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The Research Group on Bioceramics and Bio-hybrid Composites counts 15 people among 
senior and young investigators (including chemists, biologists, physicists and engineers)

Experience in: 
• calcium phosphate-based materials for bone 

tissue engineering (ceramics and hybrid 
composites) 

• nanoparticles
• biomineralization processes
• drug delivery systems
• superparamagnetic nanoparticles
• functionalization of biomaterials 
• in vitro biological evaluation

Facilities for the synthesis of hybrid 
materials, scaffolds and nanoparticles, as 
well as for extensive chemical, physical, 
thermal, morphological, magnetic, 
mechanical and in vitro biological 
characterization.
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Calcium Phosphates (CaPs)
Calcium phosphates (Hydroxyapatite) in biological systems are the main 

inorganic components of bone, tooth and some pathological calcifications

Weiner and Wagner, Annu Rev Mater Sci, 1998
Gomez-Morales et al., Prog Cryst Growth Charact Mater, 2013

BONE TISSUE

DENTAL TISSUE
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Synthetic CaPs

Iafisco et al., Exp Opin Drug Del, 2008

Due to their excellent properties, such as 
biocompatibility, bioactivity, 
osteoconductivity, osteoinductivity, and 
nonimmunogenicity, synthetic CaPs are 
important materials to prepare devices for 
bone tissue substitution and regeneration, in 
the form of 3D dense or porous ceramics and 
as injectable cements

The advancements in materials 
science have prompted a progress in 
the preparation of CaPs with tailored 
characteristics, nano dimensions, and 
colloidal stability opening new 
interesting perspectives in different 
fields not only related to bone 
applications
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CaPs (apatites) as drug nanocarriers
• Favorable biodegradability and 

biocompatibility
• Higher degradability and lower 

toxicity than silica, quantum dots, 
carbon nanotubes, or metallic NPs

• Higher stability than liposomes, 
allowing a more controlled and 
predictable drug delivery

• Low production cost and excellent 
storage properties (not easily 
subjected to microbial degradation)

Iafisco et al., Langmuir, 2008; Iafisco et al., J Mat Chem 2009; Iafisco et al., Nanoscale 2012; Iafisco et al., J Inorg Biochem 2012

• The stability is pH-dependent: Stable at pH=7.4 but Degradable at pH=5.0
(cancerous region and lysosomes inside the cells) that allows the drug 
release

Biomimetic apatites can be recognized by the organism as a sort of 
endogenous material
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pH-Responsive Delivery of Doxorubicin from Citrate−Apatite
Nanocrystals with Tailored Carbonate Content
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ABSTRACT: In this work, the efficiency of bioinspired citrate-function-
alized nanocrystalline apatites as nanocarriers for delivery of doxorubicin
(DOXO) has been assessed. The nanoparticles were synthesized by
thermal decomplexing of metastable calcium/citrate/phosphate solutions
both in the absence (Ap) and in the presence (cAp) of carbonate ions.
The presence of citrate and carbonate ions in the solution allowed us to
tailor the size, shape, carbonate content, and surface chemistry of the
nanoparticles. The drug-loading efficiency of the two types of apatite was
evaluated by means of the adsorption isotherms, which were found to fit a
Langmuir−Freundlich behavior. A model describing the interaction
between apatite surface and DOXO is proposed from adsorption
isotherms and ζ-potential measurements. DOXO is adsorbed as a dimer
by means of a positively charged amino group that electrostatically
interacts with negatively charged surface groups of nanoparticles. The
drug-release profiles were explored at pHs 7.4 and 5.0, mimicking the
physiological pH in the blood circulation and the more acidic pH in the
endosome-lysosome intracellular compartment, respectively. After 7 days
at pH 7.4, cAp-DOXO released around 42% less drug than Ap-DOXO. However, at acidic pH, both nanoassemblies released
similar amounts of DOXO. In vitro assays analyzed by confocal microscopy showed that both drug-loaded apatites were
internalized within GTL-16 human carcinoma cells and could release DOXO, which accumulated in the nucleus in short times
and exerted cytotoxic activity with the same efficiency. cAp are thus expected to be a more promising nanocarrier for experiments
in vivo, in situations where intravenous injection of nanoparticles are required to reach the targeted tumor, after circulating in the
bloodstream.

1. INTRODUCTION

In the latest years, nanomaterial science has attracted a dramatic
and exponentially increasing interest in the biomedical field, in
particular for their potential applications in drug delivery for
cancer therapies.1−5 One of the key challenges of such an
application is the efficient delivery of the drug to the tumor
region, while reducing as far as possible the toxic side effects.
Due to their size (<100 nm), nanoparticles can escape capture
by macrophages, being able to remain in the bloodstream for
prolonged time and to pass through endothelial cells lining
blood vessels, which are more permeable in the tumor region
(i.e., enhanced permeability and retention effect, Figure 1A),
and then to cross cell membranes.4,6 Moreover, nanoparticles
may protect the drug component from a premature degradation
and may deliver poorly water-soluble chemotherapeutic drugs
directly to tumor cells. They are also very efficient carriers since

their high surface/volume ratio allows them to incorporate
large amounts of drugs.1−5

