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Osteosarcoma is a radioresistant cancer, and proton therapy is a promising radiation alternative for
treating cancer with the advantage of a high dose concentration in the tumor area. In this work, we
propose the use of iodine-substituted hydroxyapatite (IHAP) nanomaterials to use iodine (}?71) as a
proton radiation tracer, providing access to range verification studies in mineralized tissues. For this
purpose, the nanomaterials were synthesized at four iodine concentrations via hydrothermal synthesis.
The materials were characterized via different microstructural techniques to identify an optimal high
iodine concentration and pure apatite phase nanomaterial. Finally, such pure IHAP powders were shaped
and irradiated with proton beams of 6 and 10 MeV, and their activation was demonstrated through
subsequent decay analysis. The materials could be integrated into phantom structures for the
verification of doses and ranges of protons prior to animal testing and clinical proton therapy treatments

rsc.li/materials-b

1. Introduction

Osteosarcoma (OSA) is one of the most aggressive tumors and
has the highest incidence in children and adolescents under
20 years of age." This type of tumor presents a high risk of
metastasis, and consequently, the standard treatment usually
begins with chemotherapy, followed by complete surgical
resection, and finally, the tumor area is controlled with radio-
therapy (RT).>™* Although this is the usual treatment, OSA is a
neoplasm that responds poorly to radiation because of its high
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of tumors located deep under combined soft and calcified tissues.

radioresistance.® In fact, studies using photon beams have
reported local control rates of 60% when irradiated with
60 Gy, a dose much higher than that commonly used in breast
or prostate cancer (approximately 8 Gy).®

Proton therapy (pT) consists of a treatment where the tumor
is irradiated with a proton beam, allowing enhancement of the
dose received in the region while protecting the surrounding
tissues.” This aspect is extremely beneficial in the treatment of
OSA considering the high doses needed. The difference in the
deposition of energy against photons is due to the way in which
protons interact with matter and how they deposit a dominant
fraction of their energy within a restricted range around the
Bragg peak.® The difference in the deposition of energy against
photons is due to the way in which protons interact with matter
and how the energy deposited per unit of depth is clearly
dominant at the Bragg peak. A big advantage with respect
to photon irradiation is that the proton beam energy is fully
extinct at the end of the Bragg peak, while photons travel
beyond tumors irradiating healthy tissues. In the last decade,
great efforts have been devoted to studying the effectiveness of
pPT in OSA treatment, with local control rates of 82% and 72%
at three and five years, respectively.’

One of the main uncertainties associated with pT is
the deposited dose derived from the range of protons in

This journal is © The Royal Society of Chemistry 2024
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the tissue.'® This aspect is crucial in bones because of their
greater density than soft tissues in the body."* One of the most
attractive approaches for proton range verification is the use
of biocompatible contrast agents that, once irradiated, emit
different particles in response to the nuclear activation they
have undergone. An example of this type of contrast agent is
'271,'> This isotope of iodine has a low energy threshold to
open the activation channel, a large effective cross section
(200 mb at 10 MeV) and, in addition, is routinely used as a
contrast agent for various medical procedures."® For online
verification of the proton range, the induced nuclear reaction
is *71(p,n)"*"™Xe. The half-life of ">"™Xe is 69.2(9) s, and it
decays by gamma deexcitation with two characteristic rays
of 124.7 keV and 172.4 keV.™ These gamma rays are emitted
with a short enough half-life to assess activation during
irradiation.

While most pT preclinical studies are based on cellular
irradiation, this research proposes the use of synthetic bone
as a mannequin to determine the dose deposited in this type of
tissue and obtain information about the range of protons in
complex tissues comprising hard and soft materials.'> Hydro-
xyapatite (HAP) is a calcium phosphate present in human hard
tissues with highly specific morphology and composition. It
has a hexagonal structure and a stoichiometric Ca/P ratio of
1.67, resembling that of bone apatite.'® This compound is
biocompatible and has various applications, such as for bone
tissue engineering, orthopedic and dental implant coatings,
and drug delivery."”*® Mimicking what happens with F~ sub-
stitution in HAP for tooth hardening or natural carbonate
integration in biosynthesized HAP (carbonate integrates sub-
stituting both OH™ and PO, "), several forms of iodine/iodate
apatites have been described, in addition to the predicted
formable and stable stoichiometric forms.”°> Despite the
tendency of iodine atoms to transform into volatile I, under
heat treatment, apatite structures can effectively trap iodine
ions. HAP has been used to confine iodine atoms in its
structure, either by replacing OH™ with I" or PO, with 105~
ions,”® as performed for the retention of radioactive '*°I
byproducts.>® However, because of the high retention rate
and reduced volatility of this isotope, more complex matrices
containing Pb cations and VO, molecular anions have been
proposed.*

