vivo.
In our previous works, we reported on the synthesis and applications (i.e. as anticancer drug carriers and magnetic label of stem
cells) of iron doped HA NPs (FeHA) of 10–30 nm in width and 70–
100 nm in length, displaying a superparamagnetic behavior and no
residual magnetization at room temperature, reaching a specific
magnetization at saturation (Ms) of 8.9 emu g1 [21,27].
Here, we sought to assess whether FeHA due to their superparamagnetic features and favorable biocompatibility can be suitable
as MRI and nuclear imaging agent. In fact, the synergistic combination of MRI with single photon emission computed tomography
(SPECT) and/or positron emission tomography (PET) is likely to
become the next generation of dual-modality scanners in medical
imaging [28,29], and will provide patients with accurate diagnoses
thanks to the sensitive and quantifiable signal of SPECT/PET and
the high soft-tissue resolution of MRI [30].
In this work, FeHA was tested in vitro and in vivo on mice evaluating the negative T2 contrast enhancement achieved in the liver,
spleen and kidneys, and its performances were compared to those
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of EndoremÒ (dextran coated iron oxide NPs) that is a FDAapproved SPION which was already used for the diagnosis of hepatic focal lesions [31–33]. The degradation/clearance of FeHA and
EndoremÒ from the organs of treated mice has been monitored
by the loss of the T2 contrast enhancement over time [34]. The
follow-up was extended up to the clearance of MNPs that was considered completed when T2 signals reached pre-injection (basal)
values. Finally, the feasibility to radiolabel FeHA NPs with 99 mtechnetium-methylene diphosphonate (99mTc-MDP) employing a
straightforward and reproducible procedure and their in vivo imaging ability were proved.
This work mainly demonstrates the potential of FeHA NPs for
the development of multimodal SPECT/PET-MRI imaging agents.
2. Materials
2.1. FeHA synthesis
FeHA was synthesized according to the method reported by
Adamiano et al. [27] with some minor modifications. Briefly, a
solution obtained by mixing 8.87 g of H3PO4 (85 wt% Merck) with
30 mL of deionized water was added drop-wise into a Ca(OH)2 suspension added with FeCl2 and FeCl3 in a 1:1 ratio at 45 °C under
vigorous stirring. When the neutralization reaction was completed,
the growth solution was kept at 45 °C under constant stirring at
400 rpm for 3 h and left still at room temperature overnight. FeHA
was then recovered by centrifugation of the reaction mixture to be
repeatedly rinsed with water and finally re-suspended in a citrate
buffer 0.1 wt% for MRI experiment, while an aliquot was freezedried, ground in a mortar and sieved using a 150 lm mesh filter
for physico-chemical characterizations.
EndoremÒ (Guerbet, France) was used as a reference material
for comparison with FeHA, and consists of a water suspension of
15.6 mg mL1 of magnetite and maghemite NPs coated by dextran
(Ferumoxides).
2.2. Samples characterization
The chemical composition of FeHA and EndoremÒ was determined dissolving an aliquot of sample in a diluted HNO3 solution
(2 wt%) and in a 1:3 HNO3:HCl solution, respectively. The
obtained solutions were analyzed by an inductively coupled
plasma spectrometer (ICP-OES) (Liberty 200, Varian, US) employing wavelengths of 422.673 nm (Ca), 259.940 nm (Fe), and
213.618 nm (P). The values shown in this study are an average of
three replicates, and are reported in terms of Fe, Ca, P and carbonate wt%, and (Fe + Ca)/P and Ca/P molar ratios.
The carbonate content in FeHA was evaluated on dried samples
by thermogravimetric analysis (TGA) investigations using a Stanton STA 1500 (Stanton, London, UK) apparatus. About 10 mg of
powder was weighed in a platinum crucible and heated from room
temperature to 1100 °C under nitrogen flow. The heating rate was
10 °C min1 and alumina was used as reference standard. The CO2–
3
content was evaluated according to the weight loss observed
between 550 and 950 °C as already described in the literature for
carbonated HA [35,36].
FeHA crystal structure was analyzed by a D8 Advance
Diffractometer (Bruker, Karlsruhe, Germany) equipped with a
Lynx-eye position sensitive detector using Cu Ka radiation
(k = 1.54178 Å) generated at 40 kV and 40 mA, operating in the
2h range between 10° and 80° with a step size (2h) of 0.02° and a
counting time of 0.5 s. Quantitative evaluation of phase compositions and cell parameters was performed by full-profile Rietveld
analysis of the XRD spectrum (TOPAS v. 4.2, Bruker AXS, Karlsruhe,
Germany).
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f-potential distributions of FeHA and EndoremÒ NPs were measured by dynamic light scattering (DLS) with a Zetasizer Nano ZS
(Malvern Ltd., Worcestershire, UK) and were quantified by laser
Doppler velocimetry as electrophoretic mobility using disposable
electrophoretic cell (DTS1061, Malvern Ltd., Worcestershire, UK).
The NPs were recovered by centrifugation from the citrate suspensions used for MRI experiments, and were re-suspended in an
HEPES buffer 0.01 M at pH = 7.4. Ten runs of 30 s were performed
for each measurement and four measurements were carried out for
each sample over 1 h. The same conditions and the same buffer
were used to measure the zeta average values and the hydrodynamic diameter distributions of both EndoremÒ and FeHA. These
values were also measured on NPs suspended in the buffers and
at the concentrations used for the in vivo administration to mice,
namely glucose 5 wt% water solution at 1.0 mg mL1 for FeHA,
and NaCl 0.9 wt% water solution at 0.1 mg mL1 for EndoremÒ.
Samples morphology and size in dry state were analyzed with a
FEI Tecnai F20 transmission electron microscopy (TEM) equipped
with a Schottky emitter and operating at 120 and 200 keV. 10 lL
of FeHA suspended in citrate buffer 0.1 wt% at 12.5 mg mL1 were
dissolved in 5 mL of isopropanol and treated with ultrasound,
while in the case of EndoremÒ the same procedure was followed
using a stock solution containing 15.8 mg mL1 of iron oxide NPs.
A droplet of the resulting finely dispersed suspensions was evaporated at room temperature and under atmospheric pressure on a
holey carbon film.

