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Abstract
Elemental and phase composition of hydroxyapatite (HA) nanoparticle surface with absorbed zirconium were studied with 
X-ray photoelectron spectroscopy. Zr4+ adsorption on HA nanocrystals as a function of hydrochloric solution pH was estab-
lished. The mechanism of interaction of zirconium with the HA surface was discussed. The obtained results are fundamental 
for 89Zr-based radiopharmaceuticals with a new design.
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Introduction

89Zr isotope’s nuclear-physical parameters are optimal for 
the positron-emission tomography (PET) [1]. Relatively 
long half-life (T1/2 = 78.41 h) allows application of 89Zr as 
conjugates with antibodies relatively slow distributed along 
the organism. This is an advantage of 89Zr compared to 68Ga, 
64Cu, 86Y, whose half-lives are lower, which does not allow 
the studies of slow processes in the organism [2]. At the 
present time 89Zr is often used in PET with monoclonal anti-
bodies [3]. 89Zr-labelled antibodies proved to be effective 
in the clinical tests [4–6], possibility of producing of new 
89Zr-labelled antibodies is studied [7–10].

The main 89Zr production method for nuclear medicine 
is natY (100% 89Y) target irradiation on small cyclotrons 
[11, 12] by the 89Y(p,n)89Zr and 89Y(d,2n)89Zr reactions 
[13]. The maximal cross-section for the first reaction is 825 
mb at 13.2 MeV [14], for the second one it is 950 mb at 
17.2 MeV [15]. The beam energy in these reactions must be 
kept below the edge of the long-living 88Zr formation. The 
yield on the thick target can reach 30 MBq·μA−1·h−1 [16] 

for 13 MeV protons, in the case of deuterons it can reach to 
74 MBq·μA−1·h−1 at 17 MeV [17].

89Zr separation from yttrium targets most often employs 
ion-exchange or extraction chromatography on hydroxamate 
resins [18]. No-carrier-added 89Zr is separated in the diluted 
hydrochloric acid medium.

Therefore, 89Zr production and separation from irradiated 
targets doesn’t provide difficulties. However, its application 
in medicine is limited by complications related with insuf-
ficient strength of the complexes with bifunctional chela-
tors. Strong binding of zirconium (coordination number 8) 
requires the presence of 8 electron-donating atoms in the 
chelator [7]. Thus, for example, the widely used in nuclear 
medicine chelator DTPA (diethylenetriaminepentaacetic 
acid) binds with zirconium 89Zr with the yield of < 0.1% 
[19], and the binding with DOTA (1,4,7,10-tetraazacyclodo-
decane-1,4,7,10-tetraacetic acid) requires high temperature 
for targeting [20].

The binding problems can be avoided by using nanopar-
ticles with high surface area and high values of maximum 
adsorption. The idea is that both 89Zr and the weakly bound 
chelator can be alternately absorbed on the nanoparticles 
to form a platform for the further synthesis of the radi-
opharmaceutical (RPC). Simultaneously high values of 
adsorption of the chelator and 89Zr on the nanoparticles 
makes it possible to format a conjugate holding both the 
chelator and radiotracer, which are difficult to bind together 
directly. Besides, nanoparticles are promising as a platform 
for theranostic drugs, in the case when they adsorb both 
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the diagnostic radionuclide and the antitumor agent. As a 
hypothetical example one can take methotrexate absorbed 
on HA (which was successfully shown in [21]), if the diag-
nostic radionuclide is additionally adsorbed on HA. 89Zr-
containing conjugates with monoclonal antibodies are also 
used as theranostic.

