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Abstract Amorphous, sol–gel derived SiO2 are known to

biocompatible and bioresorbable materials. Biodegradable

and inert materials containing radioactive isotopes have

potential application as delivery vehicles of the beta radi-

ation to the cancer tumors inside the body. Incorporation of

holmium in the sol–gel derived SiO2 could lead to the

formation of a biodegradable material which could be used

as carrier biomaterial for the radiation of radioactive hol-

mium to the various cancer sites. The homogeneity of the

prepared sol–gel silica holmium monoliths was investi-

gated by Back Scattered Electron Imaging of Scanning

Electron Microscope equipped with Energy Dispersive

X-ray Analysis, X-ray Induced Photoelectron Spectroscopy

and Nuclear Magnetic Resonance Spectroscopy. The bio-

degradation of the monoliths was investigated in Simulated

Body Fluid and TRIS (Trizma pre-set Crystals) solution.

The results show that by suitable tailoring of the sol–gel

processing parameters holmium can be homogeneously

incorporated in the silica matrix with a controlled bio-

degradation rate.

1 Introduction

The sol–gel technique has been widely used during the last

decades as an alternative method for preparing monoliths,

fibers, monosized powders and films or coatings of high

technology inorganic materials [1–5]. Sol–gel bioceramics

such as monoliths, coatings and fibers, are of special

interest due to their various medical applications as

implants, fillers or drug delivery devices in the human body

[6–12].

The sol–gel method allows preparing high purity and

homogeneity materials at relative low temperatures with a

controlled rate of biodegradability. New generation of

ceramic materials with great structural properties has

emerged with the sol–gel processing due to the possibility

of manipulation and control of the nanostructures. The high

porosity and surface area associated with the typical

structure of xerogel produced by sol–gel allow obtaining

materials with different degradation rate. The possibility of

obtaining non-crystalline materials with controlled com-

position and structures make the sol–gel processing a

potential technique for the encapsulation of isotopes for

therapeutic applications [12–16].

Biodegradable and non-biodegradable materials con-

taining radioisotopes have been widely investigated as a

carrier material for the radiation inside the cancer tumours,

in order to provide a high and localized dose of beta

radiation [17–28]. Internal radiotherapy using micro-

spheres containing beta radioisotopes represents an alter-

native for cancer treatment, especially for the cancers

where the response to chemotherapy and external radio-

therapy is poor. Since the tumors are irradiated in situ the

high localized beta radiation replaces the more penetrating

external gamma radiation. The choice of beta radioisotope

depends on many factors such as: type of the cancer, place
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where the cancer is located and the size of the tumor. When

choosing the radionuclide the most important parameters

which have to be taken into account are the half-life time of

the radionuclide, the energy of the beta and gamma radi-

ation if the radioisotope emits both beta and gamma radi-

ation and the range of the radiation in tissues. A short range

irradiation reduces the risk of damage to healthy tissue and

also provides the possibility for a high radiation dose in a

short period of time [13, 29–34].

Internal radiotherapy using non-biodegradable micro-

spheres are currently used in the treatment of liver cancer

[35, 36]. Both biodegradable and inert microspheres have

been widely investigated for treatment of different kind of

cancers like liver, brain and bone cancer and rheumatoid

arthritis [17, 18, 24–30, 35, 36]. Non-biodegradable

microspheres remain as impurities in the target area after

the radioactivity decays. However, dissolution and elimi-

nation of the particles from the body after their deactiva-

tion would be desirable [29–34].

The present work proposes the development of biode-

gradable sol–gel derived SiO2 xerogels containing hol-

mium as potential biomaterial to be used as matrix material

for carrying of the radioactive holmium to the cancer sites

inside the body. The beta radiation of holmium has suitable

characteristics for radiotherapy [22–30]. The silica hol-

mium radioactive particles could locally deliver high dose

of beta radiation for killing the cancerous cells and bio-

degrade after the release of radiation.

The homogeneity of the monoliths was analysed by

means of Back Scattered Electron Imaging of Scanning

Electron Microscopy equipped with Energy Dispersive

X-ray Analysis (BEI-SEM/EDX) and X-ray Photoelectron

Spectroscopy (XPS). Characterization of the materials was

done by N2 sorption isoterms and Nuclear Magnetic Res-

onance Spectroscopy (NMR). The in vitro degradation of

the monoliths was investigated in TRIS buffered solution

(Trizma pre-set Crystals, Sigma) and Simulated Body Fluid

(SBF) by analyzing the concentration of silica, calcium and

phosphorous in the immersion solutions, using UV–VIS

Spectroscopy.

