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Abstract Spine metastases are a common and painful

complication of cancer. A novel concept of treatment

combines the in situ vertebroplasty with radiotherapy

employing radioactive bone cement into the human verte-

brae. Thus, investigations concerning possible bioactive

and radioactive cements become a relevant theme. In this

work, we have synthesized calcium phosphate bioceramics

incorporated with Ho and Sm nuclides using sol–gel

technique. Characterizations were performed using X-ray

diffractometry, infrared spectroscopy, scanning electron

microscopy, instrumental neutron activation analysis, and

gamma spectroscopy. Results showed bioceramics com-

posed by multiphasic calcium phosphates along with hol-

mium and samarium phosphates, with 8.9 and 13.7 % of

Sm and Ho in weight, respectively. After neutron activa-

tion, the Ho-166 and Sm-153 beta-emitters were identified

and quantified on the bioceramics with activities estimated

at 32.5 and 14.5 MBq/mg of Sm-153 and Ho-166 bioce-

ramic powder, respectively. These radioactive calcium

phosphate bioceramics can compose suitable radioactive

cements to radiovertebroplasty.

1 Introduction

Spinal metastases are a common manifestation of many

types of cancer. Specifically, metastatic lesions in the spine

were present in 90, 74 and 45 % of patients who died from

prostate, breast and lung cancer, respectively [1]. Vertebral

metastases cause pain and due to the proximity of the

spinal cord can lead to serious neurological complications

resulting from vertebral collapse. Treatment must address

the tumor itself as well as the bone structural fragility [2].

The conventional treatment often occurs in two steps, a

surgical procedure in which polymethylmethacrylate

(PMMA) bone cement is injected into the vertebral body to

restore bone strength (vertebroplasty), followed by multi-

ple daily radiotherapy sessions to control tumor growth [3].

The most common type of radiotherapy for spinal

metastases is the external beam radiation therapy (EBRT).

Although EBRT delivers radiation to the vertebral body

effectively, adjacent radiosensitive tissues such as the spinal

cord are also irradiated [4, 5]. A safe treatment must provide

a maximum dose to the tumor limiting the spinal cord dose.

In order to achieve tumor control dose minimizing collateral

damage to normal tissue, EBRT is applied on daily fractions

for ten sessions. Intensity modulated radiation therapy

(IMRT) and stereotactic body radiation therapy (SBRT)

have emerged as modern radiotherapy techniques, however

both techniques still irradiate the spinal cord (albeit to a

lesser extent) and are of high cost [6, 7].

Recently, a new therapy modality, named radioverteb-

roplasty, proposed to combine the vertebroplasty to radio-

therapy employing radioactive bone cement, i.e. bone cement
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incorporating radioactive radionuclides [8, 9]. If effective, this

approach shall integrate radiation therapy and the surgical

strength-restoration procedure into a single treatment proce-

dure. In addition, after the implant of radioactive bone cement

into the tumor, beta-emitter radionuclides provide radioactive

emissions that penetrate few millimeters toward the adjacent

bone/tumor interface, potentially imparting higher dose to the

target bone with minimal dose to the spinal cord and other

normal tissue nearby. Computational dosimetric analysis

showed the properties of some radioisotopes on the radio-

vertebroplasty simulation [3, 8–11]. Preliminaries clinical

investigations of injecting PMMA mixed with Sm-153-ED-

TMP (ethylenediamine tetramethylene phosphonate) have

revealed a procedure feasible and safe with good pain control,

but longer follow-up is needed to evaluate the toxicity and

tumor control [12–14]. Up to now, there are few studies

comprising the synthesis of radioactive biomaterials focused

on this purpose.

Polymethylmethacrylate is often employed as bone

cement. It has good mechanical performance and it is inerted

to the human body [15]. At the same time, biomaterials based

on calcium phosphates ceramics (CaPs) have been extensively

investigated as bone substitutes due to their similar chemical

characteristics and bioactive properties [16–20]. There are

many kinds of calcium phosphates bioceramics, e.g.,

hydroxyapatite, tricalcium phosphate, octacalcium phos-

phate, dicalcium phosphate; each one provides distinct

strength, stability and solubility in physiological environment.

They have been explored in bone replacements, coatings on

implants and bone cements in association with PMMA.