Literature describes effective application of nanoparticles 
with 89Zr for the RPC production. High-density lipoprotein 
[22] and liposomal nanoparticles [23, 24], proved to be 
effective in the in vivo studies as a 89Zr delivery system for 
the visualization of breast cancer tumors and mice-bearing 
carcinoma/papilloma. The authors of work [25] showed that 
gold nanoparticles can successfully serve as a platform for 
conjugate of 89Zr with the monoclonal antibody cetuximab 
in the PET visualization. The possibility of tumor visualiza-
tion by 89Zr-labelled quantum dots bound with amphiphilic 
block copolymer was shown [26]. The obtained conjugate 
had high-stability in vivo, which provided high quality 
visualization. The possibility of visualization of conjugates 
based on WS2/WOx nanodots bound with polyethylene gly-
col (PEG) was also shown. 89Zr-WS2/WOx-PEG conjugate 
is high-stability, had high labelling yield and chelator-free 
[27].

Also, promising nanoparticles for RPC production is 
nanohydroxyapatite (HA, Ca10(PO4)6(OH)2), which is non-
toxic, biocompatible, biodegradable etc. [28]. It is known 
that a living organism produces biological HA as a structural 
component in bones. The literature describes that HA can 
successfully act as a carrier for medical isotopes 67Zn [29] 
and 223Ra [30]. The binding of HAP with radionuclides can 
occur by several mechanisms [31]. The bonds of the metal 
with the PO4

3− group can form, which is likely in the case 
of zirconium. Zirconium ions can also replace calcium ions 
on the surface of HA nanoparticles. The formation of metal 
nanoclusters on the surface of particles is also possible.

The global goal of this work is to figure out if nanohy-
droxyapatite particles can be used as a “platform” for the 
89Zr with different nuclear medicine chelators delivery. The 
first stage of the work is the XPS study of sorption of sta-
ble zirconium isotopes simulating the 89Zr isotope on HA 
particles. The XPS method allows the study of composition 
and chemical states of elements including Zr in the surface 
layers of HA nanocrystals.

The carrier-free 89Zr is separated from the irradiated tar-
gets in diluted hydrochloric acid medium. This work con-
siders the sorption in the pH range 1.2–6.2 in chloride-ion 
medium in order to study the possibility of synthesis of a 
platform for RPC immediately after 89Zr separation. The 
data on chemical states and quantitative dependence of 
adsorption from pH allows a suggestion on mechanisms of 
tracer-nanoparticle interaction and tracer state after irradia-
tion. Therefore, the main goal of this work was to study the 
composition and chemical state of elements after sorption, 

in particular zirconium, in the near-surface layer of HA 
nanocrystals using X-ray photoelectron spectroscopy (XPS).

Experimental

HA nanocrystals

The present work used HA nanocrystals was produced by the 
method described in [32]. The nanocrystals mean parameters 
were l = (62 ± 30) nm and d = (15 ± 7) nm, while the thick-
ness h was 1–3 HA unit cell crystallographic transmissions.

Sample production

The samples for the XPS studies on aluminum 10  mm 
diameter 1 mm thick substrates were prepared as follows. 
Hydrochloric acid solutions of various concentrations were 
brought to 9 ml in a plastic vial and added to 30–50 mg of 
zirconium oxychloride (ZrOCl2 × 8H2O). After that, 1 ml of 
HA suspension (5.5 weight %) was added. After 1–2 min of 
mixing, pH of the solution was measured. Then, a drop of 
the suspension was placed on the aluminum substrate with 
a glass stick. The standard zirconium hydroxide sample was 
prepared as follows. Zirconium oxychloride was dissolved in 
the distilled water and added to the excess of NaOH solution. 
After that, a drop of the obtained suspension was placed on 
the aluminum substrate. The obtained samples are described 
in Table 1.

Table 1   Atomic surface compositiona of the samples relative to atom 
of P for variuos pH

a Atomic composition by XPS relative to one P atom
b Carbon concentration for carbonate groups CO3

