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Abstract
The sorption behavior of 89Zr on hydroxyapatite (Ca10(PO4)5(OH)2, HA) nanoparticles in an aqueous medium and 0.9% NaCl
at various pH values was studied. The fast kinetics of the process was determined; the stability of the obtained conjugate in
a model biological medium at 25 and 37 °C was shown. The possibility of further use of the 89Zr@HA conjugate in various
radiopharmaceuticals is discussed.
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Introduction
89

Zr is one of the most attractive radionuclides for positron
emission tomography due to its nuclear physical characteristics [1]. It can be easily produced on natural monoisotopic
yttrium by reactions 89Y(p,n)89Zr and 89Y(d,2n)89Zr [2, 3],
having a high yield and maximum cross-sections at energies
of just over 10 MeV [4, 5]. The literature describes the separation of 89Zr from irradiated yttrium targets by extraction
methods [6–8], ion-exchange and extraction chromatography
[9–15].
The studied radiopharmaceuticals based on 89Zr can be
divided into two groups: the first, where 89Zr is chelated by
various complexes and then bound to antibodies, and the
second, where various nanoparticles act as 89Zr carriers.
In the first case, the coordination chemistry of zirconium
creates some difficulties with chelation. Strong bonding of
zirconium requires 8 electron-donating atoms around it [16]
leading to problems when using chelators typical of nuclear
medicine. For example, the 89Zr complex with deferroxamine (DFO) is partially unstable in the body [17], and the
chelators DTPA (diethylenetriaminepentaacetic acid) and
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DOTA (1,4,7,10-tetraazocyclododecane-1,4,7,10-tetraacetic
acid) have binding problems [18, 19]. For this reason, much
attention of scientists today is devoted to the search for new
promising chelators [19–22]. In the second case, various
biocompatible nanoparticles are investigated for 89Zr delivery: high density lipoprotein [23], liposomal nanoparticles
[24, 25], gold nanoparticles [26], quantum dots [27] and
nanodots [28].
This work is devoted to the study of hydroxyapatite nanoparticles (HA, C
 a10(PO4)6(OH)2), which are non-toxic,
biocompatible, biodegradable etc. [29] as a carriers of 89Zr
in radiopharmaceuticals. HA and its derivatives have long
been actively investigated for its using as carriers of medical radionuclides and is considered as a platform for both
therapeutic (177Lu [30, 31], 153Sm [32], 223Ra [33], 211Pb
[34]) and diagnostic radionuclides (67Zn [35], 64Cu [36], 89Zr
[37]). Thus, high stability of 177Lu-labeled HA in vitro has
been demonstrated [30] and the possibility of successful use
of ready-to-use kits with such particles in clinical trials in
patients with rheumatoid arthritis was also shown [31]. The
biodistribution of 153Sm-labeled HA in the human body was
studied, and HA particles were found to be potentially useful
radiation synovectomy agent [32]. The sorption behavior of
α-emitter 223Ra on HA was studied in vitro, and the high
stability of the obtained conjugates in various media was
determined [33], which make possible to consider HA as a
promising carrier to 223Ra in nuclear medicine. The possibility of sorption and cocrystallization binding of lead with HA
acting as a potential carrier of short-lived medicine isotopes
211,212
Pb was shown in [34]. Sorption of copper and zinc ions
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on HA was studied in vitro, and it was shown that HA can
become a platform for drugs with medical isotopes 69mZn
and 64Cu [35, 36].
Earlier, we developed an approach in which 2 variants
of isotope binding to HA are possible: co-crystallization
and sorption. For example, it was shown for 69mZn that both
variants lead to a uniform distribution of the cation over the
surface of the nanocrystal [38]. At the same time, using of
co-crystallization method of binding could change the morphology and structure of the carrier [34, 36]. In this work,
we develop and optimize precisely the sorption method of
binding the 89Zr to HA, in which the doping cation minimally affects the structure and morphology of the support.
In our recent work, we also investigated the possible
mechanism of 89Zr sorption on HA by studying the surface
of HA with stable zirconium adsorbed on it by XPS method
[37]. This work is devoted to the search for optimal conditions for 89Zr sorption on HA, as well as the stability of
89
Zr@HA conjugate in model biological media which will
may possible to consider HA as a promising carrier for 89Zr.