Size, shape, and surface chemistry can dictate the behavior of
nanoparticles at the nano-biointerface.7 The shape of nano-
particles has been shown to have an impact on various
processes including circulation, vascular adhesion and phag-
ocytosis.8 Spheres show an appreciable advantage over rods in
termsof cell uptake, in fact with the increase of the nanorod
aspect ratio, the total cell uptake decreases.9 Otherwise, needle-
shaped nanoparticles seem to induce cell membrane disruption
and increased cell mobility.10 To date, the precise effects of
nanoparticle shape on cells is still a controversial issue and
deserves further investigations in vitro and especially in vivo.
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Nanocrystalline carbonate-apatites: role of Ca/P ratio on the upload and
release of anticancer platinum bisphosphonates†
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In the present study two nanocrystalline apatites have been investigated as bone-specific drug delivery

devices to be used for treatment of bone tumors either by local implantation or by injection. In order to

assess how the Ca/P ratio can influence the adsorption and release of anticancer platinum–

bisphosphonate complexes, two kinds of apatite nanocrystals having different Ca/P ratios but similar

morphologies, degree of crystallinity, and surface areas have been synthesized and characterized. The

two platinum–bisphosphonate complexes considered were the bis-{ethylenediamineplatinum(II)}-2-

amino-1-hydroxyethane-1,1-diyl-bisphosphonate and the bis-{ethylenediamineplatinum(II)}

medronate. The Ca/P ratio plays an important role in the adsorption as well as in the release of the two

drugs. In fact, the apatite with a higher Ca/P ratio showed greater affinity for both platinum complexes.

Also the chemical structure of the two Pt complexes appreciably affects their affinity towards as well as

their release from the two kinds of apatites. In particular, the platinum complex whose bisphosphonate

contains a free aminic group showed greater upload and smaller release. The cytotoxicity of the Pt

complexes released from the apatite was tested against human cervical, colon, and lung cancer cells as

well as against osteosarcoma cells. In agreement with previous work, the Pt complexes released were

found to be more cytotoxic than the unmodified complexes.

Introduction

Nanomedicine is an emerging field of biomedical research and it

is defined as the application of nanotechnologies for improving

healthcare. It takes advantage of the improved and novel phys-

ical, chemical, and biological properties of materials at nanoscale

dimensions. One of the most promising and studied field in

nanomedicine is the development of nanosized drug carriers to

deliver anticancer agents to cancerous tissues.1–3 In fact, the

functionalities of nanoparticulate delivery systems provide the

opportunity: (1) to prolong the circulation in the bloodstream

and hence to increase the likelihood of accumulation at tumor

sites via the enhanced permeation and retention (EPR) effect, (2)

to specifically target to cells or tissues of interest via functional-

ization with ligands specific for cell surface receptors, (3) to

respond to local stimuli in vivo (such as responses to changes in

temperature and pH), and (4) to overcome the cell membrane

barrier and avoid the enzyme filled lysosomes where degradation

occurs.4 Consequently, desired features of the ideal delivery

system include: (1) non-toxic starting materials and degradation

products, (2) small size (in the range of 10–100 nm) and large

surface area for improved uptake, (3) encapsulation of the active

agent within the delivery system (as opposed to surface decora-

tion or adsorption where the active agent is not protected from

the environment), (4) colloidal stability of the delivery system (to

prevent agglomeration in vivo during transport), (5) suitable

clearance mechanism (to avoid side effects due to drug loaded

particles), (6) long clearance times (to allow adequate time for the

delivery system to reach target cells and undergo endocytosis),

(7) controlled release of an active agent (such as a pH trigger),

and (8) targetability of the delivery system (to enable delivery of

particles to cells of choice).5 Moreover, active targeting moieties

can also be incorporated into the nano-devices to specifically
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† Electronic supplementary information (ESI) available: (1) Thermal
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isotherms of complex A on HA and on CDHA according to the
Langmuir, Langmuir–Freundlich, and Freundlich models. (3) UV-Vis
spectra of Pt-complexes, [PtCl2(en)], and the species released from
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Interaction of Folic Acid with Nanocrystalline Apatites and
Extension to Methotrexate (Antifolate) in View of Anticancer
Applications
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ABSTRACT: Nanocrystalline apatites mimicking bone min-
eral represent a versatile platform for biomedical applications
thanks to their similarity to bone apatite and the possibility to
(multi)functionalize them so as to provide “a ̀ la carte”
properties. One relevant domain is in particular oncology,
where drug-loaded biomaterials and engineered nanosystems
may be used for diagnosis, therapy, or both. In a previous
contribution, we investigated the adsorption of doxorubicin
onto two nanocrystalline apatite substrates, denoted HA and
FeHA (superparamagnetic apatite doped with iron ions), and
explored these drug-loaded systems against tumor cells. To
widen their applicability in the oncology field, here we
examine the interaction between the same two substrates and two other molecules: folic acid (FA), often used as cell targeting
agent, and the anticancer drug methotrexate (MTX), an antifolate analogue. In a first stage, we investigated the adsorptive
behavior of FA (or MTX) on both substrates, evidencing their specificities. At low concentration, typically under 100 mmol/L,
adsorption onto HA was best described using the Sips isotherm model, while the formation of a calcium folate secondary salt
was evidenced at high concentration by Raman spectroscopy. Adsorption onto FeHA was instead fitted to the Langmuir model.
A larger adsorptive affinity was found for the FeHA substrate compared to HA; accordingly, a faster release was noticed from
HA. In vitro tests carried out on human osteosarcoma cell line (SAOS-2) allowed us to evaluate the potential of these
compounds in oncology. Finally, in vivo (subcutaneous) implantations in the mouse were run to ascertain the biocompatibility
of the two substrates. These results should allow a better understanding of the interactions between FA/MTX and bioinspired
nanocrystalline apatites in view of applications in the field of cancer.