The objective of this work is to synthesize and characterize
samples of iodine-substituted HAP (IHAP) containing different
concentrations of iodine via a hydrothermal process that
inhibits the gas-phase losses induced at high temperatures,
as observed via precipitation and sol-gel methods, and
with increased I stoichiometry with respect to implanted
samples.”®>® These often require post-nucleation thermal
annealing, which is less prone to be required in hydrothermal
processes, which take place at considerably higher tempera-
tures allowed by high-pressure autoclave confinement. Further-
more, the objective of this study was to test the ability of
271 ceramic constructs fabricated via isostatic pressing as
contrast agents for pT in OSA treatments via proton beam-
induced gamma rays as a target experiment.

This journal is © The Royal Society of Chemistry 2024
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2. Experimental methods

2.1 Iodine-substituted hydroxyapatite synthesis

For the synthesis of the IHAP nanocrystals, the main reagents
used were calcium nitrate tetrahydrate (Ca(NOj3),-4H,0), potas-
sium iodate 99% (KIOs), ortho-phosphoric acid 85% (HzPO,),
ammonia 25% (NH;) and deionized water as the reaction media.
All reactants were acquired from Panreac (ITW Reagents, Spain).

The synthesis process was carried out via a hydrothermal
method previously designed for substituted apatite and adapted
to our hydrothermal processing unit.”*?° Four batches were
performed to obtain different concentrations of iodine in each
sample, where the only modified variable was the iodine concen-
tration. To produce the samples, 3 main solutions were made: a
solution of 1.7853(1) g of Ca(NOs),-4H,0 dissolved in 35.0(1) ml
of deionized water; a second solution of 0.0824(1) g of KIO; in
17.5(1) mL of deionized water; and a third solution of 127.83(1) uL
of H;PO, in 17.5(1) mL of deionized water. After these three
solutions were prepared, they were mixed in a hydrothermal
reactor, and the pH of the medium was controlled and homo-
genized via NH; dilution (754(1) pL of 25% NH; in 20(1) mL of
deionized water) to keep the pH of the reaction medium equal to
10. The pH of the reaction medium was controlled using pH
measuring test strips. Table 1 specifies the dosing of the KIO;
reagent used in each of the batches. The autoclave was sealed so
that it was completely watertight and placed in a furnace at 150 °C
for a minimum of 12 h. After 12 h, the autoclave was removed
from the furnace, and the precipitate was recovered by performing
a vacuum wash with deionized water via a water tube, a Kitasato
and a Bichner funnel. The washing process was carried out 3
times. Finally, the material was placed in a Petri dish and allowed
drying under atmospheric conditions.

For irradiation experiments, the synthesized ceramic powders
were shaped via a hydraulic press (2000 psi), resulting in a circular
tablet with a diameter of 1 cm. This treatment was enough to
produce a densified form for manipulation and irradiation, not
requiring complex post-processing (such as spark plasma anneal-
ing or zeolite compounding), as previously reported to avoid "*°I
ion release from nuclear waste ceramic forms.*"*>

2.2 Characterization of the samples

The different characterization techniques and conditions used
to carry out the characterization were as follows:

To analyse the morphology of the samples, scanning elec-
tron microscopy (SEM) was performed with a Hitachi S-3000 N
instrument (20 kV voltage). For the local microstructure, high-
resolution transmission electron microscopy (HRTEM) studies

Table 1 Dosing of the KIO3z reagent used in each batch for iodapatite
synthesis

KIO; mass (g)

HAP 0
HAP-1008 0.0824(1)
HAP-1050 0.5014(1)
HAP-1325 3.2500(1)
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were carried out with a JEM-3000F instrument from the
national electron microscopy center (CNME-UCM) (a column
voltage of 300 kv).** The powder samples were highly diluted in
acetone and dispersed on carbon-coated cellulose membranes
assembled on Cu grids. The selected area diffraction pattern
was also obtained during the HRTEM measurements to check
the local crystallinity of the samples.