2.3. Nuclear magnetic resonance and magnetic characterization
The spin dynamics and in particular the MRI contrast efficiency
was assessed by means of 1H nuclear magnetic resonance (1H
NMR) relaxometry characterization. The NMR-dispersion profile
was performed at room temperature by measuring the longitudinal and the transverse nuclear relaxation times T1 and T2 in the
frequency range 10 kHz  m  170 MHz, on FeHA and EndoremÒ
NPs dispersed in a citrate buffer 0.1 wt% at pH = 6.0 and at Fe concentration of 0.2 mM.
The NMR signal detection and generation was obtained by a
Smartracer Stelar relaxometer (for 10 kHz 6 m 6 9:5 MHz), which
makes use of the fast-field-cycling technique and a Stelar Spinmaster and an Apollo-Tecmag Fourier transform-nuclear magnetic resonance (FT-NMR) spectrometer (form P 9:5MHz). FeHA Ms was
measured from its magnetic hysteresis loop collected with a
vibrating sample magnetometer (VSM, Oxford 203 Instruments,
Maglab 9 T), operating at a vibration frequency of 55 Hz, in the
maximum applied magnetic field Hmax = 50 KOe at 300 K. Before
carrying out any type of measurement, the specimen was accurately demagnetized.

(FOV) = 20 mm  40 mm, spatial resolution = 0.078  0.208 mm
pixel1, scan time = 8 min.
In vivo experiments were performed using the same 7 Tesla MRI
scanner and coil. During MRI experiments all mice were maintained under general anaesthesia by 1.5–2% isoflurane vaporized
in 100% oxygen (flow: 1 L min1). Breathing and body temperature
were monitored during MRI (SA Instruments, Inc., Stony Brook, NY,
USA) and maintained around 30 breaths-per-minute and 37 °C,
respectively.
MR images were collected using MSME, fast low-angle shot
gradient echo sequence (2D-FLASH) and Rapid Acquisition with
Relaxation Enhancement (RARE) T2-weighted sequences. All the
sequences were acquired with the same field of view (FOV = 34
mm  18 mm) and thickness (1mm). Imaging parameters for
MSME were as follows: Repetition time (TR) = 2500 ms, 12 echos
registered separately with first echo time (TE1) = 8.79 ms and echo
spacing = 8.79 ms, spatial resolution = 0.177  0.180 mm/pixel,
scan time = 6 min, 18 slices.
Imaging parameters for 2D-FLASH were as follows: TR = 450
ms, TE = 3.25 ms, Flip Angle = 30°, spatial resolution = 0.133 
0.094 mm pixel1, scan time = 2 min, 24 slices.
Imaging parameters for RARE T2 were as follows: TR = 3500 ms,
TE = 30 ms, spatial resolution = 0.133  0.08 mm pixel1, scan
time = 2 min, 24 slices.
For the in vivo experiments, C57BL/6 healthy male mice were
divided in two groups and injected intravenously with two solution of FeHA and EndoremÒ NPs at 0.0025 mM of Fe in a 5 wt% glucose solution and in a 0.9 wt% NaCl solution respectively, so to
obtain an equivalent dose of 1 mg kg1 of iron per mouse. More
in detail, the first group of mice (n = 2) was treated with a dose
of 10.3 mg kg1 of FeHA (9.7 wt% of Fe, data from ICP), while the
second group (n = 2) was treated with a dose of 1.43 mg kg1 of
EndoremÒ.
MR images of the mice liver were collected at the following
time points: pre-injection, and then post-injection at 10 min and
24 h. The signal intensities were measured from a region of interest
(ROI) of 0.10 cm2 for the liver, 0.07 cm2 for the spleen and 0.17 cm2
for the renal cortex.
MR images of the mice treated with FeHA were collected daily
for ten consecutive days to follow the clearance of NPs from the
liver, the spleen and the renal cortex. All mice were maintained
in microinsulator cages under a 12-h light/12-h dark cycle with
free access to water and standard mouse diet (Teklad Global 18%
Protein Rodent Diet, Harlan) within the Experimental Imaging Center (CIS) facility at the San Raffaele Scientific Institute. All procedures on mice were approved by the San Raffaele Institutional
Animal Care and Use Committee (IACUC 691) according to institutional guidelines in compliance with national (D.L. N.26,
04/03/2014) and international law and policies (new directive
2010/63/EU). Special attention was paid to animal welfare and to
minimize the number of animals used and their suffering.