1. INTRODUCTION

Calcium phosphates have attracted attention for decades in the
biomaterials field, especially for bone repair applications.1−4 In
this view, apatitic compounds are of particular significance as
they are naturally present in bones and teeth of which they
constitute the mineral component.5 However, in bone and
dentin, apatite crystals differ significantly from the well-known
stoichiometric hydroxyapatite (HA), Ca10(PO4)6(OH)2, often
encountered as bone replacement bioceramics, in that they are
nonstoichiometric (involving calcium and hydroxide vacan-
cies), but also are nanosized, hydrated and exhibit specific
surface features.6,7 Interestingly, these characteristics can be
mimicked and tailored synthetically, employing adequate soft
chemistry routes such as low/moderate temperature precip-

itation methods,8−13 hydrothermal synthesis,14−16 sol−
gel,17−19 vapor diffusion,20,21 emulsion-based processes,22

among others. The as-obtained materials are usually called
biomimetic or nanocrystalline apatites.
Nowadays, the synthesis of biomimetic apatites, their

processing, and associations with drugs constitutes a large
domain of investigation worldwide, aiming to exploit further
the fascinating properties of these compounds, including their
“intrinsic” biocompatibility, biodegradability, bioactivity, and
high surface reactivity.5,23 The latter in particular allows
associating a great variety of biomolecules or drugs with apatite
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Cell Surface Receptor Targeted Biomimetic Apatite 
Nanocrystals for Cancer Therapy

  Michele   Iafi sco  ,     Josè Manuel   Delgado-Lopez  ,     Elena Maria   Varoni  ,     Anna   Tampieri  , 
    Lia   Rimondini  ,     Jaime   Gomez-Morales  ,   *      and   Maria   Prat   *   

 DOI: 10.1002/smll.201202843 

 Nanosized drug carriers functionalized with moieties specifi cally targeting tumor 
cells are promising tools in cancer therapy, due to their ability to circulate in the 
bloodstream for longer periods and their selectivity for tumor cells, enabling the 
sparing of healthy tissues. Because of its biocompatibility, high bioresorbability, 
and responsiveness to pH changes, synthetic biomimetic nanocrystalline apatites are 
used as nanocarriers to produce multifunctional nanoparticles, by coupling them 
with the chemotherapeutic drug doxorubicin (DOXO) and the DO-24 monoclonal 
antibody (mAb) directed against the Met/Hepatocyte Growth Factor receptor 
(Met/HGFR), which is over-expressed on different types of carcinomas and thus 
represents a useful tumor target. The chemical-physical features of the nanoparticles 
are fully investigated and their interaction with cells expressing (GTL-16 gastric 
carcinoma line) or not expressing (NIH-3T3 fi broblasts) the Met/HGFR is analyzed. 
Functionalized nanoparticles specifi cally bind to and are internalized in cells 
expressing the receptor (GTL-16) but not in the ones that do not express it (NIH-
3T3). Moreover they discharge DOXO in the targeted GTL-16 cells that reach the 
nucleus and display cytotoxicity as assessed in an MTT assay. Two different types of 
ternary nanoparticles are prepared, differing for the sequence of the functionalization 
steps (adsorption of DOXO fi rst and then mAb or vice versa), and it is found that the 
ones in which mAb is adsorbed fi rst are more effi cient under all the examined aspects 
(binding, internalization, cytotoxicity), possibly because of a better mAb orientation 
on the nanoparticle surface. These multifunctional nanoparticles could thus be useful 
instruments for targeted local or systemic drug delivery, allowing a reduction in 
the therapeutic dose of the drug and thus adverse side effects. Moreover, this work 
opens new perspectives in the use of nanocrystalline apatites as a new platform for 
theranostic applications in nanomedicine. 

Drug Delivery
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Preclinical evaluation of platinum-loaded
hydroxyapatite nanoparticles in an embryonic
zebrafish xenograft model†

Robin A. Nadar, ‡a Nandini Asokan, ‡b,c Lorenzo Degli Esposti, d

Alessandra Curci, e Alessandra Barbanente, e Lukas Schlatt,f Uwe Karst, f

Michele Iafisco, d Nicola Margiotta, e Michael Brand, b

Jeroen J. J. P. van den Beucken, a Martin Bornhäuser b,c,g,h and
Sander C. G. Leeuwenburgh *a,d

Hydroxyapatite (HA) nanoparticles are commonly used as building blocks in the design of bone-substitut-

ing biomaterials. Recently, these nanoparticles have been considered for the treatment of metastasis

disease, since their pH-dependent dissolution behavior allows for precise tuning of release kinetics of

loaded cargo. Herein we show that the capacity of drug-loaded nanoparticles stabilized with citrate ions

reduce cancer cell survival in an embryonic zebrafish xenograft model. In particular, in vitro studies

demonstrate that PtPP-loaded HA nanoparticles exhibit anti–proliferative activity against breast cancer

cells at reduced pH. In vivo studies using an embryonic zebrafish xenograft model reveal that PtPP co-

delivered with human breast cancer cells strongly reduce cancer cell survival. Similarly, co-injection of

breast cancer cells with citrate-functionalized and PtPP-loaded HA nanoparticles into zebrafish signifi-

cantly reduces survival of cancer cells due to release of chemotherapeutically active kiteplatin species.

These results demonstrate the preclinical efficacy of drug-loaded nanoparticles against human breast

cancer cells in a xenogenic embryonic in vivo model.