2−

# Sample Mass of 
ZrOCl2 × 8H2O, 
mg

pH Surface compositionb

1 HA-1 37.8 6.2 Ca0.71P0.60O8.89C0.64Zr0.45
Cl1.47

2 HA-2 14.3 5.5 Ca0.78P0.60O4.49 
C0.34Zr0.40Cl1.31

3 HA-3 52.9 3.7 Ca1.30P0.60O6.73C0.84Zr0.34
Cl5.12

4 HA-4 36.3 4.2 Ca1.26P0.60O5.66C0.86Zr0.32
Cl3.77

5 HA-5 48.0 1.2 Ca0.92P0.60O11.45C1.13Zr0.16
Cl3.77

6 HA – – Ca0.95P0.60O2.51+0.34C0.12 
Ca1.00P0.60O2.40+0.20H2 
(calculation)

7 Zr(OH)4·aq – – Zr1.00O5.61
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X‑ray photoelectron measurements

XPS spectra of the studied HA samples were recorded on a 
Kratos Axis Ultra DLD spectrometer using monochromatic 
Al–Kα radiation (hν = 1486.6 eV) at 150 W X-ray gun power 
under 1.3 × 10−7 Pa at room temperature. The analyzed area 
was 300 × 700 mm. The spectra were calibrated relative to 
the Au 4f7/2 (83.96 eV) and Cu 2p3/2 (932.62 eV) peak posi-
tions of pure gold and copper. The spectra were detected in 
the constant energy window using the pass energy 20 eV 
and step 0.05 eV. Spectrometer resolution measured as the 
full width at half maximum (FWHM) of the Au 4f7/2 peak 
was 0.65 eV. The binding energies (BE) were measured rela-
tively to the BE of the C 1s electrons from hydrocarbons 
absorbed on the sample surface that was accepted to be equal 
to 285.0 eV. The error in the determination of the BE and 
the peak width did not exceed ± 0.05 eV, and the error of 
the relative peak intensity was ± 5%. The background related 
with the secondary scattered electrons was subtracted by 
Shirley [33]. Spectral decomposition was carried out using 
the special program [34].

The quantitative elemental analysis was performed for 
several nanometer-deep layers of the studied samples [35]. 
It was based on the fact that the spectral intensity is propor-
tional to the number of certain atoms in the studied sample. 
The following ratio was used: ni/nj = (Si/Sj)(kj/ki), where ni/nj 
is the relative concentration of the studied atoms, Si/Sj is 
the relative core–shell spectral intensity, kj/ki is the relative 
experimental sensitivity coefficient. The following coeffi-
cients relative to the C 1s were used: 1.00 (C 1s); 2.81 (O 
1s); 6.59 (Ca 2p); 1.75 (P 2p); 3.21 (Cl 2p); 9.27 (Zr 3d).

HA and Zr XPS peak were identified using the standard 
samples (CaO, CaCO3 [36], ZrO2 [37], ZrCl4 [37], Zr(OH)4 
and ZrOCl2 × 8H2O [38]). In all cases, the survey and the 
valence band (0–50 eV BE) XPS spectra, as well as the most 
intense core electron spectra of zirconium, calcium, phos-
phorus, oxygen (O 1s) and carbon (C 1s) were measured.

Results and discussion

X‑ray photoelectron spectra and HA surface 
composition

Samples 1–5 of HA (Ca10(PO4)6(OH)2) nanocrystals with 
absorbed zirconium were studied with the XPS method in 
the BE range 0–1250 eV. HA nanocrystals and Zr(OH)4 on 
substrates were studied as standard samples. Elemental anal-
ysis was done on the basis of peak intensities with sensitivity 
coefficients in mind (Table 1). BEs of valence and core elec-
trons of the included elements on the surface were measured 
(Table 2). Comparison with the BEs of the standard samples 
(6–11) was done in order to determine the oxidation states of 

elements on the surfaces of Samples (1–5). XPS structures 
of the studied samples are given in Figs. 1, 2, 3, 4, 5, 6.

The results from Table 1 suggest a mechanism for the 
interaction of zirconium with HA. It is noticeable that with 
an increase in pH from 1.2 to 6.2, the number of zirconium 
atoms on the surface increases. It is also noticeable that 
the number of calcium atoms is reduced. This is due to the 
replacement of calcium ions with zirconium ions on the HA 
surface. Such interaction is the main mechanism in the stud-
ied conditions.