2.4. MRI experiments
2.5. Radiolabeling of FeHA
A screening of FeHA and EndoremÒ contrast abilities in aqueous
solution was conducted at five different iron concentrations from
0.002 mM to 0.15 mM to identify the optimal conditions for the
in vivo experiments, similarly to what is already reported in the literature about liver MRI imaging with SPIONs [8]. A preliminary invitro experiment was conducted on a 7 Tesla MRI scanner (Bruker,
BioSpec 70/30 USR, Paravision 5.1), equipped with 450/675 mT
m1 gradients (slew-rate: 3400–4500 T/m/s; rise-time 140 ms)
and a circular polarized mouse body volume coil with an inner
diameter of 40 mm, using a multi-slice multi-echo (MSME)
sequence with the following parameters: Repetition time (TR) =
2500 ms, 16 echos registered separately with first echo time
(TE1) = 10.73 ms and echo spacing = 10.73 ms, field of view

For FeHA radiolabeling, the short-lived and single photon cemitting metastable isotope of technetium, Tc (99mTc) was used.
In brief, fresh Na99mTcO4 generator (DrytecTM, GE Healthcare
(US)) eluate (10–20 mCi) was added to the MDP kit (PoltechMDP,
5 mg, Polatom (PL)). Next, 99mTc-MDP conjugate was left for 10
min and its labelling efficiency was confirmed by chromatography
analysis with silica gel paper chromatography (ITLC-SG) using
methyl-ethyl-ketone and 136 g L1 sodium acetate as the mobile
phases. An aliquot of 100 lL of 99mTc-MDP were added to 900 lL
FeHA suspension (5 mg ml1) and the mixture was allowed to
react at room temperature under constant stirring for 30 min.
FeHA suspensions were then centrifuged twice for 15 min