2 Materials and methods

2.1 Materials preparation

The holmium silica monoliths were prepared by the

hydrolysis and polycondensation of tetraethoxysilane

(TEOS 98%, Aldrich). Holmium(III) nitrate pentahydrate

99.9% (Ho(NO3)3�5H2O) was used as precursor for hol-

mium in the monoliths. The nitrate powder was added to

the hydrolysed sol. Nitric acid (HNO3) was used as a cat-

alyst and both nitric acid and ammonium hydroxide

(NH4OH) were used for adjusting the pH. Different H2O/

TEOS mole ratios (R), pH and concentration of holmium,

were used for the preparation of the sols. The silica sol–gel

process is strongly dependent on the water-to-silica pre-

cursor ratio, pH and temperature [15, 37].

Two groups of monoliths (groups A and B) were pre-

pared in order to optimize the preparation parameters and

procedure. Both groups contain 10% Ho2O3, with the R

(H2O/TEOS ratio) of 5, 15, 20, 25 and 30, and the pH of 1

and 2.

The monoliths were prepared in a cylindrical polysty-

rene moulds (8 9 13 mm). The sol was injected into the

moulds where the gelation and drying occurred. The drying

stage is very important if homogeneous, crack-free mate-

rials are desired. Especially for monoliths the drying has to

be slow in order to avoid cracking. The aging and drying of

the monoliths have been done in two different environ-

ments, at room temperature, RT (group A) and in the

controlled environment CE, at 40�C and 40% relative

humidity (group B). The goal of using different aging and

drying procedure is to optimize the preparation procedure

in order to obtain homogeneous monoliths without hol-

mium separation into the silica network. The aging time of

the sol was between 24 and 48 h, in both conditions. The

formed gel of the samples from group B was slowly dried

for 48 h at 40�C and 40% relative humidity, and then fast

dried for 24 h in the same environment. The samples aged

at room temperature, group A, were slowly dried 48 h at

room temperature and then fast dried for 24 h at 40�C and

40% relative humidity. The drying process at 40�C is a

slow and unforced process done at constant conditions,

where the gel structure is formed. The sol–gel formulation

for the monoliths prepared at the two environments is given

in Table 1.

After drying, the monoliths were thermally treated in

two different ways, fast and slow, at different temperatures.

Table 1 The sol–gel formulation for the monoliths prepared in the

two environments (RT and CE)

Monoliths A

prepared at RT

Monoliths B

prepared at CE

R (H2O/TEOS

ratio)

pH

A01 B01 15 1

A02 B02 15 2

A11 B11 20 1

A12 B12 20 2

A21 B21 25 1

A22 B22 25 2

A41 B41 30 1

A42 B42 30 2

A51 B51 5 1

A52 B52 5 2
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Different thermal treatment procedure, treatment tempera-

tures and treatment time, was applied with the aim to

optimize both the biodegradation rate and the homogeneity

of the monoliths. The fast thermal treatment was applied

with a heating rate of 100�C/h at 300, 500 and 700�C. The

treatment time was 30 min and 2 h, and then the samples

were cooled down with the oven at room temperature. The

slow thermal treatment was applied with a heating rate of

10�C/h up to 300�C, kept there for 2 h and then the tem-

perature increases to the desired values (500 and 700�C)

with an increasing rate of 60�C/h. The treatment time was

2 h at 500 and 700�C and then the samples were cooled

down with the oven at room temperature. The complex

characterization of the monoliths allowed us to select the

preparation procedure and parameters. Thus, the controlled

environment was selected as the preparation procedure and

the following parameters were used for the preparation of

the final monoliths: R = 30, pH 2, and the thermal treat-

ment temperature of 500 and 700�C.

The selected procedure and parameters were then

applied for the preparation of monoliths with different

holmium concentration, silica monoliths with 1% Ho2O3

(group D) and silica monoliths with 5% Ho2O3 (group C).

2.2 Materials characterization

The distribution of holmium in the prepared monoliths was

analysed by means of Back Scattered Electron Imaging of

Scanning Electron Microscopy (BEI-SEM). The concen-

tration of holmium in several random selected positions on

the cross section of the monolith was measured by Energy

Dispersive X-Ray analysis. Monolith samples embedded in

acrylic resin was used for the measurements. After hard-

ening of the resin, the samples were polished and the

polished surface was coated with a thin layer of carbon.

