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a b s t r a c t

Gadolinium-doped hydroxyapatite (HA-Gd) nanorods have become promisor theranostic nanoparticles
for early stage cancers as radioisotope carriers able to act in the treatment and multi-imaging diagnosis
by single photon emission computed tomography and magnetic resonance imaging systems. In this
work, gadolinium-doped HA nanorods were synthesized aiming the use as theranostic system for os-
teosarcomas. The as-prepared HA-Gd nanorods were characterized by XRD with Rietveld refinement
method, FTIR, XPS, ICP-AES, TEM, SEM, BET and VSM in order to investigate the physical-chemical,
morphology, pore size distribution and magnetic properties. Moreover, phosphorous and gadolinium
in the HA-Gd sample were activated by neutron capture, in a nuclear reactor, producing 32P and 159Gd
radioisotopes, and the surfaces of these nanorods were functionalized with folic acid. The results indicate
that Gd3þ are trapped in the HA nanorods crystal net showing great stability of the HA-Gd interaction.
Gadolinium provide paramagnetic properties on HA nanorods and structural phosphorous and gado-
linium can be activated to induced gamma and beta activity. The well succeeded production of 159Gd-32P-
HA makes this material a promisor agent to act as a theranostic system.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Theranostic nanoparticles have received much attention of the
world scientific community because these materials can sponta-
neously and selectively accumulate in specific tumor sites to pro-
mote the diagnose and treatment of cancer simultaneously [1,2].
Nanoscale theranostics usually refers to nano-agents with inte-
grated imaging and therapy functions within a single nanoparticle
systems [3]. Theranostic nanosystems are also multifunctional
agents capable to combine passive and active targeting,
environmentally-responsive drug release, molecular imaging and
).
other therapeutic functions into a single platform [2]. These fea-
tures are very interesting for cancer treatment due to the non-
invasive and selective approach.

Bionanomaterials such as hydroxyapatite (HA) nanorods have
become promisors theranostic agents for cancers in the early stage
as magnetic-radioisotope carries due to their important charac-
teristics such as nonimmunogenicity, biocompatibility, bioactivity
and high osteoinductivity [4,5]. It is well demonstrated in the
literature that HA nanorods can be synthesized through different
methods [6e12] and these nanorods can easily adhere on osteo-
sarcoma and osteoblast cells, promoting osteoblast growth and
osteosarcoma cells uptake [13], making possible to use these
nanorods as magnetic-radioisotope carriers targeting osteosar-
comas in order to act in early imaging diagnosis systems and
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simultaneous radiotherapy treatment, in addition to the promotion
of bone regeneration after tumor death. Moreover, apatite struc-
tures present high stability and flexibility, allowing some transition
metal or lanthanide cation to be added as dopants in the apatite
crystal lattice [14e18]. Jie Pan and colleagues [19] described a
fabrication of a magnetic nanocomposite of fluoridate Ln3þ-doped
HA and iron oxides with further biocompatible polymeric encap-
sulation showing excellent photoluminescence, magnetic proper-
ties and stability in aqueous solutions. Want et al. [20] described
the development of Eu3þ-doped HA nanorods loaded with TPGS-
FOL micelles presenting improved dispersion, high stability and
excellent fluorescent property in aqueous solution. Both of these
works demonstrate that the doping process of hydroxyapatite
nanorods can improve their properties for biological applications.

Gadolinium is a paramagnetic lanthanide element already used
in chelates working as a contrast medium agent for magnetic
resonance imaging (MRI) systems [21e23]. This element enhances
MRI images primarily by decreasing T1 relaxation constant of the
tissues in which it localizes [21,24]. An important feature of gado-
linium is that it can be activated in a nuclear reactor to produce the
radioisotope 159Gd, a beta and gamma radiations emitter [25]. This
radionuclide can be able to act in multi-imaging diagnosis on single
photon emission computed tomography (SPECT) and MRI systems.
However, there is a recent concern that gadolinium, as a free ion, is
extremely toxic when dissociated from its chelate and deposited in
tissues. Such limitations may affect the applicability of these ma-
terials as magnetic-radioisotope carriers [21].