Introduction
Bone is a dynamic structure with the ability to heal after a frac-
ture, trauma or disease. When this self-healing capacity is not
sufficient, suitable bone grafts can be used to stimulate the
healing response of the human body.1 Nevertheless, bone dis-
eases or disorders often require additional delivery of drugs at
the injury or fracture site to combat these degenerative dis-
eases effectively. Unfortunately, several bone diseases such as
osteoporosis, bone cancer, and secondary metastases in bone
cannot be treated effectively.2 Unlike traditional oral and intra-
venous systems for systemic drug delivery, local delivery
systems enable efficient delivery of chemotherapeutic agents at
high concentrations within the affected sites. Consequently,
therapeutic efficacy can be maximized and adverse systemic
side effects minimized. Among the various types of nano-
carriers, nanosized bioceramics such as calcium phosphate
(CaP) nanoparticles are particularly attractive for treatment of
bone cancer in view of their excellent biocompatibility, bioac-
tivity, stability, and pH-dependent dissolution characteristics.3

CaPs are currently used as synthetic bone substitute
materials since their composition resembles the mineral
phase of bone. This mineral phase of the extracellular bone

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0nr04064a
‡These authors contributed equally to this work.

aDepartment of Dentistry - Regenerative Biomaterials, Radboud Institute for
Molecular Life Sciences, Radboud University Medical Center, Philips van Leydenlaan
25, 6525 EX Nijmegen, the Netherlands.
E-mail: sander.leeuwenburgh@radboudumc.nl
bCenter for Regenerative Therapies Dresden (CRTD), Technische Universität Dresden,
Fetscherstrasse 105, 01307 Dresden, Germany
cDivision of Hematology, Oncology and Stem Cell Transplantation, Department of
Medicine I, University Hospital Carl Gustav Carus, Technische Universität Dresden,
Fetscherstrasse 74, 01307 Dresden, Germany
dInstitute of Science and Technology for Ceramics (ISTEC), National Research
Council (CNR), Via Granarolo 64, 48018 Faenza, Italy
eDipartimento di Chimica, Università degli Studi di Bari Aldo Moro, Via E. Orabona
4, 70125 Bari, Italy
fInstitute of Inorganic and Analytical Chemistry, University of Münster,
Corrensstraße 30, 48149 Münster, Germany
gNational Center for Tumor Diseases (NCT), Fetscherstrasse 74/PF 64, 01307
Dresden, Germany
hGerman Consortium for Translational Cancer Research (DKTK), DKFZ, D-69120
Heidelberg, Germany
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Cardiovascular diseases (CVDs)

World Health Organization, 2019

• CVD is the number one cause of death globally
• An estimated 17.9 million people died each year for CVDs (31% of all global 

deaths)
• The number of people who die from CVDs will increase to reach about 23.3 

million by 2030

WHO. Cardiovascular diseases. www.who.int/cardiovascular_diseases/en/
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CaP 
Nanoparticles
loading drugs

Inhalation

Crossing the 
pulmonary barrier

Reaching the 
the heart

• miRNAs
• Peptides

• Active pharmaceutical 
ingredients

• Fast action
• Less side effects
• Not invasive
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Ca2+ Cit3-

PO4
3-

CaCl2 (100 mM)
+ 

Na3Citrate (200–400 mM)

Na2HPO4 (120 mM)

37 ºC

5-30 min

Tubular cellulose 
membraneClamps

Water 
Milli-Q 
grade

Ca2+Cit3-
PO4

3-

6 hrs.

CaP-NPs preparation

Di Mauro, Iafisco et al. Nanomedicine UK 2016

One-pot bioinspired synthesis method, in which citrate 
acts as a stabilizing agent and regulator of crystal growth 

of CaP-NPs at the early stage of crystallization

Nanohybrides 18,  31 May 2022, Bastia, France

Z-average =  70-90 nm
ζ-potential = -30/-35 mV



In vivo administration of CaP-NPs by inhalation

Miragoli, Iafisco et al. Sci. Transl. Med. 2018

• Enteral administration did not generate any significant cardiac targeting at 40 
min, parenteral administration and in particular inhalation gave a significant 
and rapid delivery of CaP-Cy7 to the myocardium

• The time-course of CaP-Cy7 myocardial accumulation was paralleled by a 
reduction of pulmonary signal suggesting a continuous passage of NPs across 
the pulmonary-barrier

Quantification of fluorescence signals from heart tissue of mice treated with CaP-Cy7 
via gavage, intraperitoneal (IP), intravenous (IV), and inhalation administration 

Nanohybrides 18,  31 May 2022, Bastia, France



In vivo administration of CaP-NPs by inhalation

Miragoli, Iafisco et al. Sci. Transl. Med. 2018

Gradual accumulation in the mediastinum, esophagus, and trachea. A delayed clearance of 
inhaled CaP-Cy7 compared to Cy7 alone

Effective delivery of CaP-Cy7 from the pulmonary tree to the bloodstream and to the 
myocardium was confirmed with 3D-FMT analyses

Whole body in vivo optical imaging 

Nanohybrides 18,  31 May 2022, Bastia, France



In vivo administration of functionalized CaP-NPs by inhalation

Miragoli, Iafisco et al. Sci. Transl. Med. 2018

Stimulated emission depletion (STED) microscopy of isolated 
cardiomyocytes from mice treated with MP-Rhodamine-loaded CaPs.
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In vivo administration of CaP-MP by inhalation

Miragoli, Iafisco et al. Sci. Transl. Med. 2018

mouse model of diabetic cardiomyopathy

STZ: streptozotocin
HA: scrambled peptide
MP: mimetic peptide improving cardiac contractility

Treatments with CaP-MP led to a complete recovery 
of cardiac function as shown by echocardiographic 

assessment of left ventricular function
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Imaging

Nanohybrides 18,  31 May 2022, Bastia, France

Sandhofer et al., ACS Appl Mater Interfaces, 2015.