A. Adamiano et al. / Acta Biomaterialia 73 (2018) 458–469

(14.000 rpm) at 4 °C and the radioactivity in the pellet and the
supernatant were measured by an Atomlab 100 Dose Calibrator
(Biodex Medical Systems Inc.) to provide the percentage of radioactivity of the NPs. Quality control of the re-suspended pellet of
99m
Tc-MDP-FeHA was done with paper chromatography Whatman
3MM (GE Healthcare (UK)) using saline buffer (NaCl 0.9 wt%) as the
mobile phase. ITLC analysis was performed on a Scan-RAM radio
TLC detector (LabLogic Systems Ltd., (UK)). The chemicals and
reagents used were of analytical grade.
2.6. Stability study of radiolabeled FeHA
In vitro stability assay was performed, at 0 min, 1 h, 3 h and 24 h
post-conjugation, over a range of temperatures (at 5 °C, 25 °C and
37 °C) and in different media namely isotonic saline solution,
human and bovine fetal serums at 37 °C. The time-dependent
increase of any free radioligand of 99mTc-MDP was determined
by using saline as the mobile phase system in Whatman 3MM or
ITLC-SG strip.
2.7. Biodistribution and whole body scintigraphy/x-ray fused imaging
of radiolabeled FeHA in healthy mice
In vivo studies were performed at the NCSR Demokritos (AghiaParaskevi, Attica Prefecture, Greece), using female normal SwissWebster Albino mice (15–25 g, n = 2) purchased from the Breeding
Facilities of the NCSR Demokritos (Permit Number: EL 25 BIO 019,
EL 25 BIO 020). The protocol and all the animal procedures were
approved by the General Directorate of Veterinary Services
(Athens, Attica Prefecture, Greece) and by the Bioethical Committee of the Institution (Permit number: EL 25 BIO 022) on the basis
of the European Directive 2010/63/EU on the protection of animals
used for experimental purposes.
The ex vivo profile in healthy mice was studied by injecting 100
lL, 0.1 mCi (3.7 MBq) corresponding to 400 lg of the radiolabeled FeHA (0.3 mg Fe per body mouse) in saline solution (pH:
7.0), via the tail vein. Two mice per time point were sacrificed at
pre-determined time intervals of 30 min, 40 min, 4 h and 24 h post
injection and the main organs or tissues were removed, weighed
and counted, together with blood samples, muscle and urine, by
a c-counter system (Cobra II from Packard, Canberra). In comparison to a standard of the injected solution, results are expressed
as a percentage of the injected dose (%ID) per organ. For total blood
radioactivity calculation, blood was assumed to be 7% of the total
body weight. Radiolabeled FeHA NPs ex vivo behavior was studied
at one mouse per time point for two main reasons: i) to contribute
to the 3Rs’ principles, by minimizing the number of animals, and to
be used as a validation tool to the quantification imaging studies
that enable the repetitive in vivo monitoring to 24 h post-injection.
Imaging studies were performed on a dedicated benchtop
mouse-sized gamma camera (c-eye by BET Solutions, Athens,
Greece) [37], in combination with the X-ray part of a custommade tri-modal system [38]. The gamma camera was based on
two position-sensitive photomultiplier tubes, coupled to a CsI
(Na) pixelated scintillator and a low-energy lead collimator with
parallel hexagonal holes. The system’s field of view was 5  10
cm2, with spatial resolutions of 2 mm and energy resolution of
25%. The x-ray system consisted of an x-ray tube and a CMOS
detector, separated by a distance of 30 cm. The minimum pixel size
is equal to 0.1 mm and the active area is approximately 12  12
cm.
For the scintigraphy imaging studies, 100 lL 0.01 mCi (0.37
MBq) corresponding to 400 lg of radiolabeled FeHA (0.3 mg Fe
per body mouse) were administered through the tail-vein prior
to anesthesia in normal mice. Anesthetization was performed
intra-peritoneally with 100 lL 10 g1 body weight of a stock solu-
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tion containing 10% ketamine–hydrochloride (100 mg mL1) and
5% xylazine–hydrochloride (20 mg mL1) prior to scanning. Then
the mice were positioned on the animal bed at a <0.5 cm distance
from the camera head to allow whole body imaging with maximum spatial resolution, and successive 2 min frames were collected for up to 1 h post injection. After the first hour, static
images were also acquired at 2, 4 and 24 h post injection. ROIs
were drawn on major organs of interest and then these ROIs were
applied to the individual frames, to provide semi-quantitative time
activity curves. The ratio of counts in a ROI over the total number
of counts was proportional to the radioactivity percentage per
organ. Upon completion of the scintigraphy imaging, x-ray images
were also acquired at the exact same mouse positioning to act as
an anatomical guide for the organs exact location. The x-ray imaging parameters were set to 35 kVp, 500 lA and 0.1 s exposure time.
Fusion between scintigraphy and x-ray images was performed
semi-automatically through an in-house standard procedure.
2.8. Blood analysis
The extent of toxicity and hepatocellular injury was monitored
by measuring serum aspartate aminotransferase (sAST), lactate
dehydrogenase (LDH) and serum alanine aminotransferase (sALT)
activity at multiple time points on 2 mice treated with FeHA at a
dose of 1 mg kg1 of iron, and comparing the results collected on
2 control mice treated with glucose 5 wt% buffer. sAST, LDH and
sALT activity were measured with a IFCC (International Federation
of Clinical Chemistry and Laboratory Medicine) optimized kinetic
UV method in an Aries chemical analyzer (Werfen Instrumentation
Laboratory S.p.A., Italy) and expressed as U/L (Units/Liter). Each
analysis was validated by a certified biochemical chemistry biologist using quality control serums (CQI) in the San Raffaele Mouse
Clinic
(http://research.hsr.it/en/services/mouse-clinic/hematologic-testing.html).
2.9. Statistical analysis
All the tests carried out for the physico-chemical characterization of FeHA and EndoremÒ were performed at least in triplicates.
For in vivo experiments, the number of animals for each data point
was minimized (n = 2) according to the 3Rs principle. Data were
presented as mean values ± SD and analyzed using MATLAB
R2012a, (Mathworks, Natick, USA). The one-way analysis of variance (ANOVA) was used for statistical analysis (P < 0.05).
3. Results
3.1. Results and discussion
3.1.1. Nanoparticles Physico-chemical characterization
In Fig. 1a and in Fig. 1b, representative TEM micrographs of
EndoremÒ and FeHA are respectively reported. EndoremÒ is made
of very small (< 5 nm) round shaped electron dense NPs, while
FeHA NPs consist of (i) small isometric crystals of about 5–10 nm
aggregated in needle-like NPs having a length of 70–100 nm and
width of 15–20 nm, and (ii) ‘‘dark spots” on the surface of
needle-like ones corresponding to round-shaped electron dense
NPs with a diameter in the 5–15 nm size range. As previously
reported, these ‘‘dark spots” are maghemite NPs whose formation
as secondary phase is due to the combination of two mechanisms
occurring during FeHA synthesis: (i) Fe2+ oxidation, and (ii) oxidation of magnetite formed by co-precipitation [27].
FeHA and EndoremÒ in HEPES buffer at pH 7.4 have negative
zeta potential of 44.1 ± 0.9 mV and 25.0 ± 0.2 mV respectively,
and the relative hydrodynamic diameter (Hd) size-distributions
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Fig. 1. Nanoparticles physico-chemical characterization. TEM micrographs of FeHA (a) and EndoremÒ NPs (b). The red box in panel (a) highlights the presence of small (10
nm) round shaped maghemite NPs on the surface of needle-like FeHA NPs. The size distribution of the hydrodynamic diameters of the two NPs in an HEPS buffer at pH = 7.4
(n = 3) is reported in panel (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

at NPs concentrations corresponding to 1 mg/mL of Fe determined
by DLS are markedly overlapped as shown in Fig. 1c. More in detail,
the Hd size distribution recorded for FeHA shows NPs with a zetaaverage of 179.1 ± 3.2 nm, while EndoremÒ features a zeta-average
of 105.2 ± 2.0 nm. Both these size values are sensibly higher
respect to that found by TEM due to the formation of NPs aggregates. A high degree of poly-dispersity (PDI = 0.35) due to the presence of relevant aggregates within the dextran matrix has been
measured for EndoremÒ, in agreement with a previous work on
Ferumoxide [34]. FeHA showed a more narrowed Hd distribution
and a lower PDI of 0.20. Finally, it can be stated that the primary
particles of EndoremÒ are much smaller respect to FeHA NPs, as
determined by TEM in dry state, but they form agglomerates with
similar sizes and negative zeta potentials when suspended in a buffer at physiological pH. It is worth noticing that DLS measurements
were carried out on FeHA and EndoremÒ suspensions at different
NPs concentrations, namely 10.3 mg mL1 and 1.43 mg mL1
respectively, to keep constant the iron concentration.
XRD pattern of FeHA reported in Fig. S1a features broad and
poorly defined peaks typical of bone nanocrystalline apatite, that
can be indexed according to the crystallographic features of HA
(JCPDS no. 09-432) [17,39]. The presence of the peak at 35.4° cor-