In the other hand, the presence of folic acid in the nanoparticles
surface promotes their delivery into specific cancer cells since its
receptor is overexpressed in several human tumors [26,27]. In this
direction gadolinium doped HA nanorods functionalized with folic
acid could provide an efficient active targeting to osteosarcomas
and promote the internalization of these nanorods in osteosarcoma
cells. Thereby, HA can help to overcome problems encountered in
the current methods of treatment and diagnosis of this tumor type
[28,29].

In this study, gadolinium-doped HA nanorods (HA-Gd) were
synthesized by hydrothermal co-precipitation method and the ef-
fect of gadolinium concentration on the crystal structure and
physical-chemical properties of HA-Gd nanorods was investigated.
To provide active targeting, HA-Gd nanorods were functionalized
with folic acid. In next step, HA-Gd nanorods were evaluated for
neutron activation in a nuclear reactor. So, the aim of present work
was to produce gadolinium-doped hydroxyapatite nanorods func-
tionalized with folic acid to act as a theranostic system with active
targeting to osteosarcomas. The results indicates that this material
can be used as contrast agents for MRI diagnosis and the well
successfully production of HA-159Gd-32P by neutron activation
makes this material even more promising to act as a theranostic
system.
2. Materials and methods

2.1. Materials

The reagents calcium nitrate tetrahydrate (Ca(NO3)2$4H2O),
potassium phosphate dibasic trihydrate (K2HPO4$3H2O), hex-
adecyltrimethylammonium bromide (CTAB), sodium hydroxide
(NaOH), gadolinium chloride (GdCl3), folic acid, dimethylsulfoxide
(DMS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC), N-hydroxysuccinimide (NHS), ethylenediamine and
acetone, from Sigma-Aldrich, were used as received without
further purification.
2.2. Synthesis of Gd-doped hydroxyapatite nanorods

Hydroxyapatite nanorods were prepared by surfactant-assisted
hydrothermal method with some modifications of the methodol-
ogy found in the literature [30,31]. The present method consisted in
the preparation of two precursor solutions: (I) calcium and gado-
linium and (II) phosphate. The preparation of solution (I) started
with the complete dissolution of CTAB (2 g) in 150 mL Milli-Q®

water to promote micelles formation, followed by dissolution of
calcium nitrate tetrahydrate (0.167 M). This solution was kept un-
der stirring for 5 h to promote self-assembly of calcium ions on the
CTAB micelles; then gadolinium chloride was added in three con-
centrations of Gd (0, 1.3 and 2.8%, named as HA, HA-Gd1.3 and HA-
Gd2.8 respectively) with respect to the atomic percentage of Ca2þ.
Solution (II) was prepared by the complete dissolution of potassium
phosphate dibasic trihydrate (0.1 M) in 150 mL Milli-Q® water. The
pH of both solutions was adjusted to 12 with NaOH. Then, solution
(II) was slowly added in the solution (I) using a motor-driven
burette under vigorous stirring. The resultant suspension was
kept under stirring overnight in a hydrothermal reactor during 10 h
at 100 �C. The filtrated powder was dried during 24 h and calcined
in tubular furnace at 600 �C during 6 h to promote CTAB removal,
resulting in a fine white powder.

2.3. HA-Gd functionalization with folate

The functionalizationmethod followed the amination process of
folate described by Pan et al. [32] and Lee et al. [33]. Briefly, folic
acid (FA) was dissolved in dimethylsulfoxide; 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride and N-
hydroxysuccinimide were added in the solution and stirring during
6 h at 50 �C. Ethylenediamine was added in this solution and
allowed to react stirring overnight. This material was dried at room
temperature during 24 h. The functionalization process of HA-Gd
with aminated FA was carried out by mixing a 1:2 M proportion
of HA-Gd2.8 and aminated folate in Milli-Q® water and keeping
under vigorous stirring during 24 h at 50 �C. The resulting yellow
powder (FA/HA-Gd2.8) was washed with acetone and Milli-Q®

water under vacuum filtration system and then was dried at room
temperature during 24 h.