The pore structure of the prepared monoliths was also

investigated. The Brunauer, Emmet and Teller (BET)

method was used to calculate the specific surface area from

the (N2) adsorption and desorption isotherms.

X-ray induced photoelectron spectroscopy offers infor-

mation on the first 50-100 Å of the sample surface and it is

a key tool in understanding the chemistry and physics

taking place on surfaces and at interfaces, that is, in par-

ticular, of special interest for biomaterials.

X-ray Photoelectron Spectroscopy (XPS) analyses were

performed on SPECS PHOIBOS 150 MCD system with

monochromatised Al Ka radiation from a 300 W X-ray

source (hm = 1486.6 eV). The measurements were carried

out under ultra high vacuum conditions, of order

10-10 Torr. A low energy electron beam was used to

achieve charge neutrality at the sample surface. The

binding energy scale was calibrated using the C 1s line at

284.6 eV.

29Si MAS-NMR spectra were recorded on MAS-NMR

AVANCE 400 Bruker spectrometer, at 79.5 MHz, in a

9.4 T field, with a rotation frequency of samples at magic

angle spinning of 6 kHz (for samples containing 1%

Ho2O3) and 10 kHz (for samples containing 10% Ho2O3).

The reference for the chemical shift (0 ppm) was tetra-

methylsilane (TMS). Due to the high concentration of

paramagnetic holmium ions, Ho3?, the intensity of the

samples with 10% Ho2O3 was quite low. For these samples

the number of scans was almost three times the number of

scans for samples with 1% Ho2O3.

2.3 Materials biodegradation

The silica holmium particles with a diameter of

315–500 lm were obtained by crushing and sieving the

prepared monoliths. The obtained particles were immersed

in 0.05 M TRIS (Trizma pre-set Crystals, Sigma) solution

buffered at pH 7.4, T = 37�C, for 7 days. For the first

immersion days the SiO2 in TRIS was kept below 30 ppm

(to ensure sink conditions; free dissolution of SiO2 matrix).

The saturation level at pH 7.4 is about 130 ppm. The

biodegradation tests were done also in Simulated Body

Fluid (SBF) solution with a pH at 7.4, T = 37�C for up to

14 days.

The silica concentration in both immersion solutions

was measured with UV–VIS spectrophotometer (UV-1601,

Shimadzu) analysing the molybdenum blue complex

absorbance at 820 nm. The calcium and phosphorus in the

SBF solution was also measured using the same UV–VIS

spectrophotometer.

3 Results and discussion

3.1 Materials characterization

BEI-SEM/EDX analysis results show the distribution of

holmium in the monolith and the homogeneity of the

monolith. For the intended application the homogeneity of

the material is a very important parameter in order to

achieve a local homogeneous dose of radiation in the target

site.

Moreover, the results indicate that the parameters used

for preparation and thermal treatment of the monoliths

influence the distribution of holmium in the silica network

of the monolith.

Figures 1 and 2 show the SEM images of the prepared

monolith with 10% Ho2O3, R = 30, pH 2 (B42) before and

after thermal treatment at 700�C for 2 h. Table 2 shows the

concentration of SiO2 and Ho2O3 as measured by EDX.

As can be seen from the Fig. 1, in the as-prepared

monolith holmium is not homogeneously distributed in the
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silica network. A high concentration of holmium is present

on the surface of the monolith as can be seen in the SEM

image (the white part on the surface of the monolith). The

concentration of holmium was measured in several random

selected positions in the cross section of the as-prepared

monolith by EDX analysis and the results are given in

Table 2. After thermal treatment, holmium is quite

homogeneously distributed in the silica network of the

monolith as can be observed in Fig. 2. It can be concluded

that the homogeneity of the monolith is obtained only after

thermal treatment and is not influenced by the parameters

used in sol–gel formulation, aging and drying of the

monoliths. The concentration of holmium in different

positions in the cross section of the thermal treated

monolith measured by EDX analysis is shown in Table 2.