Notably, the use of biphasic calcium phosphates hydroxyap-

atite/b-tricalcium phosphate has attracted much attention,

owing to the possibility to control the bioresorbability [21, 22].

Taking account some suitable features, we suggest the

composite PMMA/CaP-beta emitter as promising radioac-

tive bone cement. In this study, the main goal is to inves-

tigate the synthesis and characterization of calcium

phosphates incorporated with Ho and Sm (CaP–Ho and

CaP–Sm). The elements Ho and Sm are precursors of the

beta-emitters Ho-166 (half-life 1.12 days) and Sm-153

(half-life 1.93 days), respectively. These radioactive bi-

oceramics when added on PMMA give rise to radioactive

bone cement. The material composition held radioactive

nuclides in enough concentration that supports its putative

therapeutic use in radiovertebroplasty.

2 Materials and methods

2.1 Synthesis

Sol–gel route was the choice as synthesis technique for

its simplicity, flexibility and low cost. Three types of

bioceramics were prepared: calcium phosphate incorpo-

rated with holmium (CaP–Ho), calcium phosphate incor-

porated with samarium (CaP–Sm) and pure calcium

phosphate (CaP) for comparison. The starting materials

used in this synthesis were analytical grade reagents

Ca(NO3)2�4H2O (Labsynth, BRA) as the calcium source,

H3PO4 (85 % solution, Reagen, BRA) as the phosphorus

source, Sm(NO3)3�6H2O (Aldrich, USA) as the samarium

source, and Ho2O3 (Alfa Aesar, USA) as the holmium

source. Previously, both calcium and samarium nitrates

were dissolved in distilled water, and the holmium oxide

was first dissolved in concentrated nitric acid and after

diluted in distilled water. The molar ratios used in the

synthesis were: 10(Ca):6(P) for CaP, 9(Ca):6(P):1(Ho) for

CaP–Ho and 9(Ca):6(P):1(Sm) for CaP–Sm. The solutions

were taken after stirring the reagents for 10 min. Aging

was performed for 24 h at ambient temperature in a cera-

mic crucible. The solvents were eliminated by drying at

100 �C and then calcined in air at 700 �C. The resultant

materials were powdered with mortar and pestle.

2.2 Characterization

2.2.1 X-Ray diffractometry (XRD)

Powder X-ray diffraction patterns were recorded with CuKa
radiation on a diffractometer (Rigaku, model D/MAX

Ultima automatic). The crystalline phases were qualitatively

determined based on a comparison of the registered patterns

with the ICDD powder diffraction file (PDF).

2.2.2 Fourier transform infrared spectroscopy (FTIR)

The infrared spectra were obtained on a Fourier-transform

infrared spectrometer (Thermo Scientific, model Nicolet

380) with a resolution of 4 cm-1, recorded in the range of

400–4000 cm-1, using KBr pellets. The characteristic

infrared absorption frequencies were analyzed to identify

the chemical compositions.

2.2.3 Scanning electron microscopy (SEM)

Morphological characterizations were obtained by a scan-

ning electron microscope (FEI, model Quanta 200 FEG)

that was operated at accelerating voltage of 30 kV.

2.2.4 Instrumental neutron activation analysis (INAA)

Neutron activation of the samples was performed in

TRIGA MARK I IPR-R1 research reactor. The elemental

concentration of the powders was determined using the

technique k0-instrumental neutron activation analysis
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(k0-INAA), established at Laboratory of Neutron Activa-

tion Analysis in CDTN/CNEN [23].

2.2.5 Gamma spectroscopy

The gamma spectra were taken after the sample activation

and registered the most abundant radioactive nuclides.

They were recorded by a high-purity germanium detector

Camberra, model GC5019, coupled to the multichannel

analyzer (Camberra, model DSA 1000) with counting time

of 500 s.

2.2.6 Theoretical estimation of specific activity

The theoretical estimations of the induced activities of each

radionuclide were carried out. Each possible radionuclide

produced after the samples irradiation in TRIGA MARK I

IPR-R1 research reactor was taken into account. These

values were useful to evaluate the radionuclides contami-

nation. The induced activities at the end of an irradiation

time t were calculated by the Eq. (1) [24].