Experimental
Synthesis of HA nanoparticles
The synthesis of HA nanoparticles was carried out by feeding a 30% solution of orthophosphoric acid with a controlled
speed (using a special peristaltic pump) into a reaction vessel with an aqueous suspension of calcium oxide/hydroxide
with intensive stirring. The progress of the reaction was
monitored both by the volume of the acid that had gone into
the reaction (up to the stoichiometric Ca/P ratio = 1.67), and
using a pH meter (Elit-3305, UK) until the reaction mixture
reached a pH value of 6–7 [39]. In the resulting suspension of HA nanocrystals, the mass concentration of the solid
phase (Xt, %) was determined gravimetrically, which was
equal to Xt = 5.5 ± 0.2 mass%.
The morphology and size characteristics of the particles of the solid phase were studied by electron transmission microscopy (JEM-1011B, Japan, resolution 0.3 nm).
Transmission electron microscopy samples were prepared
by applying a drop of a suspension of the studied crystals
diluted with distilled water in a ratio of 50:1 on a special
copper mesh with a form film. After drying in air, the samples were stored in special canisters.
The phase composition of the HA powder obtained from
the initial suspension was characterized by XRD. X-ray diffraction patterns of the experimental samples were obtained
using a DRON-3 automated X-ray diffractometer, focused
according to Bragg-Bretano, with a graphite monochromator on a diffracted beam, controlled using the EXPRESS
computer program. The measurements were carried out
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on a CoKα detector with the radiation wavelength of
0.179021 nm in the step-by-step scanning mode in the range
of angles 10°–80° (2θ) with a step of 0.1°–0.05°; the exposure time for one point was 3–5 s.
The specific free surface and porosity were determined
for the powder by thermal desorption of nitrogen (Micrometrics ASAP-2010, USA). The results were processed according to the Branauer-Emmett-Taylor (BET) model; temperature was − 196 °C and relative vapor pressure P/P0 = 0.2.
The pore sizes in the texture of the samples (with a diameter of < 100 nm) were determined according to the Barrett–Joyner–Halender model.

Carrier‑free 89Zr separation and its detection
To obtain carrier-free 89Zr, two 100 mg Y2O3 targets were
irradiated with 15 MeV deuterons and dissolved in HClconc.
Then, separations by extraction chromatography on TEVA
sorbent (based on quaternary ammonium salts, Triskem Int,
France, 100–150 mesh) were carried out for few mg parts of
targets according to our previously determined distribution
coefficients and developed separation method [15] (Fig. 1).
Measurements of the activity of 89Zr were carried out on
gamma spectrometer using 909 keV (100%) peak. For this,
gamma spectrometer with a high-purity germanium detector
GR 3818 (Canberra Inc, USA) calibrated by certified reference point sources (22Na, 60Co, 241Am and 137Cs) and a 152Eu
standard solution was used.
89

Zr sorption on HA nanoparticles

For sorption experiments a suspension of HA 5.5 mass%
and previously obtained carrier-free 89Zr solution were

Fig. 1  Separation of carrier-free 89Zr from target material onto TEVA
resin. Column had 2 ml volume and 7 mm diameter
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used. Temperature of 25 °C was kept during all sorption
experiments.
To study the interaction parameters of ultramicroquantities of Zr(IV) with the surface of the sorbent, an adsorption
isotherm was constructed. For this, the sorption values were
studied at various concentrations of Zr(IV) with fixed HA
content in solution (0.55 mass%). The amount of zirconium
was from the minimum detectable activity under measurement conditions (300 Bq per experiment) to 1 0−8 g (by adding a stable Zr(IV) carrier to solution up to mass equivalent
of 150 MBq of 89Zr).
To study influence of pH to 89Zr sorption, a 1 ml suspension of HA was placed in a 10 ml plastic vial, a solution of
selected for sorption medium was added, then an aliquot of
the ZrOCl2·8H2O solution (the total content of stable zirconium in this solution was 1 0−8 g, which is equivalent to
150 MBq 89Zr and exceeds the medical dose), and finally, an
aliquot of 89Zr solution. After a few minutes, the pH of the
solution was measured. The contents of the vial were then
mixed on a shaker, centrifuged, an aliquot of the solution
was taken, and the gamma spectrum was registered.
In all further experiments with fixed pH the amount of
all reagents except stable zirconium (carrier) was reduced
by 10 times and experiments were carried out in eppendorf
test tubes with total volume of 1 mL.
To determine the amount of desorption, sorption was carried out in 1 mL of solution, then, after 15 min of shaking,
the solution was centrifuged and 0.9 mL of solution was
removed. Then, 0.9 mL of bovine serum albumin (BSA)
in phosphate-buffered saline with pH 7.3 (PBS) was added
to the supernatant and suspension remaining in the test
tube, so that the concentration of BSA after addition was
40 g/L. Finally, the resulting solution was agitated, shaken
at 37 °C, an aliquot was taken and the gamma spectrum was
registered.
For each sorption and desorption values, 3 parallel experiments were performed.