In the present study, the prepared monoliths were thermally

treated at three different temperatures: 300, 500 and 700�C,

for 30 min and 2 h, in order to point out the influence of

the treatment temperature and treatment time on the dis-

tribution of holmium in the monolith during the treatment

procedure. A fast and slow thermal treatment was also

applied to investigate whether this would affect the

homogeneity of the monolith. The SEM investigations on

those monoliths showed that the treatment temperatures

used does not influence the homogeneity of the monolith,

since homogeneous monoliths can be obtained at the

treatment temperature as low as 300�C and as high as

700�C. Homogeneous distribution of holmium in the

monoliths can be observed at both, 30 min and 2 h thermal

treatment time. Also, the fast and slow thermal treatment

procedure does not influence the homogeneity of the

monoliths for the selected treatment temperatures and

treatment time.

Sol–gel produced materials are typically nanoporous in

nature. N2 sorption was used to measure the specific sur-

face area according to the method of Brunauer, Emmett

and Teller, so called BET surface area. The N2 adsorption–

desorption isotherms for the two monoliths with 1% Ho2O3

(D42) and 10% Ho2O3 (B42) thermally treated at 300 and

700�C for 2 h, are shown in the Figs. 3 and 4. The BET

surface area and the pore analysis results are presented in

Table 3.

The pore structure analysis gives valuable information

about the formation of the structure and its influence on the

Fig. 1 SEM image of the B42 monolith, 10% Ho2O3, R = 30, pH 2,

as-prepared

Fig. 2 SEM image of the B42 monolith, 10% Ho2O3, R = 30, pH 2,

thermally treated at 700�C/2 h

Table 2 Concentration of SiO2 and Ho2O3 (wt%) as measured by EDX

B42-10% Ho2O3, R = 30, pH 2, as-prepared B42-10% Ho2O3, R = 30, pH 2, thermal treated at 700�C/2 h

Position SiO2 (wt%) Ho2O3 (wt%) Position SiO2 (wt%) Ho2O3 (wt%)

Spot 1 73.24 26.76 Spot 1 86.06 13.94

Spot 2 94.49 5.51 Spot 2 89.33 10.67

Spot 3 94.57 5.43 Spot 3 90.58 9.42

Spot 4 92.34 7.66 Spot 4 88.79 11.21

Spot 5 76.48 23.52 Spot 5 86.55 13.45

Spot 6 77.42 22.58 Spot 6 84.21 15.79
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bioactivity and biodegradability of the monoliths. High

BET surface area is related to a high porosity. As can be

observed from the Table 3, when the holmium concentra-

tion increases the BET-surface area also increases. The

increase of the treatment temperature induced the

decreasing of the BET-surface area. The studied samples

contain mostly micropores, although with slight mesopo-

rosity (porosity of diameter 2-50 nm). The mesopore

volume decreases by increasing of the holmium concen-

tration and the treatment temperature. However, for the

samples thermally treated at 700�C there is no difference

between the mesopore volumes, even if the concentration

of holmium is different. Also, there is a small difference in

the mesopore volume for the sample with 10% Ho2O3

thermally treated at the two temperatures compared with

the samples with 1% Ho2O3. The micropore volume

increases by increasing of the holmium concentration and

decreases by increasing of the treatment temperature. The

diameter of the pores increases by increasing the concen-

tration of holmium, and decreases by increasing the treat-

ment temperature for the samples with 10% Ho2O3 while

for the samples with 1% Ho2O3, a very small difference in

the diameters of the pores is observed by increasing the

treatment temperature.

The results indicate that silica alone mainly determines

the porous structure of the monolith. The holmium species

likely only fill the pores, which are formed when the silica

species aggregate.

Holmium introduced as dopand in the materials also

affects the mechanical strength of the monoliths. Increased

concentration of holmium produces more crystallinity

causing extra stresses.

The composition and structure together determine the in

vitro bioactivity of the sol–gel monoliths. In pure silica,

the great mesopore volume and the wide distribution of the

mesopores favor the hydroxyapatite nucleation, while the

surface area does not influence so much the bioactivity of

the materials [38].

The XPS survey spectra of the B42 (10% Ho2O3) and

D42 (1% Ho2O3) samples thermally treated at 500 and

700�C are given in Fig. 5. The XPS results indicate that the

samples are of high purity. From the spectra it can be seen

a low carbon peak, but carbon adsorption occurs on all

surfaces exposed to the atmosphere and is detected by the

XPS technique [39, 40]. Actually, the binding energy (BE)

of this peak was considered for the calibration of the

photoelectron spectra. The position and full width at half

maximum (FWHM) of photoelectron peaks were estimated

using spectra simulation based on summation of Lorentzian

and Gaussian functions.