The samples were studied via X-ray diffraction (XRD) to
determine the global crystalline phases present in the synthe-
sized samples. This study was conducted at SIDI-UAM with a
Bruker D8 diffractometer (0/20 geometry, Cu anode and no
monochromatic (Ko) radiation). The data were analysed with
the software Match!

Further characterization via spectroscopic techniques was
carried out to determine the presence of iodine in the samples.
Vibrational analysis was performed via Raman spectroscopy to
identify the relative presence of the molecular ions integrated
in the synthesized materials. Raman spectra were obtained via
irradiation with an infrared laser (1 = 780 nm) to avoid
fluorescence of the sample using a Renishaw Ramascope
2000 spectrometer. The laser power was maintained at a low
value to avoid sample damage.

Finally, the samples were analysed via particle-induced X-ray
emission (PIXE) using a 2 MeV proton external microbeam to
determine the composition of each of the samples quantitatively.**
The data were analysed with GUPIX-NEW software, and the
concentration of elements from silicon onwards (i.e., Z > 14)
was determined quantitatively, assuming a matrix containing
light elements (hydrogen and oxygen) with stoichiometric
equivalences.®® The concentrations of phosphorus, calcium
and iodine were determined in this way for the samples.

2.3 Irradiation of the samples

The experiment is based on the detection and characterization
of the gamma rays emitted by the >”™Xe nucleus produced in
the proton-induced reaction. For the detection of these gamma
rays, a set of LaBrs(Ce) scintillation detectors was used. The
activation experiment consists of irradiating the samples with
protons of 6 or 10 MeV from an external microbeam. The beam
spot was considered punctual since its size was less than
100 pm in diameter. The irradiation lasted 5 minutes, reaching
accumulated charges of 1000 nC at 10 MeV and 1500 nC at
6 MeV, which led to an ion density of 10'® cm™>. This regime
is, in view of the huge in-depth distribution of the protons
(several mm), well below the monolayer regime, which allows
predicting a non-significant modification of the bombarded
HAP ceramics. The decay curve was acquired for 10 additional
minutes. However, owing to the collimation of the beam, strong
activation of the beamline occurred. Surrounding the HAP
sample, a set of two LaBr;(Ce) scintillator crystals, placed at
~ 65 degrees with respect to the beam, were used to detect the
gamma rays emitted from the deexcitation of "*’™Xe. The two
LaBr3(Ce) detector crystals were coupled to R9779 Hamamatsu
photomultiplier tubes.”> Both crystals have truncated
cone shapes, with a height of 38.1 mm and top and bottom
diameters of 25.4 mm and 38.1 mm, respectively. The energy
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Fig. 1 Irradiation and the detector setup at the CMAM. The two LaBrz(Ce)
detectors look at the HAP sample at 65° with respect to the proton beam.
The two extra HPGe and LaCls detectors were not used for the described
analyses.

resolution of these detectors was better than 4% at 662 keV
(energy of calibration with an Eu source). The setup is shown in
the picture in Fig. 1.

3. Results and discussion

3.1 Microstructure of hydrothermally synthesized
nanomaterials

XRD analyses confirmed the presence of the HAP phase in all
synthesized samples. However, several differences can be found
in the diffractograms of the samples depending on the iodine
fraction. The chart in Fig. 2 shows the different phases detected
in the diffractograms of each sample. In the pure HAP sample
(Fig. 2, bottom), there are small traces of calcium carbonate
(CaC0,), characterized by particularly fine spectral peaks.'®3°
The presence of this precipitate in the sample can be explained
by the presence of carbonate in the water in the hydrothermal
reactor, with no concurrence for integration in the structure