2.4. Characterization

The crystalline phases of the sample were evaluated by X-ray
diffraction (XRD - Rigaku Inc., Japan) with Cu Ka radiation
(l ¼ 0.154 nm) in which data were collected from 10� to 80� (2q)
with a step size of 1�/min in order to perform the Rietveld refine-
ment. Fourier transform infrared spectra (FTIR - Nicolet 6700,
Thermo Scientific, USA) were recorded in the range of
4000e400 cm�1 and 64 scans to evaluate the chemical composi-
tion of the samples prepared in KBr (Sigma-Aldrich) powder. Par-
ticle size and morphology analyses were evaluated by transmission
electron microscopy (TEM - Tecnai G2-12 SpiritBiotwin, FEI Com-
pany, USA) and scanning electron microscopy (SEM e Sigma VD
series, ZEISS, Germany). The porosity parameters and nitrogen
adsorption isotherms of samples were obtained at 77 K using a
Quantachrome Autosorb iQ adsorption analyzer (Quantachrome,
EUA); the samples were outgassed during 2 h at 300 �C. All data
analyses were performed using the Quantachrome Instruments
software (Boynton Beach, FL, USA). Magnetic characteristics of the
samples were performed by vibrational sample magnetometry
(VSM e 7400 series, LakeShore Cryotronics, USA). X-ray photo-
electron spectroscopy analysis (XPS e Specs, Phoibos-150 electron
analyzer) was carried out to investigate the surface interactions
between HA, Gd and FA, using monochromatized Al Ka radiation



M.F. Cipreste et al. / Materials Chemistry and Physics 181 (2016) 301e311 303
(1486.6 eV) at a power of 350W. An electron flood gun, operated at
0.1 mA, was used to compensate the charge effects in the samples.
The C 1s signal (284.6 eV) was used as reference for the calibration
of the binding energies (BE) of different elements.

2.5. HA-Gd interaction stability assay

The stability of the chemical interactions between hydroxyap-
atite constituents and gadolinium was investigated in aqueous
suspensions at different time intervals. This assay consisted in the
preparation of 1 mg/mL of HA-Gd2.8 (pH 7) suspensions that were
incubated and kept stirred at 37 �C during variable time intervals (2,
6, 8, 24 and 56 h). After each incubation time, the suspensions were
filtrated and the passing liquid was analyzed by inductively couple
plasma e atomic emission spectrometry (ICP-AES e Spectroflame,
Spectro Analytical Instruments, Germany) to evaluate the Gd con-
tent that could be released from HA matrix.

2.6. Neutron activation of structural phosphorous and gadolinium

The production of 32P and 159Gd radioisotopes occurred by the
irradiation of HA and HA-Gd2.8 samples in TRIGA Mark-1 100 kW
nuclear research reactor sited on CDTN (Belo Horizonte, Brazil).
62 mg of HA and HA-Gd2.8 samples were irradiated during 4 h
under a thermal neutron flux of 6.4 � 1011 cm�2 s�1. In order to
investigate the phosphorous activation, 31P(n,g)32P, beta spectros-
copy measurements in HA sample were performed in a beta
counter (Thermo Eberline HandECount, Thermo Electron Corpora-
tion, USA). To analyze the gadolinium activation, 158Gd(n,g)159Gd,
the gamma spectrum of the irradiated HA-Gd2.8 was obtained
using a HP-Ge detector with nominal efficiency of 50% and the
Canberra Genie 2000 software [34].