A0 ¼
m � h

A
� NA � rc � Uth

� �
þ Ic � Uepi

� �� �
� 1� e�k�t� �

ð1Þ

in which m is the mass of the irradiated element; h is the

isotope abundance; A is the atomic mass of the isotope; NA is

the Avogadro number; Uth and Uepi are the thermal and

epithermal neutron flux, respectively; rc is the thermal

neutron cross-section of the target nuclei; Ic is the resonance

integral of the target nuclei; k is the radionuclide decay

constant (k = ln2/T1/2; T1/2 is the radionuclide half-life).

The following data were considered in calculations: the

elemental composition of the samples determined by INAA;

the phosphorus content of 20 % in weight (equal to b-TCP);

and 8 h of irradiation time in the central tube position. The

central tube has thermal and epithermal neutron flux of

2.8 9 1012 and 2.6 9 1011 n cm-2 s-1, respectively.

3 Results and discussion

3.1 X-ray diffractometry (XRD)

Figure 1 shows the XRD patterns of the powders. Several

crystalline phases were identified on the patterns: hydroxy-

apatite (HAp), b-tricalcium phosphate (b-TCP), samarium

phosphate (SmPO4), holmium phosphate (HoPO4), dical-

cium phosphate (DCP), calcium oxide (CaO). From CaP

spectrum, the main phase was HAp with the presence of

traces of CaO. From CaP–Ho spectrum, HAp and b-TCP

were detected as main phases, and HoPO4 as minor phase.

From CaP–Sm spectrum, b-TCP was the main phase and the

minor ones were HAp, SmPO4 and DCP. The calcium defi-

ciency could be responsible for b-TCP phase formation in

CaP–Sm, and for b-TCP/HAp biphasic formation in CaP–

Ho. The calcium deficient apatite calcined above 700 �C

could be transformed into b-TCP, as described by Eq. (2)

[25].

Ca9 HPO4ð Þ PO4ð Þ5 OHð Þ ! 3Ca3 PO4ð Þ2þ H2O ð2Þ

3.2 Fourier transform infrared spectroscopy (FTIR)

Figure 2 illustrates the FTIR transmission spectra of the

calcined bioceramics. From CaP spectrum, the bands at 569,

602, 962, 1045 and 1090 cm-1 were assigned to internal

modes of orthophosphate (PO4
3-) of HAp [26, 27]. The

hydroxyl (OH-) bands at 631 and 3572 cm-1 are typical of

HAp. The bands at 727, 1157, 1188 and 1211 cm-1 were

assigned to pyrophosphate (P2O7
4-) modes in calcium

pyrophosphate (CPP) [28–30]. The bands at 877 and

1458 cm-1 were related to carbonate in substitution of

orthophosphate in HAp. This type of group comes from

atmospheric carbon dioxide and creates the carbonated

hydroxyapatite type B (CHAp) [31, 32]. Thus, it is believed

that the calcium oxide observed by XRD resulted from

CHAp decomposition during thermal treatment [33].

From CaP–Sm spectrum, the bands at 455, 496, 555, 586,

609, 943, 972, 1030, 1043, 1065 and 1101 cm-1 were

assigned to internal modes of orthophosphate in b-TCP [33].

The very weak hydroxyl band at 3572 cm-1 is attributed to a

discrete content of HAp. CPP was identified by the pyro-

phosphate bands at 727, 1157, 1188 and 1211 cm-1.

The CaP–Ho spectrum showed typical HAp bands. The

shifting of orthophosphate bands at 557 and 604 cm-1

approaching b-TCP orthophosphate bands at 555 and

609 cm-1, revealed the b-TCP presence. The shading bands

Fig. 1 XRD patterns of calcined powders: CaP (a), CaP–Sm (b) and

CaP–Ho (c)
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at 943 and 972 cm-1 and the less-intense hydroxyl bands

supported this statement. The very weak band at 727 cm-1

was associated to a small content of CPP.

The CPP was present in all the bioceramics, since it is a

frequent by-product of HA and b-TCP synthesis [34]. CPP

is produced after calcination when the synthesis is deficient

in calcium. However, this phase was not observed in XRD

likely because it was in small quantities. At the same time,

other compounds were identified by XRD, but were not

identified by FTIR. These inequalities come from the dif-

ferences of their detection limits. Furthermore, the analysis

becomes inaccurate when the sample has a diversified

composition. Due to overlaps, the minor compounds can be

hidden by the major compounds. Indeed, XRD and FTIR

are complementary analytical techniques to identify the

composition. The chemical composition of the bioceramics

can be summarized as follow: (i) the bioceramic CaP is

mainly composed by HAp, and CHAp, CPP and CaO are

minor compounds; (ii) the bioceramic CaP–Ho is mainly

composed by HAp and b-TCP, and as minor compounds

HoPO4 and CPP; and (iii) the bioceramic CaP–Sm is

mainly composed by b-TCP, and as minor compounds

SmPO4, HAp, CPP and DCP.