The elemental composition of the samples was deter-

mined in at.% from the survey spectra (Fig. 5). The results
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Fig. 3 N2 adsorption–desorption isotherms for the monoliths D42

thermally treated at 300 and 700�C for 2 h
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Fig. 4 N2 adsorption–desorption isotherms for the monoliths B42

thermally treated at 300 and 700�C for 2 h

Table 3 Summary of

sorptometer results
Sample

code

Treatment

temp. (�C)

BET surface

area (m2/g)

VMicropore

(cm3/g)

VMesopore

(cm3/g)

VTotal pore

(cm3/g)

Pore

width (Å)

B42 300 538.6 0.2341 0.0119 0.2460 25.83

B42 700 449.3 0.1833 0.0113 0.1946 16.31

D42 300 510.1 0.1956 0.0191 0.2147 15.64

D42 700 361 0.1392 0.0112 0.1504 16.31
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are summarized in Table 4. For comparison are also

included the expected values, as they were considered for

the samples preparation.

The high resolution spectrum of Ho 4d photoelectrons is

scarcely recordable even for B42 samples, due to their low

holmium content (circa 1 at.%). However, for the 1 at.%

holmium containing samples (B42), different from those

with 0.1 at.% holmium (D42), the smoothed core-level

spectrum (Fig. 6) evidences the features of X-ray photo-

electron 4d core-level multiplets for holmium [41] over-

lapped by the satellite of Si 2s photoelectron peak,

occurring due to inelastic scattering of the electrons.

The O 1s, Si 2p and Si 2s core level photoelectron

spectra of the samples B42 and D42 thermally treated at

700�C for 2 h are given in Figs. 7, 8, 9. The photopeaks of

D42 samples are rather symmetric and can be well fitted to

a single peak, while that recorded from B42 samples are

less symmetric and better fitted with two components.

By rising the heat treatment temperature from 500 to

700�C, for B42 sample one remarks an decrease of BE and

an increase of FWHM values, while for D42, with very low

holmium content, these values seem to be practically

unaffected, but in fact both BE and FWHM increase

(Table 5).

The line broadening for these monoliths with very high

silica content indicates that 700�C heat treatment enhances

the vitreous state stability. By inspecting the samples heat

treated at 700�C one observes a decrease in binding energy

of silicon core level electrons as 10 wt% Ho2O3 is added to

the silicate glass matrix that denotes an increase in electron

density around the Si atoms. An opposite effect is observed

for the 500�C heat treated samples. This is correlated with

fact that the effective electronic charge density on a cation

decreases as the number of oxygen anions increases. The

decrease in effective electronic charge density around the

cations would be reflected in an increase in the binding

energy of the remaining electrons [42, 43].

The 29Si MAS-NMR spectra of 1% Ho2O3 and 10%

Ho2O3 samples (Fig. 10) show larges widths for the lines

recorded from the samples with 10% Ho2O3, due to the

disordering effect of holmium on SiO2 vitreous matrix. The

structure of the silicate network in glass systems is mainly

determined by the degree of polymerization of the silicate

tetrahedra and described by the abundance of different Qn

species, where Qn denotes a tetrahedron linked by bridging

O atoms to n adjacent tetrahedra. The range of n is 0, for

isolated tetrahedra, to 4, for fully polymerized three-

dimensional network [44].
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Fig. 5 Survey spectra of the B42 and D42 monoliths thermal treated

at 500 and 700�C for 2 h

Table 4 Atomic percentage of

the elements obtained from XPS

analysis

Sample

code

Treatment

temp. (�C)

Ho (at.%) Si (at.%) O (at.%)

Expected Measured Expected Measured Expected Measured

B42 500 1.14 1 32.38 30.3 66.48 68.7

B42 700 0.9 31.2 67.9

D42 500 0.11 – 33.24 30.1 66.65 69.9

D42 500 – 31.5 68.5
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Fig. 6 XPS spectra of the B42 and D42 monoliths thermal treated at

500�C for 2 h recorded in the binding energy range corresponding to

4d Ho and 2s Si X-ray photoelectrons
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According to chemical shift values of component lines

obtained from spectra deconvolution by DMfit program

[45] (Table 6) the structural units are mainly Q4 species,

but also Q3 species are evidenced, as can be seen from

Fig. 11 for the sample with 1% Ho2O3 heat treated at

500�C for 2 h.