2.7. Colloidal stability assay

The colloidal stability of the nanorods was evaluated through
the monitoring zeta potential values of the samples during 7 days.
The analytical procedure was carried out in a Zetasizer Nano Zs
(Malvern, USA). The samples were prepared at concentration of
10 mg/mL dispersed in 0.5 M NaCl with a conductivity of approxi-
mately 120 ± 20 mS/cm2.

3. Results and discussions

3.1. X-ray diffraction

X-ray diffraction patterns of HA, HA-Gd1.3 and HA-Gd2.8
nanorods were obtained at room temperature and the results are
presented in Fig. 1(a), (b) and (c). For all these samples, the
diffraction peaks can be indexed to the hexagonal phase with space
group P63/m (JCPDS card 9-432). Additional crystalline or amor-
phous phases were not observedwithin the limit of detection of our
measurements. The Rietveld refinements of XRD patterns were
carried out and the results for the lattice parameters (a, c), unit cell
volume (V) and mean grain size (<D>) are summarized in Table 1,
respectively. Fig 1(d) shows the dependence of the volume in
function of the Gd-content. The peak shapes were modeled by
using a Lorentzian-type function within the General Structure
Analyses System (GSAS) software program [35] and the calculated
atomic positions were used to mount the undoped HA unit cell
(Fig. 2) where it is possible to localize the Ca2þ and PO4

3� ions po-
sitions on the lattice. The calcium ions occupy two typical positions,
Ca(1) and Ca(2), as expected. The calculated unit cell volume for the
undoped HA sample (526.44 Å3, Table 1) is slightly smaller when
compared with the literature (529.84 Å3) [36], possibly due to the
small mean grain size. On the other hand, when the doping is
carried out, the unit cell volume of HA-Gd1.3 and HA-Gd2.8 sam-
ples show progressive increases (Fig. 1(d)) that could be attributed
to the entry of the Gd3þ ions on the lattice because the hydroxy-
apatite structure is open and can host cations in the Ca2þ sites or in
the interstice positions [37]. Likewise, the Fourier maps (Fig. 3) of
the undoped HA and HA-Gd2.8 samples exhibit differences on the
electronic density surrounding the Ca2þ ions on Ca(2) sites; this
may be an evidence of the substitution of gadolinium ions in these
positions.

The mean grain sizes were estimated using the Scherrer’s rela-
tion: <D> ¼ Kl=bSizecosq, where K ¼ 0:9 for spherical shape, l is
the radiation wavelength (1.5418 Å for Cu Ka), bSize is the size
contribution to full width at half-maximum (FWHM) of the reflec-
tion peaks, and q is the diffraction angle. The mean size values
decrease as the nominal Gd-content increases, and this is an
important effect of the doping process, already observed in others
doped HA nanoparticulated systems [38].

3.2. Fourier transform infrared spectroscopy

The FTIR spectra were obtained to investigate the chemical
composition of the hydroxyapatite samples doped with gadolinium
(Fig. 4). All the samples exhibit transmittance bands related to the
characteristic vibrational modes of HA [39e42]. The weak shoulder
at 961 cm�1 and strong broad band at 1036 cm�1 correspond to n1
and n3 stretch vibrational modes of phosphate group while the
shoulder at 473 cm�1 and the strong bands at 565 and 604 cm�1

indicate the presence of the n2 and n4 bending vibrational modes of
the same group. The bands relating to the stretch of the OH group
can be observed at 3569 and 631 cm�1. The broad band observed
from 3237 to 3663 cm�1 could be attributed to vibrational modes of
water, likewise the weak band around 1649 cm�1 [43].