are assembled into aggregates with a complex hierarchical
organization (Fig. 2).
According to the XRD data, only HA reflexes are present
in the diffractogram of the experimental samples (Fig. 3).
The broadening of reflections on the diffractogram is associated precisely with the nanodispersity of the drug.
The specific free surface of the solid sample was about
80 m2/g. In this case, the maximum surface of HA nanoparticles, indirectly determined in collagen sorption experiments or calculated from the geometrical dimensions of the
hydroxyapatite [40] is at the level of 900 m2/g. Taking into
account the degree of aggregation of nanoparticles, we estimate the specific free surface of the HA as 180-200 m2/g.

Sorption behavior of 89Zr on HA nanoparticles
To determine the optimal conditions for 89Zr sorption on
HA, experiments were carried out in distilled water at various pH by adding an aliquot of HCl or NaOH. It was found
that in the entire selected pH range, sorption is close to
quantitative and amounts to more than 98.5% (Fig. 4).
To study the effect of the ionic strength of the solution,
sorption experiments were also carried out in a 0.9% NaCl
solution at the same pH values, as a result of which it was
found that the sorption value does not change in comparison
with sorption in water.
To construct the isotherm of sorption of zirconium on
HA, low concentrations were chosen so as not to significantly exceed the medical amount of 89Zr. As expected,
in this case, sorption is described by the Henry isotherm
(Fig. 5), while the experimentally determined Henry constant was 0.35 ± 0.02 L/g. The data obtained indicate the

Results and discussion
Characterization of HA nanoparticles
As a result of the synthesis of HA, an aqueous suspension of its nanocrystals (white) with a solid phase content
of Xm = 5.5 ± 0.2 mass was obtained. According to electron transmission microscopy, HA nanoparticles are elongated plate crystals with an average size of 100–25 nm
(length–width) and a thickness of about 2–5 nm. According to the work [40] the thickness of an individual HA
nanocrystal can reach a value comparable to the unit cell
size of the HA itself (0.6–0.8 nm). Nanoplates in suspension

Fig. 2  Morphology of HA nanocrystals
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Fig. 3  Experimental X-ray diffraction pattern of HA and HA reference lines according to the JCPDS catalog
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Fig. 4  Sorption of 89Zr on HA nanoparticles (0.55 mass%) in an
aqueous medium with addition of HCl or NaOH at 25 °C

possibility of using small amounts of HA for the complete
sorption of 89Zr medical quantities.
A study of the kinetics of the sorption process (from 3 to
30 min of sorption at pH 4, 7, and 10) showed that sorption
equilibrium in both media is achieved in the first minutes of
contact of HA and 89Zr (Fig. 6).
Next, the effect of the amount of HA on sorption at pH
7.3 (adding sodium acetate to the solution to maintain an
appropriate pH) was studied. It was found that in the investigated range of HA content in the solution from 0.055 to 1.1
mass%, the sorption value does not change. Thus, sorption
of 89Zr on HA can be carried out in a wide range of pH and
HA concentrations, while complete sorption of 89Zr by nanoparticles in all cases will be achieved in just a few minutes.
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Fig. 5  Sorption isotherm of Zr(IV) on HA nanoparticles for low
Zr(IV) concentrations in water solutions with pH 7

Finally, the desorption of 89Zr in a 40 g/L BSA solution
in PBS (a solution simulating both ionic strength and blood
protein background) was studied. The contact time of 89Zr@
HA with a stripping solution ranged from 60 min to 2 days,
and it was shown that both at 25 °C and at 37° C the desorption is minimal, and reaches only 0.6% in 2 days (Fig. 6).
Thus, the possibility of easy and quick synthesis of the
89
Zr@HA conjugate, which can be potentially used in various tasks in nuclear medicine, was demonstrated in the work.
In addition to the direct use of the conjugate for visualization in the body, its further modification is possible. During the sorption of ultramicroquantities of 89Zr, HA retains
its structure and properties (which was demonstrated in our
experiments by the constancy of the XRD spectrum before
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sorption equilibrium occurs in the first minutes of contact
of the sorbent with a solution containing a radionuclide. A
study of 89Zr desorption with HA showed that the conjugate
89
Zr@HA is highly stable in a model biological medium: no
more than 1% 89Zr is desorbed from the surface in 2 days
at 37 °C. The results indicate the promise of using HA as a
carrier of 89Zr in nuclear medicine.
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Fig. 6  Kinetics of sorption (25 °C) and desorption (37 °C) of 89Zr on
0.55 mass% HA
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