The chemical shift in the 29Si MAS NMR spectra

depends on heat treatment temperature reflecting differ-

ences in the local order of the silicate network, expected for

different processing conditions of the samples [45]. By

increasing the heat treatment temperature, the fraction of

Q4 species and the corresponding line-width increase,

showing a higher degree of network polymerisation and a

larger local disorder, particularly in samples with 10%

Ho2O3. The occurrence of Qn-species with prevalent high n

values is consistent with 29Si MAS NMR results reported

for sol–gel derived silicate systems [46, 47].

3.2 Materials biodegradation

The SiO2 dissolution of sol–gel produced silica matrices

depends upon porosity and the chemical structure. Sol–gel

produced materials are typically porous by nature, but the

porosity and the chemical structure depends on the used

preparation parameters, such as precursors and their con-

centration, preparation method and temperature. The dis-

solution of the sol–gel produced silica holmium monoliths

was measured in pH buffered TRIS solution and in SBF

solution with a pH at 7.4, at T = 37�C.

The silica release behavior in the TRIS solution for the

samples with 10% Ho2O3, thermally treated at 500�C for

2 h with R = 5 (B52), R = 15 (B02), R = 30 (B42) is

shown in Fig. 12. As can be seen from the figure, the

increase of R induces the increase of the silica release in

the solution. About 20% of silica was released into the

solution during the immersion time from the sample with
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Fig. 7 O 1s core level photoelectron spectra of the B42 (a) and D42

(b) monoliths thermal treated at 700�C for 2 h
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Fig. 8 Si 2p core level photoelectron spectra of the B42 (a) and D42

(b) monoliths thermal treated at 700�C for 2 h
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R = 30 (B42), while for the sample with R = 5 (B52) only

about 1.5% of silica was released.

Figures 13 and 14 show the biodegradation results for

the samples with different holmium content, 10% Ho2O3

(B42), 5% Ho2O3 (C42) and 1% Ho2O3 (D42), with

R = 30, pH 2, thermally treated at 500 and 700�C for 2 h.

The decrease of the concentration of holmium oxide

induces a decrease of the biodegradation rate. The higher

release of silica from the B42 sample compared with the

other two samples could be due to the more porous

structure and higher surface area as the N2-sorption results

indicate. The results show that the increase of the thermal

treatment temperature induces a slower release of silica

into the TRIS solution during the immersion time.

The SiO2 matrix degradation is influenced by the water/

TEOS ratio, concentration of holmium and thermal treat-

ment temperature. The rate of degradation can be easily

controlled by suitable tailoring of those parameters.

The degradation of the monoliths occurs also in the SBF

solution. The B42, C42 and D42 samples thermally treated
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Fig. 9 Si 2s core level photoelectron spectra of the B42 (a) and D42

(b) monoliths thermal treated at 700�C for 2 h

Table 5 Core level electron

binding energies (BE) and full-

width at half-maximum

(FWHM)

Sample

code

Treatment

temp. (�C)

O 1s Si 2p Si 2s

BE (eV) FWHM (eV) BE (eV) FWHM (eV) BE (eV) FWHM (eV)

B42 500 533.20 2.60 103.93 2.46 154.79 2.81

700 532.25 2.66 102.64 2.80 153.45 3.07

D42 500 532.39 2.00 103.03 1.98 154.03 2.39

700 532.53 2.11 103.21 2.06 154.33 3.27
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Fig. 10 NMR spectra of the B42 (a) and D42 (b) monoliths

thermally treated at 500 and 700�C for 2 h
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Table 6 Chemical shift, d, full

width at half maximum of

component lines obtained by
29Si MAS NMR spectra

deconvolution, and the

distribution of Q(n) units

Sample code Treatment

temp. (�C)

Qn Line position,

d (ppm)

Line width

(ppm)

Qn population

(%)

B42 500 Q4 -106.5 15.0 89.1

Q3 -92.0 12.1 10.9

700 Q4 -109.3 16.4 95.8

Q3 -96.5 7.6 4.2

D42 500 Q4 -108.9 16.4 84.3

Q3 -95.00 13.1 15.7

700 Q4 -109.8 25 92.3

Q3 -93.4 12.5 7.7

(ppm)
-130-120-110-100-90-80-70

Q
4

Q
3

-140

Fig. 11 29Si MAS NMR experimental and simulated spectra along

with the deconvolution components, for D42 monolith thermally

treated at 500�C for 2 h
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Fig. 12 Silica release in the immersion TRIS solution for the

monoliths with 10% Ho2O3 and R = 5 (B52), 15 (B02) and 30

(B42), pH 2, thermally treated at 500�C for 2 h

0 20 40 60 80 100 120 140 160 180
0

2

4

6

8

10

12

14

16

18

20

22

S
iO

2 (
%

)