1 1 n 1 " 1 " 1 " 1
B 4 ° (A Lautarite Ca(l0,),
i '@ Hidroxiapatite Cas(PO“)3
a N
|HAPA1325 Calcium Carbonate CaCO,
°
A a
R
2
2
o - HAP-1050
c
8
£ ’
4 HAP-1008
4 a
] HAP .
10.000 20.000 30.000 40.000 50.000 60.000 70.000 80.000
2theta (°)

Fig. 2 XRD analysis. From bottom to top, diffractograms corresponding
to HAP, HAP-1008, HAP-1050 and HAP-1325.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb01391c

Open Access Article. Published on 15 October 2024. Downloaded on 12/15/2025 3:33:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Paper

with the KIO; solution in this sample. This provoked a reaction
with the CO, * present in the autoclave, precipitating this
phase. The main peaks of the calcium carbonate phase are
marked with a square. The peaks of the HAP phase, common to
all diffractograms, are identified with circles.

In samples HAP-I008 (Fig. 2, the second diagram from
the bottom) and HAP-I050 (Fig. 2, the second diagram from
the top), only the HAP phase was observed. Sample HAP-1325
(Fig. 2, top) contains a lautarite (Ca(IO;),) phase.’” The main
peaks of this phase are marked with triangles. Lautarite is an
intermediate phase in the production of HAP in the presence of
carbonate. Lautarite first precipitates during synthesis and
later reacts with the PO,” group.?® Since, in sample HAP-
1350, the reactive KIO; was introduced in saturation, the limit-
ing reagent was H;PO,, limiting the transformation of lautarite
and causing this transient phase to remain in the precipitate.

HRTEM analysis revealed that pure HAP crystals are not
acicular crystals, as would be expected for these types of
compounds, but rather have cylindrical morphology (Fig. 3A
and B) with a mean aspect ratio of 3.3 £+ 0.5. This change in
morphology contrasts with that of typical HAP products, which
are usually obtained via precipitation methods.’® However, the
hydrothermal synthesis of the samples has led to a material
with a less preferred orientation and marked morphology.
Although none of the processed samples present the typical
acicular crystals of HAP obtained by precipitation, sample HAP-
1008 was observed to present morphology closer to what is
expected for precipitated HAP (Fig. 3C). An aspect ratio of
11 + 2 was estimated for this sample.

Fig. 3 HRTEM images of the pure HAP (top pictures A and C) and HAP-
1008 (bottom pictures B and D) samples. The arrows indicate (110) planes.

This journal is © The Royal Society of Chemistry 2024
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Even so, it is clearly observed that the apatite nanocrystals
tend to agglomerate in all the samples, and a preferential
growth direction can be identified. The formation of agglom-
erated crystallites is a common phenomenon in the synthesis of
apatites via hydrothermal processes that can be improved by
additional mechanical stimuli, alternative solvents, or organic
acid addition to modify the zeta potential of the particles
during their growth.>*™*! When we analyse the images at higher
magnifications, we can observe the crystallographic planes of
the crystals and determine their interplanar distances. In this
case, an interplanar distance of 3.12 A corresponds to the (110)
planes, as shown in Fig. 3B and D with an arrow, which clearly
indicates that the preferential growth direction is along the
¢ axis of the HAP crystals.

Fig. 4 shows the SAD pattern of sample HAP-I008 and
an overlapping XRD pattern of sample HAP. This graphical
composition allows verification that the pattern obtained is
consistent with the apatite crystal structure. Both patterns are
made by nonlocal diffraction, but the presence of Airy rings
is clearly reinforced by local diffraction from selected nano-
crystals within the focused aggregate. This confirms the overall
good quality of the synthesized nanocrystals.

Fig. 5 shows the Raman spectra obtained from the synthe-
sized samples. The key HAP bands can be detected at 580-
590 cm™ ', assigned to PO, vibrations; at 530-545 cm™ ', attributed
to OH ions; and at 960 cm ™, related again to PO, vibrations.***?
The global spectral results show that an increase in the amount of
iodine used for synthesis reduces the intensity and definition
of the PO, and OH bands. In fact, the higher the concentration of
iodine in the sample preparation, the more intense the signal
at approximately 780 cm ™~ was assigned to the presence of I-O
bonds in the structure.*® In sample HAP-I325, owing to the
presence of the lautarite phase, the peaks of the I-O bond appear
perfectly defined since the presence of iodine is related, in this
case, to a pure iodine-containing structure, as already identified
by X-ray diffraction (XRD).*> This agrees with the lower intensity of
the P-O bond in this sample, at approximately 960 cm ™. For the
other samples, the gradual increase in the intensity of the I-O
bond can be observed, from the total absence for the HAP sample
to a clear wide band for the HAP-1050 sample. The width of the

Fig. 4 Electron diffraction pattern of sample HAP-1008 overlapped with
an X-ray diffractogram.