When compared to b-TCP, HAp is a more stable phase

under physiological conditions, as it has a lower solubility

and, thus, slower resorption kinetics. Therefore, due to a

higher biodegradability of the b-TCP component, the

reactivity of biphasic formulations of HAp with b-TCP

increases with the b-TCP/HAp ratio [35, 36]. The CPP and

CaO phases are common impurities in commercial bone

substitutes [37]. Despite that, CPP is biocompatible and

bioactive, as reported previously [38, 39]. Also, the CHAp

and DCP are bioactive-resorbable components of bone

cements and substitutes [37, 40]. Some biodistributions

studies lanthanides chelates and materials containing Ho

and Sm have been presented in literature [41–43] Indeed,

the in vitro performance of Sm2O3 as bone substituting

material was demonstrated by Herath et al. [44]. However,

there are no reports about biological behaviour of HoPO4

and SmPO4 as bone cement material. Although the com-

pound rejection would not be expected, once they are

incorporated in a biocompatible matrix, the biological

mechanisms in bone need to be investigated [45].

3.3 Instrumental neutron activation analysis (INAA)

The elemental mass concentrations of bioceramics, obtained

by INAA, are given in Table 1. The CaP sample showed Ca

content of 38 %, near from HAp (Ca = 39.9 %). In fact,

they have a reasonable difference considering that CPP

(Ca = 31.5 %) was detected on CaP. In both CaP–Ho and

CaP–Sm samples, the Ca contents were smaller than in CaP.

This result is justified by the presence of phases absent of Ca,

e.g., HoPO4 and SmPO4, and phases with less Ca content, as

b-TCP (Ca = 38.8 %) and CPP (Ca = 31.5 %).

3.4 Scanning electron microscopy (SEM)

The morphologic aspect of the bioceramics can be observed

by SEM, as shown in Fig. 3. It is possible to identify some

agglomeration of needle-like HAp nanoparticles with

100–200 nm diameter in Fig. 3b, but it is not clear at CaP–

Ho in Fig. 3d, because grains have a denser aspect. Particle’s

densification, due to calcination process at 700 �C, can be

seen in all bioceramics and was depicted in greater magni-

fication at Fig. 3a, c, e. In spite of the dense appearance,

spherical nanoparticles with 50 nm diameter, probably

b-TCP particles were observed in CaP–Sm in Fig. 3e, f.

3.5 Gamma spectroscopy

The gamma emission spectra of the radioactive CaP–Ho

and CaP–Sm powders were presented in Fig. 4. The peaks

at 42 and 47 keV are K-edge X-rays from Eu-153, daughter

nuclide of Sm-153. The peaks at 49 and 56 keV are K-edge

X-rays from Er-166, daughter nuclide of Ho-166. As

expected, the gamma emission spectra evidenced Ho-166

Fig. 2 FTIR spectra of calcined powders: CaP (a), CaP–Sm (b) and

CaP–Ho (c)

Table 1 CaP–Ho and CaP–Sm elemental composition

Bioceramic Elemental composition (wt%)

Ca Ho Sm

CaP 38 ± 1 – –

CaP–Ho 29 ± 1 13.7 ± 0.5 –

CaP–Sm 24 ± 1 – 8.9 ± 0.6
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and Sm-153 as major radionuclides in radioactive CaP–Ho

and CaP–Sm samples, respectively. Even though there

were other radionuclides produced after Ca, Sm and P

activation, they did not appear by reasons of their very low

activities. Specifically the radionuclide P-32, a pure beta-

emitter, could not be identified by gamma spectrometry.

3.6 Theoretical estimation of specific activity

Tables 2 and 3 display the theoretical estimation of the

specific activities of each radionuclide produced after

neutron activation, together with some nuclear data. To

evaluate the relevance of radionuclides contaminants, it

was assumed as standard the natural activity of 4.4 kBq of

K-40 distributed in whole human body [46]. It was deter-

mined 01 mg of bioceramic powder content inside the

vertebrae, since this amount is enough to reach the thera-

peutic activity required for the radiovertebroplasty.