The double bands at 1418 and 1479 cm�1, observed only in the
undoped sample, may be attributed to the presence of CO3

2�, sug-
gesting the formation of carbonated hydroxyapatite [41,42]. Car-
bonate ions can substitute either the phosphate group (type B) or
the hydroxyl group (type A) in HA lattice [44]. The B-type
carbonated HA can be precipitated from solutions in temperature
range of 50e100 �C [45]. As the synthesis was carried out at room
temperature and the hydrothermal treatment at 100 �C, it is
reasonable to assume that B-type carbonated HA was formed and
the CO3

2� ions substitution could be occur due to the samples
exposure to atmospheric CO2 before the hydrothermal treatment. A
second possibility suggests CTAB decomposition during hydro-
thermal treatment.

The reactant used as gadolinium source, GdCl3, exhibits an
intense transmittance band at 1402 cm�1 attributed to the GdeCl
interactions. This band can shifted to 1382 cm�1 for doped samples
resulting in a chemical interaction between Gd3þ and PO3�

4 [46].
Our proposal is that gadolinium ions substitute calcium in the
lattice, as indicated by XRD analyses, resulting in strong in-
teractions with phosphate and inhibiting the carbonate formation.
In the case of this sample it can be observed an inhibition of the
carbonate formation in the Gd-doped HA nanorods. This behavior
could be explained through an interaction between Gd3þ� PO3�

4
within the HA-Gd crystal that possibly will have created a stronger
linkage between these two ions, making difficult the carbonate ions
diffuse inside the nanorods.

3.3. Scanning and transmission electron microscopy

SEM images were taken in order to investigate the influence of
gadolinium on the shape and particle size distribution of HA-Gd
samples. As it could be seen at the rod shape was not altered by



Fig. 1. Diffraction patterns with Rietveld refinement of the (a) HA, (b) FA-Gd1.3 and (c) HA-Gd2.8 samples. The observed and calculated data are represented by the stars and solid
lines, respectively. Differences between observed and calculated data are also shown. The quality of the refinements is represented by the S values. (d) Dependence of the volume as
a function of the Gd content.

Table 1
Parameters obtained from the Rietveld refinement of XRD: The mean grain size
(<D>), lattice parameters (a, c and V) and S¼ R-exp/R-wp, parameter that quantifies
the quality of the refinement.

Sample a (Å) c (Å) V (Å3) <D> (nm) S (�)

Bulk [36] 9.4300 6.8800 529.84 e e

HA 9.3971 6.8838 526.44 26 (2) 1.28
HA-Gd1.3 9.4005 6.8859 526.98 24 (2) 1.23
HA-Gd2.8 9.4038 6.8824 527.09 18 (2) 1.30
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the presence of Gd in the synthesis although the particle size dis-
tribution is slightly modified (Fig. 5(d)), in agreement with the XRD
results. TEM images of the HA sample confirm a rod morphology of
nanoparticles [Fig. 6(a) and (b)]. Through high resolution TEM
images [Fig. 6(c) and (d)] it is possible to observe that nanorods are
constituted of smaller crystallites, and the 002 interplanar distance
Fig. 2. Unit cell of the hydroxyapatite structure, where are observed the Ca, P, O and H sites
in this figure legend, the reader is referred to the web version of this article.)
of about 0.34 nm was measured in agreement with the literature
[14]. All the measurements realized in TEM and SEM images were
performed through the Quantikov Image Analyzer software [47].
3.4. Nitrogen adsorption analysis

N2 adsorption analyzes allowed to investigate the influence of
gadolinium on the surface area and porosity of the hydroxyapatite
nanorods. HA sample shows type IV isotherm with H3 hysteresis
loop [48], as it can be seen on Fig. 7. The addition of gadolinium to
the synthesis process does not change the isotherm form neither
the hysteresis loop, but the adsorbed N2 volume is higher for all the
relative pressures in the Gd-doped samples. The inserted table on
Fig. 7 presents the textural characteristics of the samples, showing
that the surface area, pore volume and pore diameter became
higher for doped samples (49 m2/g to 66 m2/g and 81 m2/g;
(silver, pink, red and white respectively). (For interpretation of the references to colour



Fig. 3. Fourier difference map to the undoped HA and HA-Gd2.8% samples.