X‑ray spectra discussion

The survey XPS spectrum exhibits the peaks of included 
elements of Ca10(PO4)6(OH)2, Zr, Cl and the C 1s peak from 
hydrocarbons absorbed from the air on the HA-4 sample 
surface (Fig. 1). The higher BE part of the spectrum shows 
the structure attributed to the Ca LMM, C KLL and O KLL 
Auger features. The low BE part shows the Al 2s and Al 
2p peaks from the substrate, which indicates inhomogene-
ous HA and Zr adsorption on the substrate surface. The 
similar XPS spectra were measured for Samples (1–3, 5, 
6) (Table 1).

The low BE spectral range shows the features of the 
outer (OVMO, 0 to ~ 15 eV) and the inner (IVMO, ~ 15 to 
~ 35 eV) valence molecular orbitals (Fig. 2). The most pro-
nounced peaks are observed in the O 2s and Ca 3p BE range. 
The OVMO and IVMO structure, as expected, changes with 
Zr adsorption. The Zr 4p peak appears and the Zr 4d2 elec-
trons make a significant contribution to the low BE spectral 
intensity at 5.1 and 6.4 eV (Fig. 2). The typical peak of the 
Cl 3s electrons is observed at 16.2 eV. At the lower BE side 
from the Ca 3p peak the feature attributed to the O 2s elec-
trons participating in the chemical IVMO formation appears 
at 23.5 eV. This feature is widened due to participation of 
the O 2s electrons in the chemical bond formation. The P 3p 
electrons make a significant contribution to the MO structure 
(features at 12.5 eV and 10.0 eV). The valence band of the 
HA sample is 8.6 eV wide, and its structure changes during 
Zr adsorption. The similar XPS structure is observed in the 
spectra of other samples (1–3, 5) containing Zr. Therefore, 
one can conclude the absence on the surface of any uncon-
trolled impurities that could affect Zr sorption.

The sample stoichiometric composition and oxidation 
states of the included elements were determined on the basis 
of the core electron XPS peaks: Ca 2p, P 2p, Zr 3d, Cl 2p, O 
1s and C 1s (see Tables 1, 2).

It has to be noted that the Zr 3d5/2 BE of zirconium 
absorbed on the HA is higher than the corresponding BEs 
for Zr(OH)4 and ZrO2 and slightly lower than that for 
ZrOCl2 × 8H2O (Table 2), because zirconium on HA can 
be bound oxygens of the phosphate group PO4

3− or of the 
carbonate group CO3

2− on the surface.
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The phosphate groups in HA form stable tetrahedrons, 
where phosphorus state does not change for different sam-
ples. Indeed, the P 2p BE of HA does not change after zir-
conium adsorption. Therefore, the P 2p peak intensity was 
used as a standard in the quantitative analysis of Samples 
(1–5) (see Table 1). In this case the calcium concentration 

changes as absorbed zirconium concentration increases. It 
yields a suggestion that zirconium partially substitutes cal-
cium in HA.

HA, Zr(OH)4, CaO, CaCO3, ZrOCl2 × 8H2O, ZrO2 and 
ZrCl4 (Table 2) were used as reference samples (6–12). The 
data of Table 2 show that the Zr 3d5/2 BEs of Samples 1–5 

Table 2   Binding energies Eb (eV) and FWHM Γa (eV)

a FWHM Г(eV) in parenthesis
b BE measurement error is ± 0.2 eV

# Sample MO Zr3d5/2 Ca2p1/2 P2p3/2
P2s

Cl2pb
3/2 O1s C1s

1 HA-1 5.3 7.4 10.3 12.4 16.4 23.3 25.7 31.1 183.1
(1.5)

351.3
(1.4)

133.7 (1.9)
191.1 (2.1)

198.8
(2.0)

531.8 (2.3) 285.0 (1.4)
289.0 (1.8)

2 HA-2 5.3 6.3 10.2 12.5 16.3 23.5 26.0 31.3 183.1
(2.0)

351.3
(1.4)

133.6 (2.2)
191.0 (2.3)

