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f cancer treatment methods is of considerable 
. Among them is radioembolization, which 
ing large particles of a solid carrier containing 
uclide into a blood vessel feeding the tumor.1 
or dies both from irradiation and from lack of 
atic hydroxyapatite (HAPE)4–6 can be used as 

 component due to its suitable particle sizes 
ties. The second component of the system is a 
is actively absorbed by HAPE and has a 
n the tumor. Yttrium-90 and copper-67 can be 
 radionuclides due to their nuclear-physical 
roduction and use of ruthenium complexes in 
 of increasing interest in the last years. Among 
nuclides, ruthenium-97 is the most promising 
 long half-life (2.9 days), applicability as a 
nd selectivity for metastatic cancer cells.9,10 
n the sorption and desorption parameters of 
in radioembolization are necessary for their 
 nuclear medicine. Desorption is an important 
ossible radionuclide losses in the body, which 
se load on critical organs. In this work, we 
meters for yttrium (with 90Y) and ruthenium 
g-lived analog of 97Ru)11 using the radioactive 
pper(ii) ions, as a prototype of 67Cu, were 
ally.
oxyapatite was prepared by hydrolysis of 
sphate in the presence of alkaline phosphatase, 
usly6 (for details, see Online Supplementary 
ima of the differential particle size distribution 
m 0.5 to 2.7 μm depending on the reaction 
ncentration. At reaction times of 1 and 7 days, 
 9 and 10 nm with the corresponding specific 
and 130 m2 g–1, respectively. The particles had 
d a developed surface relief.

The sorption of yttrium was determined using 90Yiii with the 
addition of yttrium(iii) nitrate as a carrier (Figure 1). The 
sorption was almost irreversible and reached a maximum after 
15 min. The sorption of copper ions on hydroxyapatite obtained 
by non-enzymatic methods has been described previously.12,13 
The binding of copper with hydroxyapatite was also irreversible, 
and no desorption was observed. The sorption was fast, and 
saturation occurred after 1 h (see Figure 1).

The kinetics of ruthenium sorption was obtained using 103Ru 
with T1/2 = 39.8 days. In the case of ruthenium sorption with a 
carrier, the concentration of RuCl3 was 5 g dm–3 (Figure 1, 
curve 3). Earlier, Tõnsuaadu et al.14 assumed that an intrinsic 
phase containing ruthenium could be formed if the macro 
concentration of ruthenium was used, but we failed to confirm 
this in our experiments. The maximum sorption of 18 mg g–1 was 
reached in 60 min, and it was significantly lower than that of 
yttrium. Figure 2 illustrates the sorption kinetics of carrier-free 
103Ru (see also Online Supplementary Materials). Partial 
desorption is clearly present here (the sorption also reached a 
maximum in 60 min); however, this may be due to the dissolution 
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yapatite obtained by enzymatic synthesis 
er of radionuclides (yttrium-90, copper(ii) 
 64Cu and 67Cu and ruthenium-103 as a 
) is considered. The processes of sorption 
 ions in different solutions are compared. 
copper and yttrium on HAPE is almost 
ntrast to the sorption of ruthenium, for 
process depends on the medium.
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Figure  1  Sorption kinetics of (1) yttrium, (2) copper and (3) ruthenium. 
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of HAPE in an acidic medium (because the neutral and alkaline 
solutions of ruthenium cannot be used).

Figure 3 shows sorption isotherms of yttrium and copper ions 
on HAPE (see also Online Supplementary Materials). The 
sorption reached maximum values of 470 mg g–1 for yttrium and 
220 mg g–1 for copper. The Langmuir-type model can 
satisfactorily describe the sorption isotherm of copper ions. 
Table 1 compares the parameters of copper sorption isotherms 
on HAPE and nanohydroxyapatite13 (synthesized by a 
precipitation method) obtained by approximation using this 
model. The best fit was observed for HAPE, which had a 
significantly higher specific surface area and maximum sorption.

The sorption isotherm of yttrium (see Figure 3) cannot be 
described by simple Langmuir and Freundlich models and is 
characterized by a significantly higher maximum equilibrium 
sorption. The sorption isotherms of ruthenium, both using 103Ru 
without a carrier and with a carrier of ruthenium(iii) chloride 
solution, cannot be correctly characterized by the radioactive 
tracer method because of the low pH of the solutions.

Figure 4 illustrates the desorption of yttrium in saline, bovine 
serum albumin (BSA) (C = 48 mg  ml–1) and acetate buffer  
(pH 5.0) solutions. In all systems, desorption did not exceed 5% 
of the total sorbed yttrium and reached a maximum (5%) in the 
buffer solution. Thus, the sorption of yttrium was almost 
irreversible. In conclusion, we note that the kinetics of sorption 
cannot be described by relatively simple pseudo-first or pseudo-
second order models.

Enzymatic hydroxyapatite is a promising material for tumor 
embolization because it has a high sorption capacity and low 

desorption (or its absence). For this goal, 90Y and copper 
radionuclides (in particular, therapeutic 67Cu) are the most 
promising. Ruthenium is also of interest in radiopharmaceutical 
chemistry.
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Figure  2  Sorption of carrier-free 103Ru. Precipitation of the intrinsic 
ruthenium-containing phase under the experimental conditions was impossible.

Table  1  Approximation parameters for sorption isotherms of copper ions 
on hydroxyapatite according to the Langmuir model (KL is the adsorption 
equilibrium constant, and R2 is the linearization factor).

Sample Qm/mg g–1 KL/dm3 g–1 R2

Nanohydroxyapatite13   83 15.8 0.931

Enzymatic hydroxyapatite (HAPE) 230 26.6 0.967
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Figure  3  Sorption isotherms of (1) yttrium and (2) copper.
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Figure  4  Desorption of yttrium in (1) saline, (2) BSA and (3) acetate 
buffer (pH 5.0) solutions.