Fig. 4. FTIR spectra of the samples with an inset where it is possible to observe the shift attributed to Gd interactions.
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0.09 cm3/g to 0.51 cm3/g and 0.34 cm3/g; 18 nme31 nm and 32 nm,
respectively), suggesting that gadoliniummodifies the formation of
CTAB micelles before the nucleation of HA crystals starts. Similar
features are also found for other ceramics doped with metals
[49,50]. The increased pore volume and diameter are important
features that make the HA-Gd nanorods promisor candidates to act
as drug delivery systems, allowing the simultaneous employment
of some chemical radiosensitizers as a multimodal therapy strategy
in the theranostic system proposed in the present work [51e55].
The increased surface area favors the functionalization process of
the nanorods with different organic molecules that make the
nanostructures stealth in the bloodstream, avoiding the phagocyte
system and providing active targeting to cancer cells [56].
3.5. X-ray photoelectron spectroscopy analysis

XPS analysis was carried out to evaluate the doping and func-
tionalization processes. Three samples HA, HA-Gd2.8 and FA/HA-
Gd2.8 were analyzed in order to perform a comparative study.
The survey spectra of the samples are shown in Fig. 8(a). The hy-
droxyapatite nanorods surfaces are constituted only by Ca, P, O and
C. In the spectra of the samples containing Gd, due to the use of Al
Ka radiation and the low concentration of Gd, it is not possible to
distinguish clearly the Gd 3d peaks from Ca LMMAuger transitions.
For the FA/HA-Gd2.8 sample, the presence of folic acid at the sur-
face is confirmed by the nitrogen peaks in the survey spectrum.

High resolution spectra of P 2p, O 1s and Ca 2p peaks of HA and
HA-Gd2.8 are shown in Fig. 8(b), (c) and (d), respectively, and the
binding energies are indicated in Table 2. In HA sample, phosphorus
2p 3/2 and 2p 1/2 peaks have binding energy of 133.8 eV and
134.6 eV, respectively, and they are assigned to P tetrahedrally
coordinated to O [57,58]. The Ca 2p spectra have been deconvoluted
into two doublets due to the spin-orbit splitting, corresponding to
the two Ca sites, one in a columnar structure parallel to the c axis,
named Ca(1), and another one in a triangular net around the OH
group, named Ca(2). It should be pointed out that XPS measure-
ments from the HA sample indicate also the presence of carbonate
ions CO2�

3 (article under review), as mentioned in the FTIR results.
The Ca 2p doublet peak with 346.6 eV and 350.2 eV have been
attributed to Ca 2p 3/2 and 2p 1/2 at CaCO3 [59] and Ca(2). Finally,
in the O 1s spectrum from pure HA, three O specimens could be
observed, with the peaks at 532.1 eV, 530.8 eV and 528.5 eV cor-
responding to O]P, OeP/OeCa and hydroxyl OH surrounded by Ca,
respectively [57].

The incorporation of gadolinium into hydroxyapatite can take
place through the substitution of Ca(1) and Ca(2) by Gd atoms, or by



Fig. 5. SEM images of (a) HA, (b) HA-Gd1.3 and (c) HA-Gd2.8 and (d) particle size distribution chart.
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Gd occupying interstitial sites. From the XPS measurements after
the Gd3þ incorporation in HA, the intensity of the Ca 2p doublet
originally attributed to CaCO3 and Ca(2) with 346.6 eV and
350.2 eV at Ca 2p spectrum decrease significantly, as expected,
since CO3 depletion has been observed in the FTIR results.
Furthermore, high resolution spectrum at O 1s region does not
show the hydroxyl group too, as before. Since Gd3þ substitution at
Ca(2)2þ site should be followed by the replacement of OH� by O2�

or by a cation vacancy for charge balance [60,61], the XPS results
suggest the first mechanism for the Gd incorporation. A new peak
at 536.9 eV is also observed in the O 1s spectrum and it is attributed
to the presence of H2O. Such behavior can be explained by the
presence of Gd in the HA, once it has a strong hygroscopic character
as it could also be seen in FTIR spectra. All other peaks at Ca 2p and
of P 2p region appear shifted by around �1.0 eV when compared
with pure HA, suggesting a chemical interaction between P and Gd,
supporting the analysis of FTIR results.