The non-invasive in vivo monitoring of NPs behavior is of paramount importance 
to assess their biosafety, to determine their mechanisms of action and the organs 
they interact with, and also to find their optimal architecture for desired usage
Positron Emission Tomography (PET) represents an ideal tool for such 
investigations

[68Ga]NO2APBP [18F]NaF 

Direct 
incorporation of 
the radioisotope

Labeling
by surface 

functionalization 

AP-[68Ga]NO2APBPAP-[18F]NaF Cit-AP-[68Ga]NO2APBP



Magnetic nanoparticles as drug carriers
Manipulated upon 

application of 
magnetic fields

Remote control of the drug by application of an external magnetic field

Reddy et al. Chem. Rev. 2012; Arruebo et al. Nano Today 2007; Iafisco et al. Chem. Mater. 2013

Diagnosis 

Therapy 
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Superparamagnetic iron-doped hydroxyapatite (FeHA)

Tampieri et al. Acta Biomater. 2012; Panseri et al. J. Biomed. Nanotech. 2016; Adamiano et al. Inorg. Chem. 2016

• Partial Ca2+ substitution with both iron ions, 
simultaneous formation of iron oxide-based secondary 
phase (maghemite ≈3 wt%) nucleated on the surface, 
obtaining a composite with unusual magnetic behavior

• Saturation magnetization 8.9 emu g−1 at 250 K and 10.5 
emu g−1 at 5 K. 130 emu g-1 of Fe at Troom and 163 emu 
g-1 of Fe at 5 K

Magnet

FeHA	

∼8-10 wt%

FeHA than for the other samples, in accordance with the higher
carbonation extent quantified by TGA (Table 1).
The spectra of FeHA and FeHA3 show a shoulder at 534

cm−1 assigned to phosphate and/or hydrogen phosphate ions
positioned in a nonapatitic environment.
The band at 631 cm−1, which is ascribable to the libration of

the apatitic OH groups,25,26 occurs only for HAp and FeHA
spectra as a shoulder of the doublet of peaks corresponding to
the triply degenerate bending mode of the PO4 groups. Finally,
three bands probably due to Fe(OH)x were detected only for
FeHA and are ascribable to the librational modes of
nonstoichiometric OH units (1633 and 1263 cm−1) and
entrapped water hydroxyls (801 cm−1).27

3.5. XAFS. XANES spectra at the Fe K-edge of iron-doped
HAs reported in Figure 2b,c show that the energy value of the
onset of the absorption edge is that characteristic of ferric iron
in iron oxides. However, a close analysis of the onset of the
absorption edges evidences different Fe3+/Fe2+ ratios for the
three samples investigated. The Fe3+/Fe2+ ratio increases from
FeHA2 to FeHA to FeHA3, as shown by the arrow in Figure
2c. The moduli of Fourier transforms of the EXAFS regions in
Figure 2d were performed without phase-shift correction, so
that peak positions were shifted backward with respect to the
actual interatomic distances. The first peak at about 1.5 Å,
which is due to the nearest-neighbor oxygen atoms, presents
the same characteristics in terms of position and intensity for
the three samples, indicating that the local environments of Fe
are similar. Differences in Fe coordination among the different
iron-doped HAs are visible at greater distances. The decreasing
amplitude of the second peak at ∼2.7 Å from FeHA to FeHA2
to FeHA3 is an indication of the increasing medium-range
disorder of Fe in the three compounds. The loss of correlations
between Fe and neighbors beyond the first coordination shell
show that Fe is prone to occupy poorly crystalline regions in
the samples on going from FeHA to FeHA2 to FeHA3.
3.6. STEM. STEM pictures of FeHA, FeHA2, and FeHA3

are reported in Figure 2e−h, respectively. Figure 2e,f depicts
the same FeHA NP at increasing magnification level and shows
bright spots with a diameter of less than 1 nm within the
apatitic matrix ascribable to iron-rich clusters/areas. These
spots are not visible in FeHA2 (Figure 2g) and FeHA3 NPs
(Figure 2h).
3.7. FeHA and FeHA2 Magnetic Properties. Vibrating

sample magnetometer analysis shows the magnetization versus
applied magnetic field, from room temperature up to 5 K, for
FeHA (Figure 3a) and FeHA2 (Figure 3b). The observed
behavior can be explained in terms of magnetically ordered and
paramagnetic-like phases. The magnetization of the former
saturates readily in rather low fields (<10 kOe), whereas the
latter remains paramagnetic-like to low temperature, as
evidenced by the upturn at low temperatures in the
magnetization measured above 10 kOe. The reduced saturation
magnetization values, obtained by subtraction of the high-field
linear paramagnetic contribution (Figure S2 in the Supporting
Information) for the magnetically ordered phase are 8.9 and 1.3
emu g−1 at 250 K and 10.5 and 2.9 emu g−1 at 5 K, respectively,
for FeHA and FeHA2 NPs. Considering that the MNPs must
have a high saturation magnetization to be remotely controlled
by applying a moderate external magnetic field so that NPs are
moved close to the target area, we investigated the FeHA NPs
in more detail.
An enlarged view of the hysteresis loops at low magnetic