J. Mater. Chem. B, 2024, 12,12030-12037 | 12033
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Fig. 5 Raman spectra of HAP (top), HAP-I008 (second from the top),
HAP-1050 (second from the bottom) and HAP-1325 (bottom). The most
relevant 105 and PO4 bands are indicated with dashed lines.

T
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peak is related to the diversity of conformations of the I-O bonds,
suggesting multiple substitutions at the PO, and OH sites.

PIXE was selected as a previous reference technique for the
detection of engineered or collateral doping in HAP, the study
of resorption/ossification kinetics and the classification of
biomineralized HAP forms and allows the quantitative identifi-
cation of the elements present in the samples.*®" Fig. 6 shows
the PIXE spectra of different samples in the energy range
concerning the peaks of the principal elements (P, Ca and I).
The overall composition of each sample can be derived from
the data in Table 2. The results show that, in all the samples,
the amount of calcium and phosphorus evolves in coherence
with the iodine content. The pure HAP sample presents a Ca/P
stoichiometric ratio of 1.57, which is slightly below the theore-
tical value of 1.67. The iodine concentration increases with
sample HAP-I008 (in red) and HAP-I050 (in yellow) until it
reaches a maximum in sample HAP-I325 (in green). A histo-
gram detailing the concentration of the main elements in
different samples clearly illustrates the decrease in the P

<20

I] |
. = N
Ca P | A

A

3

Concentration (%)

——HAP
~——HAP-1008
HAP-1050

100 | ——HAP-1325

Intensity (a. u.)

3
E (keV)

Fig. 6 PIXE spectra of pure HAP, HAP-1008, HAP-1050 and HAP-1325. The
characteristic peaks identified are indicated in the spectra, and the derived
concentrations are detailed in the table inset.
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Table 2 Concentrations of the elements present in each sample (in at%)

as determined with PIXE, where O and H have been estimated assuming
stoichiometric concentrations of OH, PO,4 and 105 ions

(at%) HAP HAP-1008 HAP-1050 HAP-1325
Ca 22.5(0.4) 16.24(0.05) 17.54(0.08) 14.88(0.07)
P 13.7(0.4) 15.1(0.2) 13.5(0.2) 12.3(0.2)

I — 0.8(0.3) 3.6(0.3) 5.9(0.3)

o 59 65 65 67

H 5 2 0 0

Ca/P +1 1.6 1.0 1.0 0.8

content in correlation with the increase in the I content, which
suggests partial PO, substitution by I0; ions.>® The degree of
loss of P and increase in I in the HAP-I325 sample are
consistent with the detection of the lautarite phase in the
XRD analysis. Overall, the iodine concentration increased from
0% (HAP sample) to 6(1)% (HAP-I325) with a decreasing P
content, which confirms PO, ion displacement by IO;. It is
also worth noting that the integration of iodate substituting
phosphate creates a deficiency of a negative charge in the
structure, which points to a decrease of the Ca/(P + I) ratio as
the concentration of iodate increases, as confirmed by the
results (Table 2, last line). Further analyses by ICP-MS/ICP-
OES could contribute to a much more precise determination of
the elemental composition and a refinement of the optimal
stoichiometry of the preparation around the HAP-I050 sample.

3.2 Activation of the samples

The activation of the samples was performed on isostatically
pressed tablets of the most relevant sample. Sample selection
was made looking for a compromise between the highest I
content and the purity of the apatite phase. While the high I
content may facilitate the activation, the decrease in the concen-
tration of the original ions, especially Ca and PO,, makes the
structure deviate from the real stopping power of HAP. Thus, as a
first estimate, the HAP-I050 sample containing the highest I
content within a pure apatite phase was selected for the activation
experiments. The activation of the HAP-I050 sample was carried
out by irradiation with 6- and 10-MeV proton beams for 5 min,
with an average current intensity of 7.8(1) nA. Fig. 7 shows the
peaks from the two-characteristic gamma rays emitted from the
deexcitation of *’™Xe, measured with the two LaBr;(Ce) scintil-
lator detectors after excitation with 6 and 10 MeV proton beams
(at the bottom and on the top of Fig. 7, respectively).