responding to (3 1 1) plane of Fe2O3 (JCPDS no. 00-004-0755)
established the presence of a small amount of maghemite that
was estimated by Rietveld refinement to account for the 5.5 ±
0.7 wt% corresponding to about the 4.0 wt% of iron in FeHA, as
already reported in previous works [21,27]. By subtracting this
amount to the total iron content, the quantity of iron inside the
crystal structure was the 5.7 wt%. Table S1 summarizes both FeHA
and EndoremÒ chemical composition highlighting that the total
content of iron of FeHA was notably lower than that of EndoremÒ.
TGA analysis reported in Fig. S1b revealed a limited amount of carbonate (1.8 wt%) derived from the atmospheric CO2 that was
adsorbed on the surface or entrapped in the crystal lattice during
the synthesis, in agreement with previous reports [16,21,27].
The effective substitution of iron for calcium was proved by the
Ca/P ratio that is lower compared to stoichiometric HA (i.e. 1.67),
and by the (Ca + Fe)/P ratio which is very close to the value of
1.67 indicating a one to one Ca replacement with Fe. In this regard,
we have reported in a previous work that the one to one substitution of Ca2+ ion with Fe2+/3+ ions prompts the arising of superparamagnetic behavior [40].
The hysteresis loop, zero-field cool (ZFC) and field-cool (FC) collected on FeHA NPs and reported in Fig. S2a, S2b and S2c respec-
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tively, are typical of superparamagnetic NPs with mass magnetization at saturation (Ms) of 8.7 emu g1 after subtraction of the paramagnetic contribution. The mechanisms occurring at the nano/
atomic scale determining the unusual magnetic behavior of FeHA,
which exhibits a very high net magnetic moment per iron atoms
equal to 130 emu g1 of Fe, were described in details elsewhere
[27].
3.2. 1H NMR dispersion (NMR-D) profiles and relaxivity properties
Fig. 2a and b show the 1H NMR dispersion (1H NMRD) profiles of
FeHA and EndoremÒ which were collected in the same range of frequency used by most common clinical imaging devices operating
at 0.2, 0.5, and 1.5 Tesla corresponding to  8, 20, and 64 MHz.
The collection of 1H NMR dispersion profiles in such a wide frequency range was motivated by the need to investigate the mechanisms responsible for nuclear relaxation through the analysis of
the frequency behavior (profile) of FeHA longitudinal (r1), and
transverse (r2) nuclear relaxivities.
To obtain 1H-NMRD profiles, the nuclear relaxivities r1 and r2
were evaluated. They are defined by the following equation:



ri ¼ ð1=T i Þmeas  ð1=T i Þdia =c

i ¼ 1; 2

ð1Þ

where ð1=T i Þmeas is the value measured for the sample with concentration of magnetic centers c (Fe mmol L1) and ð1=T i Þdia represents
the nuclear relaxation rate of the diamagnetic host solution (citrate
buffer 0.1 wt%).
The r1 profiles of FeHA and EndoremÒ display similar shapes,
typical of superparamagnetic NPs, with some differences due to
the different sizes of the materials [41]. For example, the
maximum peak position for EndoremÒ is shifted towards higher
frequencies with respect to FeHA consistently to the smaller
magnetic domain size of EndoremÒ. On the other hand, the r2 values measured at 0.2 Tesla (8.5 MHz), which is a field intensity
commonly used for orthopedic MRI investigation, were
rFeHA
165 s1 mM1 and rEndoremÒ
103 s1 mM1. Indeed both
2
2
r1 and r2 of FeHA are higher than EndoremÒ, thus suggesting that
the former would led to a higher contrast in negative MRI images
with respect to the latter in this range of frequencies.
To further investigate the MRI ability of the two NPs, five
EndoremÒ and five FeHA aqueous solutions at increasing Fe concentration - together with water as reference system – were analyzed by T2-weighted MRI on a 7 Tesla (300 MHz) preclinical
magnetic resonance scanner. The images reported in Fig. 3a
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confirm the efficiency of both NPs as T2 weighted CA. Fig. 3b displays the relaxation rates 1/T2 of both FeHA and EndoremÒ as a
function of Fe concentration showing the linear relation between
the two parameters according to Eq. (1), where r2 is the slope of
the lines obtained by least square regression of the two sets of data.
The so estimated r2 value for FeHA (99.2 mM1 s1) is lower
than that for EndoremÒ (127.7 mM1 s1) which is very similar
to those already reported in the literature for other Ferumoxidebased CAs (e.g. Feridex) [34]. These values are more similar to
one another with respect to those found by 1H NMR in the 0.21.5 Tesla intensity range (corresponding to ~ 8, 20, 64 MHz), but
substantially confirm FeHA efficiency in enhancing the negative
contrast in T2 weighted MRI.
3.3. Preliminary MRI in vivo measurements
The contrast abilities of EndoremÒ and FeHA were tested in vivo
on healthy mice to compare their performances in an operational
environment. For both NPs, the contrast enhancement achieved
in the liver was measured at different time points. The choice of
this target organ was motivated by the fact that liver imaging
was the first clinical application of MNPs as CAs in the form of
Ferumoxides (AMI-25, EndoremÒ and Feridex IVÒ) as widely documented [2,24,31–33,42].
Mice were administered with 140 lL of both FeHA and
EndoremÒ solutions to obtain an equivalent dose of 1 mg of Fe
per kg of mouse as already reported by other works on SPIONbased CAs [43,44]. As shown in Fig. S3, the Hd size-distribution
and the PDI of both the NPs suspended in the buffer and at the concentration used for the in vivo experiments remained stable over 1
h at similar values to those recorded in physiological conditions
(Fig. 1c). Images of the target organ were collected before the
CAs intravenous administration (basal), and then at 10 min and
24 h post injection. The spleen and the renal cortex of treated mice
were also examined to assess the distribution of the CAs in organs
in which other cells of the mononuclear phagocyte system (MPS)
are located.
The relative T2 relaxation times tabulated in Table 1 and the MR
images depicted in Fig. 4a and b show that both EndoremÒ and
FeHA determined a relevant enhancement of the liver contrast
(student-t test, p < 0.05) at 10 min post injection. This enhancement was much stronger and lasted for longer time (up to 24 h)
in the mice treated with FeHA than in the ones treated with
EndoremÒ; in addition, while the administration of the latter did
not sort any effect on the spleen and the renal cortex, FeHA NPs