fields of the FeHA NPs powder, collected in the temperature

range 5−300 K, together with that obtained by Monte Carlo
simulations under the same temperature conditions, are
reported in Figure 3c,d. The resultant coercive field and
remnant magnetization are plotted against temperature and
presented in Figures S3 and S4 in the Supporting Information,
respectively.
FeHA reduced magnetization curves (M/M(50 kOe)) from

room temperature up to 100 K, plotted as a function of H/T,
are reported in Figure 4a, while those plotted as a function of
H/M(50 kOe) from 225 K up to 100 K are reported in Figure
4b. The latter set of curves scaled with the ratio H/M(50 kOe)
from 100 to 225 K, while the scaling condition of reduced
magnetization curves (M/M(50 kOe)), when plotted as
functions of H/T, is not satisfied below 270 K, indicating
that FeHA NPs are not in the standard superparamagnetic
regime.28

Zero-field-cooled (ZFC) and field-cooled (FC) magnet-
ization versus temperature curves of FeHA NPs (Figure 4c),
measured at 100 Oe in the temperature range 5−250 K,
describe the temperature dependence of the magnetization for
the FeHA NPs. The presence of magnetostatic interactions is
evident in the shape of the FC/ZFC curves that show a severe
flattening at high temperature with respect to the ideal
superparamagnetic system and an almost linear decay of the
FC magnetization.
FeHA Mössbauer spectra collected at 300, 80, 66, and 3 K

(from top to bottom) are reported in Figure 5a, with relative fit
curves. As an example, the contributions of the ordered phase
and the paramagnetic phase for the fit curve of the FeHA
spectra collected at 80 K are shown in Figure 5b.
The measured isomer shift values reported are relative to α-

Fe at room temperature. The thermal evolution of the line
shape and the corresponding fit show a central doublet
consisting of two Fe3+ sites: the former is characterized by IS =
0.50(1) mm/s and QS = 0.64(2) mm/s at 3 K and the latter by
IS = 0.44(3) mm/s and QS = 1.54 (7) mm/s at 3 K, which are
respectively comparable to the D4 site and the D5 site for
Fe2+/3+-substituted hydroxyapatite, as reported by Jiang et al.,29

Figure 3. FeHA and FeHA2 dc magnetization measurements and
Monte Carlo simulations of the FeHA system: (a, b) Magnetization
versus magnetic field isotherms of (a) FeHA and (b) FeHA2 collected
in the 5−250 K temperature range; (c, d) enlarged view of (c)
experimental FeHA hysteresis loop and (d) that obtained by Monte
Carlo simulation.

Inorganic Chemistry Article
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Superparamagnetic iron-doped nanocrystalline
apatite as a delivery system for doxorubicin†

Michele Iafisco,*a Christophe Drouet,*b Alessio Adamiano,a Patricia Pascaud,‡b

Monica Montesi,a Silvia Panseri,a Stephanie Sardab and Anna Tampieria

The development of non-toxic and biodegradable magnetic nanoparticles (NPs) that can be easily

functionalized with drugs or biomolecules and employed, under magnetic fields, as targeted nano-

carriers or components of scaffolds with on-demand functionalities, is a big challenge in the biomaterials

research. In the present work, the feasibility of previously synthesized iron-doped superparamagnetic

apatite (FeHA) NPs to bind and then release the anticancer drug doxorubicin (DOX) under an applied low-

frequency pulsed electromagnetic field (PEMF) was investigated. The behavior of FeHA towards DOX has

been compared to that of synthetic biomimetic apatite (HA) NPs prepared ad hoc with characteristics

close to those of bone mineral. The DOX adsorption kinetics and isotherms on FeHA and HA were

explored and fitted according to different mathematical models (Elovich, Sips and Freundlich) revealing

enhanced uptake of DOX on FeHA than HA, due to the better interaction of the drug with the surface iron

cations and formation of multi-molecular DOX assemblies. In the absence of the PEMF, the quantity of

DOX released from HA was higher than that released from FeHA, in agreement with the lower affinity

of DOX for HA than FeHA. Interestingly, in the presence of the PEMF, the extent of DOX released from

FeHA after 3 and 6 days increased significantly. The higher DOX release from FeHA under PEMF can be

explained by the mechanical shacking of superparamagnetic FeHA NPs breaking the bonding with the

drug and allowing detachment of DOX assemblies from the NP surface. In vitro assays demonstrated that

DOX loaded on HA and FeHA displayed cytotoxicity against the human osteosarcoma cell line (SAOS-2) at

the same level as free DOX, for all the concentrations and time points tested. Confocal microscopy

analyses showed that drug-loaded NPs were rapidly internalized within cells and released DOX, which

accumulated in the nuclei where it exerted the desired cytotoxic activity.