The two peaks at 134.7 and 172.4 keV, obtained by acquiring
the spectrum during 10 s after extinction of the proton excita-
tion, demonstrate the effective activation of the iodine inte-
grated in the apatite structure.'® The identification of radiation
could also be achieved by the characteristic decay time, acquir-
ing a spectrum after 4 half-lives had occurred (10 s of acquisi-
tion after 4 min and 12 s of beam cut-off). One can, in fact, see
the bottom curve in each graph with a noticeably decreased
intensity for both characteristic peaks in Fig. 7. The different
intensities of the decay peaks for the two incident beam
energies result from the different activation cross sections,
which are greater at 10 MeV than at 6 MeV.

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Activation spectra of the HAP-1050 sample with 6- and 10-MeV
proton beams (bottom and top frames, respectively). In blue, the decay
spectrum acquired the next 10 s after the activation beam was cut. In red,
the decay spectrum acquired 10 s after 4 half-lives of decay. The dominant
peak at 511 keV arises from the annihilation of the positrons emitted by the
activated materials of the beamline, most likely the copper nose at the exit
of the beam.
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These results indicate that pure apatite preparation with an
iodine concentration of 4% can be efficiently activated, suggesting
the use of these nanomaterials for the fabrication of bone-like
contrast agents, which can be used for proton range verification
with phantom structures to reinforce theoretical predictions and
provide alternative methods for animal testing.

4. Conclusions

The characterization and activation of an apatite nanomaterial
containing ">’I have been successfully carried out. The selected
hydrothermal process has been studied with different iodine
concentrations, reaching an optimal process for the synthesis
of pure apatite phase nanocrystals with two levels of integration
of iodine. A drastic increase in the iodine concentration results
in the presence of a secondary lautarite phase. The nanocrystals
maintain the preferential z-axis growth direction characteristic
of apatite crystals, as supported by HRTEM, but at a reduced
rate with respect to other apatite precipitation preparations.
However, the incorporation of iodine promoted the character-
istic acicular shape with respect to the undoped samples.

This journal is © The Royal Society of Chemistry 2024
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The nanocrystals also present a natural tendency to aggregate,
which is the characteristic of this type of nanomaterial.

The incorporation of iodine by dissolved iodate ions results
in competition with both phosphate and carbonate ions, as
illustrated by XRD, Raman spectroscopy and PIXE measurements.
The former (phosphate) clearly decreases its degree of integration
in the apatite structure, and the second (carbonate) is critically
reduced, with the disappearance of a secondary calcium carbo-
nate phase identified in the pure hydroxyapatite sample. The
iodate ion also integrates the structure substituting OH ions,
reaching a maximal atomic percent concentration of 4%.

To satisfy the main objective of the present work, that is, to
produce iodine-containing structures that can be activated by
proton irradiation, apatite nanocrystals with higher iodine con-
tents have been used to produce compact ceramic tablets by
isostatic pressing. These ceramics were irradiated with 6- and
10-MeV proton beams. The activation of the sample was con-
firmed by the detection of radiation after the beam excitation
cut-off. The identification of the *I(p,n)"*"™Xe nuclear reaction
was identified through the characteristic decay energy of *"™Xe
and the follow-up of the decay at different times after beam
extinction. Further improvement of the measurements could be
achieved by additionally detecting the neutrons produced in the
reaction. The results point to the possibility of designing ITHAP
ceramic constructs that reproduce real bone affected by OSA and
performing real cancer treatments on proton-therapy phantoms
including both the synthetic soft tissue and hard tissue parts.>>
The insertion of iodine-doped apatite ceramics is especially
attractive for verifying the range of protons in the tissue by
monitoring, using an array of detectors, the decay radiation
induced by the primary proton beam.
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