Fig. 2. 1H NMR dispersion (NMR-D) profiles and relaxivity properties. Longitudinal (r1) (a), and transverse (r2) (b) nuclear relaxivities. 1H NMRD profiles of FeHA and
EndoremÒ at equivalent iron concentration (Fe 0.2 mM) in a 0.1 wt% citrate buffer and measured at room temperature in the indicated frequency range 0.01 < f < 100 MHz.
Values are expressed as average and standard deviation of 3 independent measurements.
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Fig. 3. 7 Tesla T2-weighted MRI. T2-weighted MRI images on FeHA (n = 5) and EndoremÒ (n = 5) samples at the indicated Fe concentrations (a). The sequence used was a
MSME. The relaxation rates 1/T2 of both EndoremÒ and FeHA are linearly related to the iron concentration in the solution (b). Values were measured from a ROI of 0.04 cm2.
Standard deviation is <5%.

determined a marked secondary contrast enhancement on these
organs up to 24 h.
The quick normalization of the T2 signals in the three organs of
the mice treated with EndoremÒ, denotes that NPs were almost
completely eliminated after the first 24 h. Such a rapid removal
is likely to be due to their dissolution operated by lysosomes and
favored by the quick removal of the dextran coating, as it is well
known that these NPs are selectively up-taken by MPS macrophages and that their degradation is strictly dependent on the
coating stability [8,45,46].
On the other hand, the contrast enhancing effect of FeHA on the
liver started to decrease after 24 h post injection while at the same
time point, the contrast enhancements on the spleen and the renal
cortex were higher respect to those achieved after 10 min.
As can be seen from the relative T2 values reported in Table 1,
since FeHA NPs were found to persist in the three monitored
organs above the first 24 h, we extended the follow up and collected MRI images on a daily base up to 10 days to monitor FeHA
clearance/degradation. The graph reported in Fig. 5 shows that
the contrast enhancement effect produced by FeHA in the examined organs was lost after 7 days, indicating that the clearance of
the NPs from these areas was definitely slower respect to
EndoremÒ.
Several studies about the in vivo biodistribution of SPIONs with
different size [47], shapes [48] and compositions [49] reported the
same degradation pathway after their intravenous injection, consisting in NPs uptake and dissolution by lysosomes followed by
iron bio-adsorption into ferritin [43,46,47]. Similarly to SPIONs, it
was reported that HA NPs are subjected in vivo to protein remod-

eling [50], macrophage uptake [51], and dissolution in the moderately acidic environment of lysosomes [52]. Bio-resorbability is a
well-known property of nanocrystalline carbonated calcium phosphate, and since the persistence of FeHA NPs in the target organs is
unlikely to be due to their higher resistance to biological degradation, the discrepancy with the clearance/degradation of EndoremÒ
is ascribable to the higher quantity of injected FeHA (10.30 mg vs
1.43 mg). Moreover, the degradation rate of Ferumoxide in the
liver Kupffer and endothelial cells was proved to be dependent
upon the dose administered [34], complying with the lower endurance of EndoremÒ respect to FeHA observed in the present study.
We also exclude that the differences observed in the liver clearance
rates of FeHA and EndoremÒ are ascribable to their sizes as the two
NPs displayed similar Hd distributions at physiological pH. In addition, the difference in primary particle sizes cannot sort any sensible effect on their clearance, but can only enhances the uptake by
macrophage cells both in vitro and in vivo [8,53–55].
In conclusion, the higher contrast enhancement in the liver,
spleen and renal cortex obtained with FeHA than with EndoremÒ
is due to the higher number of FeHA NPs injected and to the higher
uptake by the MPS cells as the two materials display comparable r2
at the field intensity and frequency used for the in vivo experiment.
It is important to take into account that, while for CAs based on
Gd-chelates their rapid elimination from the body is crucial to
minimize their time period to decomplexate and exert subsequent
toxicity [56], in the case of SPION based CAs the risk for patients
health is mainly represented by the accumulation of high loads
of iron in the area of interest. In fact, the clearance mechanisms
of SPIONs and Gd-chelates are very different as Gd based CA goes
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Fig. 4. 7 Tesla in vivo T2-weighted MRI. In vivo RARE T2-weighted magnetic resonance imaging (MRI) of the liver (a) from a representative EndoremÒ (top panels) or FeHA
(bottom panels) injected animal at the indicated time points after intravenous administration of FeHA and EndoremÒ at a dose of 1.0 mg kg1. (b) In vivo RARE T2-MRI analisis
of the spleen and renal cortex (red arrows) of the same mice described in (a). Each panel refers to a single mouse analyzed at different time points; scale bars = 5 mm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
In vivo T2 relaxation times derived from MR images collected at different time points on groups of mice treated with an equivalent iron dose (1 mg kg1) of EndoremÒ (n = 2). and
FeHA (n = 2).
Liver (m sec)