1. Introduction
The use of nanosystems/nanoparticles (that will be described
here by the generic abbreviation NPs) as drug carriers has been
widely explored during the last 20 years mainly to precisely
administer therapeutic molecules in specific parts of the body
with the final aim of improving their efficacy (enhancing their
concentration at the site of interest and preventing early degra-
dation and clearance) and reducing side effects.1,2 Different
types of NPs (metallic, inorganic, polymeric, micelles, liposomes,

carbon nanotubes, etc.) have been evaluated as drug delivery
systems particularly in cancer therapy, where serious drug side
effects compromise the health of patients.3,4

More recently, the use of magnetic NPs as drug carriers has
strongly emerged since they could be manipulated upon appli-
cation of magnetic fields.5,6 In particular, the drug attached to
magnetic NPs could be efficiently remotely controlled and targeted
in desired areas of the body using external magnetic fields.7

Moreover, magnetic NPs can also be employed for several other
biomedical applications, such as cell labelling and separation,8

immunoassay,9 MRI contrast agents,10 and hyperthermia.11

Recently, they were also used to prepare scaffolds for bone
tissue engineering.12,13 In fact, under magnetic fields, these scaf-
folds can provide on-demand release of drugs or biomolecules
inducing osteogenesis and angiogenesis and at the same time
magneto-mechanical stimulation on bone cells favoring prolifera-
tion, differentiation and bone healing.14,15

For biomedical applications, a required property of magnetic
NPs is the superparamagnetism, which is the ability to be strongly
magnetized (i.e., the alignment of all magnetic moments of atoms
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Magnetic calcium phosphates
nanocomposites for the intracellular
hyperthermia of cancers of bone and brain
Alessio Adamiano‡ ,1, Victoria M Wu‡ ,2, Francesca Carella1, Gianrico Lamura3, Fabio
Canepa3,4, Anna Tampieri1, Michele Ia!sco**,1 & Vuk Uskoković*,2,5

1Institute of Science & Technology for Ceramics (ISTEC), National Research Council (CNR), Via Granarolo 64, 48018 Faenza, Italy
2Department of Biomedical & Pharmaceutical Sciences, Center for Targeted Drug Delivery, Chapman University, Irvine, CA
92618-1908, USA
3Institute of Superconductors, Oxides & Other Innovative Materials & Devices (SPIN), National Research Council (CNR), Corso
Perrone 24, 16152 Genova, Italy
4Department of Chemistry & Industrial Chemistry, University of Genova, Via Dodecaneso 31, 16146 Genova, Italy
5Department of Bioengineering, University of Illinois, Chicago, IL 60607-7052, USA
*Author for correspondence: uskok@uic.edu
**Author for correspondence: michele.ia!sco@istec.cnr.it
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Aim: Magnetic hyperthermia is limited by the low selective susceptibility of neoplastic cells interspersed
within healthy tissues, which we aim to improve on. Materials & methods: Two superparamagnetic cal-
cium phosphates nanocomposites, that is, iron-doped hydroxyapatite and iron oxide (Mag) nanoparticles
coated with amorphous calcium phosphate (Mag@CaP), were synthesized and tested for selective activity
against brain and bone cancers. Results: Nanoparticle uptake and intracellular localization were prerequi-
sites for reduction of cancer viability in alternate magnetic !elds of extremely low power. Sheer adsorption
onto the outer membrane was not suf!cient to produce this effect, which was extremely signi!cant for
Mag@CaP and iron-doped hydroxyapatite, but negligible for Mag, demonstrating bene!ts of combining
magnetic iron with calcium phosphates. Conclusion: Such selective effects are important in the global
effort to rejuvenate clinical prospects of magnetic hyperthermia.
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Magnetic Labelling of Mesenchymal Stem Cells with
Iron-Doped Hydroxyapatite Nanoparticles as
Tool for Cell Therapy
Silvia Panseri1!∗, Monica Montesi1, Monica Sandri1, Michele Iafisco1, Alessio Adamiano1,
Martina Ghetti2, Giovanna Cenacchi2, and Anna Tampieri1
1Institute of Science and Technology for Ceramics, National Research Council, via Granarolo 64, 48018, Faenza (RA), Italy
2Biomedical and Neuromotor Sciences Department, University of Bologna, via Irnerio 48, 40126, Bologna, Italy

Superparamagnetic nanoparticles offer several opportunities in nanomedicine and magnetic cell targeting. They are con-
sidered to be an extremely promising approach for the translation of cell-based therapies from the laboratory to clinical
studies. In fact, after injection, the magnetic labeled cells could be driven by a static magnetic field and localized to the
target site where they can perform their specific role. In this study, innovative iron-doped hydroxyapatite nanoparticles
(FeHA NPs) were tested with mesenchymal stem cells (MSCs) as tools for cell therapy. Results showed that FeHA NPs
could represent higher cell viability in respect to commercial superparamagnetic iron oxide nanoparticles (SPION) at four
different concentrations ranging from 10 !g/ml up to 200 !g/ml and would also upregulate an early marker involved in
commitment and differentiation of MSCs. Moreover, FeHA NPs were uptaken without negatively affecting the cell behavior
and their ultrastructure. Thus obtained magnetic cells were easily guided by application of a static magnetic field. This
work demonstrates the promising opportunities of FeHA NPs in MSCs labeling due to the unique features of fast degra-
dation and very low iron content of FeHA NPs compared to SPIONs. Likewise, due to the intrinsic properties of FeHA
NPs, this approach could be simply transferred to different cell types as an effective magnetic carrier of drugs, growth
factors, miRNA, etc., offering favorable prospects in nanomedicine.

KEYWORDS: Superparamagnetic Nanoparticles, Stem Cells, Magnetic Targeting, Cell Therapy, Iron-Doped Hydroxyapatite.

INTRODUCTION
Stem cell therapy is one of the most promising areas for
disease treatment and regenerative medicine.1!2 Currently
most preclinical and clinical cell therapies include the sys-
temic or local injection of stem cells, but they still display
several limitations relying on the migration and retention
of the cells to the injured organs.3–5 Thus, it is clear that
accurate cell guiding and cell retention in the target site
are still major challenges for cell therapy success.