After functionalization process, P 2p and Ca 2p peaks decrease
their intensities, due to the presence of aminated folic acid at the
surface, as shown at Fig. 9(a) and (b) respectively. Moreover, all
these peaks are shifted again by around�1.0 eV, as also indicated in
Table 2, possibly due to a new interaction between folic acid and
HA-Gd surface, similar to the one observed in a previous work
(article under review).

Thus, the XPS results, indicating the incorporation of Gd into HA
by replacing Ca(2) sites, and the chemical shifts allow us to propose
that the doping and functionalization processes were succeeded
and Gd can be strongly bonded in HA matrix, in agreement with
HA-Gd interaction stability assay showed next.
3.6. HA-Gd interaction stability assay

The ICP-AES results for the filtrated liquid of incubated HA-
Gd2.8 suspensions revel that Gd is not released from HA matrix
because no traces of Gd were found in the liquid phase, so the
concentration of Gd is very small([Gd] > 0.01mg/L), suggesting that
this material retain gadolinium and reduce or eliminate the toxicity
observed for the gadolinium-based contrast media currently
available [21,62].
3.7. Vibrational sample magnetometry

VSM analyzes were performed to investigate the magnetic
susceptibility of the Gd-doped hydroxyapatite. The hysteresis loops
of the samples are shown on Fig. 10, revealing that the presence of
gadolinium alters the magnetic behavior of hydroxyapatite nano-
rods from diamagnetic (undoped HA) to paramagnetic (Gd doped
samples); these results were also found in similar works [63,64]. It
should be pointed out that it is possible to incorporate larger atomic
amount of Gd in such samples to provide higher magnetizations in
the HA nanorods [64]. Considering the results obtained from XPS
and HA-Gd interaction stability assay which indicate that Gd ions
are not released fromHAmatrix, it is reasonable to assume that HA-
Gd nanorods have potential applications as contrast agents for MRI,
besides being used simultaneously as therapy functions.
3.8. Neutron activation of structural phosphorous and gadolinium

Two samples were investigated by neutron activation analysis:
first, the undoped sample (HA) was irradiated in order to investi-
gate only the activation of structural phosphorous of the hy-
droxyapatite nanorods, since 159Gd is a beta emitter and the beta
counter does not discriminate beta radiation from distinct radio-
nuclides. Then, samples containing Gd ions (HA-Gd2.8) were irra-
diated to analyze 159Gd. The results indicate that a specific activity
of 7.8 kBq/mg due to phosphorous was induced in HA sample. The



Fig. 6. TEM images of HA nanorods.

Fig. 7. N2 adsorption isotherms and BET and BJH surface parameters of the samples.
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Fig. 8. (a) XPS survey spectra, (b) XPS high resolution spectra of P 2p, (c) XPS high resolution spectra of Ca 2p and (d) XPS high resolution spectra of O 1s for HA and HA-Gd2.8
samples. The background were subtracted in P 2p, Ca 2p and O 1s spectra.

Table 2
Surface elemental analysis of O, P and Ca species obtained by XPS.