Ò

Endorem
FeHA

Spleen (m sec)

Renal cortex (m sec)

Basal

Post

24 h

Basal

Post

24 h

Basal

Post

24 h

25.5 ± 1.2
20.7 ± 0.4

21.0 ± 1.8
11.7 ± 0.4

25.8 ± 1.1
14.6 ± 0.3

33.3 ± 1.3
33.5 ± 1.3

33.6 ± 1.6
25.8 ± 0.5

32.6 ± 0.5
24.8 ± 0.9

46.9 ± 3.1
57.8 ± 4.8

42.9 ± 2.3
47.2 ± 2.9

46.2 ± 2.9
39.5 ± 2.3

through a rapid renal clearance – though its accumulation in bones
and brain has been documented by some studies [57] – while
SPIONs based CA usually have longer persistence in the body.
Moreover, the imaging potential of SPIONs depends on their concentration in the diagnostic organ/tissue thus requiring the targeting of NPs to a specific site and determining the accumulation of
high amounts of iron in the treatment area. Eventually, the rapid
dissolution of these NPs can cause the burst release of high quantities of Fe ions in the exposed tissue, leading to cytotoxicity, DNA
damage and other mechanisms responsible of iron-induced carcinogenesis [8,11,13,58]. At this regard, it is worth to remark that
FeHA NPs have a lower Fe content with respect to EndoremÒ and
that, in this experiment, the iron dose administered to each mouse
was calibrated to reach an equal dose of iron (1 mg kg1) for both
the CAs in the mice body. As shown in Fig. 6 the activity levels over
7 days (i.e. after FeHA clearance from the liver) of serum markers of
hepatic toxicity (sAST, LDH and sALT) have comparable levels in
the blood samples of FeHA-treated and control mice, further supporting the in vivo biocompatibility of FeHA.
Finally, the higher contrast ability displayed by FeHA with
respect to EndoremÒ in the same range of frequency used by most

common clinical imaging devices operating at 0.2, 0.5, and 1.5
Tesla opens to the possibility of reducing the iron amounts introduced in the body by the CAs, and hence hampering the ironrelated adverse effects. Moreover, although EndoremÒ relaxivity
at 7 Tesla is higher, FeHA was found to apply a higher contrast in
the liver in vivo.
3.4. Radiolabeling of FeHA
Radiolabeling of FeHA with 99mTc was obtained by simply mixing 99mTc-MDP solutions with a suspension of FeHA NPs. The
chemical affinity of the MDP for HA due to the strong chemical
binding of the bisphosphonate arm with the surface calcium sites
of bone and synthetic HA is well reported [59,60]. In fact, bisphosphonates tagged radionuclides, including 99mTc-MDP, are routinely used in bone scintigraphy applications for the diagnosis of
bone metastasis, inflammation, fractures and infection, while
radionuclide conjugated HA microparticles are used in clinics for
therapeutic applications such as radiation synovectomy [60].
99m
Tc has been selected because it is considered as the most
suitable radioisotope for nuclear imaging due to its availability,
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Fig. 5. 7 Tesla in vivo T2-relaxation times. In vivo T2 relaxation times (MSME) from MRI images of liver, spleen and renal cortex, of the same FeHA injected animals described
in legend to Fig. 4, at the indicated time points after intravenous administration of a dose of FeHA corresponding at 1.0 mg kg1of iron per kg of animal. Values are expressed
as average and standard deviation of 2 replicates for each time point.

Fig. 6. In vivo hepatic and systemic toxicity of FeHA. Activity (Units/liter [U/L]) of serum ALT, AST and LDH measured at the indicated time points in groups of mice
administered with FeHA (n = 2) respect to the control (n = 2). Dashed lines in grey (sALT), green (sAST) or blue (LDH) indicate the upper value of normality of each variable.
The graph shows the average and standard deviation of 2 replicates for each time point. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

simple conjugation chemistry, short half-life of 6 h and 140 keV
gamma emission which is ideal for the existing Auger cameras
[61].
The two-strip ITLC-SG method for the analysis of 99mTc-MDP
showed that post labeling no amount of either pertechnetate
99m
(99mTcO
Tc (99mTcO2) was present, as
4 ) or of colloidal
shown in Fig. S4a and b, respectively. The radiochemical yield for
99m
Tc-MDP-FeHA was 65.9 ± 4.7% providing a single radioactive
species, as detected by paper chromatography (Whatman 3MM)
reported in Fig. S4c.
Kinetic stability studies up to 24 h of the radiolabeled FeHA NPs
at different temperatures and in different media at 37 °C are
reported in Fig. S5 showing that the labeling was stable. More in