Time (h)

 B42 tt500°

°

°

C/2h

 C42 tt500 C/2h

 D42 tt500 C/2h

Fig. 13 Silica release in the immersion TRIS solution for the B42

(10% Ho2O3), C42 (5% Ho2O3) and D42 (1% Ho2O3) monoliths with

R = 30, pH 2, thermally treated at 500�C for 2 h
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Fig. 14 Silica release in the immersion TRIS solution for the B42

(10% Ho2O3), C42 (5% Ho2O3) and D42 (1% Ho2O3) monoliths with

R = 30, pH 2, thermally treated at 700�C for 2 h
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at 500�C for 2 h were immersed in SBF solution for up to

14 days. The concentration of P, Ca and Si in the SBF

solution after the immersion time was analyzed by

UV–VIS spectroscopy and the results are presented in

Figs. 15, 16, and 17.

As can be seen from the Fig. 17, silica is released in the

immersion solution showing the degradation of the silica

matrix of the monoliths in SBF solution. Calcium and

phosphorous concentration decreases after the immersion

in SBF indicating a precipitation of calcium and phosphate

species from the solution on the monoliths surface

(Figs. 15, 16).

In order to point out the calcium phosphate precipitate

on the surface of the monoliths the immersed monoliths

were analysed by SEM–EDX. Figures 18 and 19 show the

calcium phosphate precipitates formed on the particles

surface (D42 and B42 monoliths, thermally treated at

500�C for 2 h) during the immersion for 7 days in SBF.

The particles with 1% Ho2O3 (D42) thermally treated at

500�C for 2 h exhibits calcium phosphate precipitate on

their surface after immersion in SBF (Fig. 18) while a thick

reaction calcium phosphate layer rich in holmium was

formed on the particles surface with 10% Ho2O3 (B42)

thermally treated at 500�C for 2 h, during the immersion in
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Fig. 15 Phosphorous concentration in the immersion SBF solution

for the B42 (10% Ho2O3), C42 (5% Ho2O3) and D42 (1% Ho2O3)

monoliths with R = 30, pH 2, thermally treated at 500�C for 2 h
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Fig. 16 Calcium concentration in the immersion SBF solution for the

B42 (10% Ho2O3), C42 (5% Ho2O3) and D42 (1% Ho2O3) monoliths

with R = 30, pH 2, thermally treated at 500�C for 2 h
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Fig. 17 Silica release in the immersion SBF solution for the B42

(10% Ho2O3), C42 (5% Ho2O3) and D42 (1% Ho2O3) monoliths with

R = 30, pH 2, thermally treated at 500�C for 2 h

Fig. 18 SEM image of the D42 (1% Ho2O3) monolith with R = 30,

pH 2, thermally treated at 500�C for 2 h after 7 days immersion in

SBF
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SBF (Fig. 19). The SEM results are well correlated with

the biodegradation results.

The decrease in the calcium and/or phosphate concen-

tration is accepted to an indication of the HCA formation

leading possible to the bioactivity.

4 Conclusions

The results show that promising biomaterials able to carry

the radioactive holmium, the source of beta radiation, in

the body can be produced by sol–gel method. Structural

characterization of the materials indicates that homogenous

and crack-free silica monoliths incorporated holmium can

be obtain when a suitable sol–gel processing and thermal

treatment are applied. The properties of the materials are

determined by both the structure and composition. The

thermal treatment applied influences also the degradation

of the materials in TRIS and SBF solutions. The biodeg-

radation results indicate that biodegradable materials with

controlled biodegradation rate could be obtain by suitable

tailoring of the composition, structure and thermal treat-

ment. Calcium phosphate precipitates are formed on the

particle surface, when immersed in the SBF solution.

Holmium in the monoliths seems to favor the calcium

phosphate precipitates since a thick calcium phosphate

layer is formed on the particles with the highest amount of

holmium (10% Ho2O3). The behavior of the prepared silica

holmium monoliths in the tested environments are influ-

enced by the composition of the materials and the thermal

treatment applied.
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