After CaP–Ho activation, the specific activity assigned to

the radionuclide of interest Ho-166 was 32.5 MBq mg-1, as

given in Table 2. The radionuclides Ca-41, Ca-45 and Ca-47

achieved activities lower than K-40, so they can be neglec-

ted. The radionuclide Ca-49 had initial activity higher than

K-40, but it decays quickly with half-life of 8.72 min. The

radionuclide P-32 had initial activity of 32.8 kBq, since it is a

pure beta-emitter with half-life of 14.28 days; therefore,

P-32 can contribute together with Ho-166 to absorbed doses

nearby the bone cement.

After CaP–Sm activation, the specific activity assigned to

the radionuclide of interest Sm-153 was 14.5 MBq mg-1, as

shown in Table 3. The Ca-41, Ca-45, Ca-47 and Sm-145

radionuclides reached activities lower than K-40, then such

Fig. 3 SEM micrographs of the

calcined powders: CaP (a, b),

CaP–Ho (c, d) and CaP–Sm (e, f)
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activities can also be neglected. The radionuclides Ca-49

and Sm-155 exhibited initial activities higher than K-40,

but decay quickly with half-life of few minutes. For the

same past reasons, the pure beta-emitter P-32 can con-

tribute along with Sm-153 to absorbed doses nearby the

bone cement.

It is worth mentioning that these specific activities are as

high as the irradiation time is longer. Thus the specific

activities can be decreased or increased, satisfying the

treatment requirements.

4 Conclusions

Bioceramics powders of calcium phosphate incorporated

with Ho and Sm can be synthesized by sol–gel route using

Fig. 4 Gamma emission spectrum of CaP–Sm (a) and CaP–Ho (b)

Table 2 Theoretical estimation of induced activities assigned to each radionuclide produced after CaP–Ho neutron activation

Nuclide Concentration

(wt%)

Natural

abundance

(%)

rc (barn) Ic (barn) Radionuclide Half-life Specific

activity

(kBq/mg)

P-31 20 100 0.18 0.08 P-32 14.28 days 3.28 9 101

Ca-40 29 96.941 0.41 0.22 Ca-41 103,000 years 3.14 9 10-5

Ca-44 2.086 0.84 0.59 Ca-45 162.7 days 2.95 9 10-1

Ca-46 0.004 0.7 0.9 Ca-47 4.536 days 1.66 9 10-2

Ca-48 0.187 1.1 0.9 Ca-49 8.72 min 2.26 9 101

Ho-165 13.7 100 61 680 Ho-166 1.117 days 3.25 9 104

Table 3 Theoretical estimation of induced activities assigned to each radionuclide produced after CaP–Sm neutron activation

Nuclide Concentration

wt%

Natural

abundance %

rc (barn) Ic (barn) Radionuclide Half-life Specific

activity

(kBq/mg)

P-31 20 100 0.18 0.08 P-32 14.28 days 3.28 9 101

Ca-40 24 96.941 0.41 0.22 Ca-41 103,000 years 2.60 9 10-5

Ca-44 2.086 0.84 0.59 Ca-45 162.7 days 2.44 9 10-1

Ca-46 0.004 0.7 0.9 Ca-47 4.536 days 1.37 9 10-2

Ca-48 0.187 1.1 0.9 Ca-49 8.72 min 1.87 9 101

Sm-144 8.9 3.07 1.6 2.4 Sm-145 340 days 3.97 9 10-2

Sm-152 26.75 208 3,000 Sm-153 1.929 days 1.45 9 104

Sm-154 22.75 7 40 Sm-155 22.2 min 2.38 9 103
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simple processing and reagents. The powders were identi-

fied as multiphasic calcium phosphates with the presence

of holmium phosphate and samarium phosphate. Ho-166

and Sm-153 were the main radioisotopes produced after the

neutron activation, with activities estimated at MBq per

milligram of bioceramic powder. These radioactive bi-

oceramics constitute promising biomaterials for radiover-

tebroplasty, a novel therapy modality for spine tumors.

However, their bioactivity as well as their efficacy on spine

tumors treatment must be investigated in clinical trials.
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