detail, in water solution at different temperatures and in isotonic
saline solution, more than 90% of the radioactivity was found in
the NPs up to 24 h, while a partial radiolabel loss in fetal bovine
and in human serum of 25% and 40% respectively was observed
after 24 h. This behavior could be attributed to the fact that radiolabeled FeHA NPs were recognized by serum proteins which dispose high affinity for iron, thus determining the partial
decoupling of 99mTc-MDP from NPs.
3.5. Biodistribution whole body scintigraphy/x-ray fused imaging
Ex vivo studies in healthy Swiss mouse models at 30 min, 40
min, 4 h and 24 h post injection for 99mTc-MDP-FeHA are summa-
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Fig. 7. Biodistribution and whole body scintigraphy/x-ray fused imaging. (a) Ex vivo tissue biodistribution of radioactivity at 30, 40, 240 and 1440 min after the intravenous
injection of 0.3 mg kg1of iron per kg of animal (0.37 MBq) of radioactively labeled 99mTc-MDP-FeHA measured in the indicated organs. Values are expressed as the
percentage of radioactivity in each organ respect to the injected dose. The graph shows the average and standard deviation of 2 replicates for each time point. (b) Static 2 min
scintigraphy/X-ray images of a representative healthy Swiss Albino mice at the indicated time points after intravenous administration of radiolabeled FeHA NPs.

rized in Fig. 7a. No significant uptake or retention was observed
neither in the stomach (data not shown) nor in the thyroid gland
(imaging study), indicating that there was minimal, if any, free
99m
TcO
4 . Liver activity values were significantly high for all the
tested time points. A detectable spleen uptake was noticed from
30 min up to 24 h post injection. The radioactivity detected in
bones after 24 h could be due to the initial degradation of FeHA into
the liver causing the partial loss of the radioligand from the NPs.
Scintigraphic imaging studies on anesthetized healthy Swiss
mice were performed on a dedicated small animal scintigraphic/
x-ray system, up to 1 h, and at 2 and 24 h post injection as depicted
in Fig. 7b. The biodistribution of FeHA NPs as determined by the
analysis of scintigraphy images (Fig. S6 and dynamic imaging of
the first 38 min post injection reported in the supporting information) is in good agreement with that determined by ex vivo analysis. Liver was found to be the dominant accumulation organ at all
the time points, although the concentration of radiolabeled FeHA
in other organs of MPS (like spleen and bone marrow) was not negligible. In this respect, MRI analysis, similarly to SPECT, has
revealed relevant FeHA signals in the spleen and in the kidneys.
These results are in good agreement with a previous report on
EndoremÒ radiolabeled with 99mTc-Bisphosphonate in which the
authors found accumulation in liver and spleen [62]. However,
comparing the feature of EndoremÒ and FeHA as nuclear imaging
agents, the main difference is that EndoremÒ NPs had to be heated
up to 100 °C to partially remove the dextran coating to allow an
effective conjugation between radioligand molecules and the NPs
surface. Conversely, as already well reported for iron-free HA NPs
[63], FeHA can be conjugated with bisphosphonates tagged
radionuclides by a simple one-pot procedure carried out at room
temperature.

4. Conclusion
In the last decade, clinical concerns associated with the use of
SPIONs have emerged due to the accumulation of high iron loads
related to their use in localized areas of the body. As a consequence, the identification of alternative biocompatible NPs having
similar (or higher) efficacy and lower iron content has become an
important need. Here, we reported on the performance as MRI
CAs for the liver, the spleen and the renal cortex of intrinsically
biocompatible FeHA NPs.
A suspension of FeHA was injected intravenously in vivo in mice
at a low iron dose (1 mg kg1) and was found (i) to apply a higher
contrast enhancement, and (ii) to have a longer endurance in the
liver with respect to EndoremÒ at iron equality. These phenomena
were related respectively to the high transversal relaxation rate
and to the higher quantity of FeHA NPs that were administered
respect to EndoremÒ to reach the same iron dose, as the two materials display different amounts of iron (9.7 wt% vs 71.0 wt%).
FeHA NPs were found to enhance the negative contrast also in
spleen and renal cortex tissues, while on the contrary EndoremÒ
was detected in significant concentration only in the liver. Moreover, their higher contrast ability with respect to EndoremÒ in
the frequency range between 0.2 and 1.5 Tesla, enables the reduction of the iron amounts required for an effective contrast
enhancement, thus decreasing the risk of iron-related side effects
in patients.
A straightforward labelling methodology involving a surface
functionalization with 99mTc-MDP was successfully applied on
FeHA NPs to potentially extend their application as multimodal
MRI-PET/SPECT imaging agents. In fact, the combination of nuclear
and magnetic imaging can improve the diagnostic ability taking
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the advantages of each technique such as deep tissue penetration
of radiation signals, and anatomical and functional details of magnetic contrast. The collected imaging and biodistribution results by
scintigraphy/x-ray fused imaging and ex vivo studies confirmed the
dominant accumulation of FeHA NPs in the liver, and secondarily
in other MPS organs, as detected by MRI.
Although further in vitro and in vivo studies on FeHA long-term
cytotoxicity along with in vivo validation of SPECT MRI detection
are necessary, its performances as CA for MRI-T2 and PET-SPECT
combined to its ability to work as nanocarrier for bioactive molecules as previously reported [16] qualifies it as one of the most
resourceful material for the design of new theranostic agents for
interesting personalized medical applications.
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