Magnetic cell targeting represents a promising approach
to overcome the above-mentioned pitfalls and eventually
can limit the risk of unwanted side effects of the cell
therapy. It has been demonstrated that superparamagnetic
iron oxide nanoparticles (SPIONs) could label the cells,

∗Author to whom correspondence should be addressed.
Email: silvia.panseri@istec.cnr.it
Received: 23 February 2015
Revised/Accepted: 26 October 2015

obtaining magnetic cells that could be guided through an
external static magnetic field (SMF).6–10 However, SPIONs
need to be coated with an amphiphilic layer in order to
be used effectively to improve their biocompatibility and
biodistribution.11

Although SPIONs are the only clinically approved metal
oxide nanoparticles (NPs), they are used for a wide
range of medical applications (e.g., magnetic resonance
imaging, targeted drug or gene delivery, tumor treatment
by hyperthermia, chelation therapy) due to their unique
physico-chemical and superparamagnetic properties. How-
ever the exposure to SPIONs has always been associated
with significant toxic effects such as inflammation, cell
apoptosis, impaired mitochondrial functionality, generation
of reactive oxygen species (ROS), increase in micronu-
clei and chromosome condensation.12–14 In fact, although
the dosage of SPIONs administered intravenously repre-
sents only the 1.25–5% of the total body iron content

J. Biomed. Nanotechnol. 2016, Vol. 12, No. 5 1550-7033/2016/12/909/013 doi:10.1166/jbn.2016.2248 909
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MRI Contrast agents 
Superparamagnetic Iron Oxide Nanoparticles (SPIONs)

SPION (Superparamagnetic à T2 enhancement)

Poor performances and uneasiness of 
radiologist,

and more importantly…  

…bioaccumulation of high quantity of Fe in soft tissues proved in cyrrotic liver
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FeHA NPs as contrast agent for the liver
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The 6th International Symposium on 
Radiation Education, 19-20 June 2021, 
Taiwan

Rouchota et al. Molecular Imaging, 2021

FeHA NPs as multi-modal MRI-PET/SPECT imaging agent 

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
99mTcO4

!. 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 informa-
tion) is in good agreement with that determined by ex vivo analy-
sis. 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 neg-
ligible. 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
Endorem! radiolabeled with 99mTc-Bisphosphonate in which the
authors found accumulation in liver and spleen [62]. However,
comparing the feature of Endorem! and FeHA as nuclear imaging
agents, the main difference is that Endorem! 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 conse-
quence, 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 kg!1) and was found (i) to apply a higher
contrast enhancement, and (ii) to have a longer endurance in the
liver with respect to Endorem! 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 Endorem! to reach the same iron dose, as the two mate-
rials 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 Endorem!

was detected in significant concentration only in the liver. More-
over, their higher contrast ability with respect to Endorem! in
the frequency range between 0.2 and 1.5 Tesla, enables the reduc-
tion 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

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 kg!1of 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.

A. Adamiano et al. / Acta Biomaterialia 73 (2018) 458–469 467

99MTc-MDP

negative contrast agent for MRI and as imaging probe for
SPECT have been already reported, demonstrating the
potential of FeHA for the development of multimodal
SPECT/PET-MRI imaging probes. To that respect, addi-
tional in vivo studies have been performed and presented in

this work, to further establish the MRI contrast induction
on in vivo models and the ability for the exact same dosages
and injections to also efficiently work on SPECT imaging.
The MRI results showed a contrast induction of 55%, much
higher compared to standard MRI contrast agents [24], on

(a) (b)

Figure 4: FLASH-kidney prescan (a); FLASH-kidney 60min p.i. (b). Annotation shows the liver (yellow arrows) and the spleen (green
arrows).

(a) (b)

Figure 5: RARE-liver prescan (a); RARE-liver 60min p.i. (b).

(a) (b)

Figure 6: SPECT/CT imaging (NanoSPECT/CT, Mediso) of a mouse at 10min p.i. (a) and a mouse at 60min p.i. (b), showing accumulation
in the liver (yellow arrows) and in the spleen (green arrows). Both mice were injected iv (tail vein), euthanized at the specific time points, and
imaged firstly on SPECT/CT and directly after on MRI (Figures 2–5).

8 Molecular Imaging

takes advantage of these results to exploit real-time, dynamic
scanning for the best choice on multiple parameters (as
administration routes, preparation conditions (fasting and
heating, etc.), administered dose and activity, and of time
points with optimal uptake) before proceeding to ex vivo bio-
distributions and tomographic imaging (i.e., studies for more
detailed results), only for the best conditions and selected
time points and animals.

The increased interest in the effect of administration
routes, specifically for calcium phosphate NPs, is reinforced
by relevant recent publications on PET/CT imaging, moni-
toring NPs for up to 4 hrs postadministration [38]. Due to
their superparamagnetic features and its favorable biocom-
patibility, FeHA has been recently proposed as an alternative
to SPIONs for both imaging [24] and hyperthermia applica-
tions [39]. In this respect, its diagnostic abilities as T2

(a) (b)

Figure 2: FLASH-kidney-spleen prescan (a); FLASH-kidney-spleen 10min p.i. (b). Annotation shows the liver (yellow arrows) and the
spleen (green arrows).

(a)

(b)

Figure 3: RARE-liver prescan (a); RARE-liver 10min p.i. (b).

7Molecular Imaging
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