HA HA-Gd2.8 FA/HA-Gd2.8

B.E. % B.E. % B.E. %

O type
OeP/OeCa 530.8 37.9 530.8 32.8 530.42 35.8
O]P 532.1 51.2 531.9 59.7 531.67 35.4
Hydroxyl 528.5 10.9 nd nd 529.4 28,8
H2O nd nd 536.9 7.52 nd nd
Ca type
Ca(1) 2p 3/2 348.3 42.9 347.3 62.2 346.7 52.0
Ca(1) 2p 1/2 351.9 21.5 350.9 31.1 350.2 26.0
Ca(2) 2p 3/2 346.6 23.8 346.6 4.4 345.4 14.6
Ca(2) 2p 1/2 350.2 11.9 350.2 2.2 349.0 7.3
P type
P 2p 3/2 133.8 66.7 133.0 66.7 131.8 66.7
P 2p 1/2 134.6 33.3 133.8 33.3 132.6 33.3
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gamma spectrum of HA-Gd2.8 is shown in Fig.11, inwhich themain
photopeaks of 159Gd can be found at 363.54 and 348.28 keV [65].
The induced gamma activity was 4.8 mCi in 62 mg of HA-Gd2.8.
These results prove that the structural phosphorous and gadolin-
ium can be activated in the gadolinium-doped hydroxyapatite
nanorods to produce HA-159Gd-32P, making possible to obtain a
stable theranostic system without a need of a posterior radioiso-
topic marking that leads toweak interaction between nanorods and
radioisotopes. Thus, avoiding radioisotopes escaping from the HA
structure, the tracking strategy of nanorods and the radiation
delivery could be more specific in osteosarcomas due to the tar-
geting provided by the functionalization with folic acid.
3.9. Colloidal stability assay

The physical stability was evaluated by Zeta potential parame-
ters, using the dynamic light scattering technique for 7 days
(pH ¼ 7.0). At the same time, the phenomenon of sedimentation/
creaming was evaluated in samples through visual control. The
changes in the Zeta potential for all samples within the same period
of time are illustrated in Fig. 12. No statistically significant variation
could be observed in the zeta potentials for all the samples within
the time period of 7 days. The Zeta potential can change the
behavior of nanoparticles within in vivo environments, given that
the presence of electrical charges can minimize agglomeration
phenomena or drive the in vivo destiny of nanosystems. This pre-
liminary study indicates that no physical degradation occurred on
the samples, suggesting that the colloidal dispersion of these
samples present stability and adequate features for biological
applications.
4. Conclusions

In this work, gadolinium-doped (1.3 and 2.8%) HA nanorods
were prepared and characterized in order to determine their po-
tential application as theranostic system for osteosarcomas. The
obtained results demonstrated that the formation and structural



Fig. 9. High resolution XPS spectra of (a) P 2p, (b) Ca 2p and (c) O 1s for HA (black), HA-Gd2.8 (red) and FA/HA-Gd2.8 (blue) samples. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Gamma spectra of the activated HA-Gd2.8 and the photopeak of 159Gd.
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features of HA-Gd were influenced by incorporation of different Gd
content. Based on the XRD results, the unit cell volume increases as
the nominal Gd-content increases, indicating that Gd ions can be
trapped on HA lattice in the interstice or by substitution on Ca sites,
showing great stability of the HA-Gd interaction with no release of
gadolinium to environment. SEM and TEM images showed that all
samples presented nanorod shape and the size distribution is
relatively narrow. It was also demonstrated by the present study
that the paramagnetic behavior of gadolinium-doped hydroxyap-
atite is really due to final product and not from released Gd ions,
indicating that these materials can be used as contrast agents for
MRI diagnosis. The successful production of HA-159Gd-32P by
neutron activation makes this material even more promising to act
as a theranostic system. Furthermore, the increased porosity of the
nanorods allows to conjugate radiotherapy and chemotherapy
throughout the incorporation of radiosensitizer drugs inside the
mesoporous structure, making possible to reduce the radio-
resistance of osteosarcoma. Likewise, the functionalization of the
HA-Gd nanorods with folic acid can provide active targeting to
osteosarcomas, crediting this nanorods for extensive biological
assays in order to study the efficiency of this system to accumulate
selectively into the osteosarcoma cells, to promote the treatment of
tumor and stimulate bone regeneration after the treatment.
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