198.6
(2.0)

531.6 (2.5) 285.0 (1.8)

3 HA-3 5.1 6.3 10.1 12.6 16.2 24.0 26.0 31.3 183.1
(1.5)

351.5
(1.5)

133.8 (1.8)
191.1 (2.0)

198.7
(1.7)

531.9 (2.1) 285.0 (1.3)
289.0 (2.3)

4 HA-4 5.1 6.4 10.0 12.5
16.2 23.5 25.8 31.1

183.2
(1.6)

351.3
(1.5)

133.8 (1.8)
191.0 (2.2)

198.7
(1.7)

531.7 (2.0) 285.0 (1.3)
289.0 (2.6)

5 HA-5 5.1 6.5 10.3 12.5 16.1 23.7 25.9 31.4 183.3
(1.7)

351.5
(1.6)

134.1 (2.0)
191 3 (2.2)

198.6
(1.8)

532.3 (2.2) 285.0 (1.5)
289.1 (2.3)

6 HA 5.4 7.2 9.8 12.3
23.3 25.6

350.6
(1.2)

133.6 (1.5)
190 8 (2.2)

531.4 (1.2) 285.0 (1.3)
289.0 (1.3)

7 Zr(OH)4·aq 5.0 6.9
24.6 30.9

182.8
(1.3)

532.1 (2.2) 285.0 (1.3)

8 CaO [35] 349.5
(1.7)

528.9 (1.4) 285.0 (1.3)

9 CaCO3
[35]

350.8
(1.7)

531.6 (1.6) 285.0 (1.3)
289.7 (1.3)

10 ZrOCl2 × 8H2O [37] 183.7 199.0 285.0
11 ZrO2

[37]
5.6 21.3 30.6 182.5 530.1 285.0 (1.3)

12 ZrCl4 [37] 182.8 198.5

Fig. 1   Survey XPS of Zr on HA: sample HA-4 Fig. 2   Valence XPS of sample HA-4
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are higher than those of ZrO2, Zr(OH)4 and ZrCl4 and lower 
than those of ZrOCl2 × 8H2O. The Zr 3d3/2 FWHM does 
not widen significantly (Table 1) as Zr surface concentra-
tion grows (Table 2). Chlorine concentration grows as pH 
decreases. Obviously, this can be explained by the growing 
of Cl concentration as pH decreases since pH is varied by 
the mean of hydrochloric acid. Also, Cl− ions can substitute 
the hydroxyl groups in HA. It has to be noted that the error 
in chlorine concentration determination exceeds 10%. The 
pH decrease of the solution during the sample preparation 
lowers Zr adsorption on the surface of HA nanoparticles.

The Zr 3d peak spin–orbit splitting is ∆Esl = 2.4  eV 
(Fig. 3). A single peak of the P 2p electrons is observed 
at the lower BE side from the Zr 3d doublet. These peaks 
intensities with photoionization cross-sections in mind allow 
a precise determination of the P/Zr concentration ratio.

The P 2p spectrum consists of the spin–orbit split 
(∆Esl = 0.9 eV) doublet [39]. However, due to phosphorus 
chemical nonequivalence, the P 2p spectrum exhibits a sin-
gle asymmetric peak (Fig. 4).

The Ca 2p spectrum of HA consists of the spin–orbit split 
(∆Esl = 3.5 eV) doublet. A low intensity (~ 1%) satellite due 
to the many-body perturbation of the Ca 2p3/2 electrons 
during the photoemission is observed at the higher BE side 
from the Ca 2p3/2 peak at 355.6 eV (Fig. 5). The Zr 2p1/2 
peak overlaps with the Ca 2p spectrum, which can widen 
the common feature. The Ca 2p1/2 BE for Samples (1–5) 
does not change significantly, and it is higher than that for 
HA and CaCO3.

The Cl 2p3/2 BE for Samples (1–5) does not change signif-
icantly (≤ 0.3 eV) and corresponds to that for ZrCl4, which 
is typical for chlorine bound with metal (Table 2).

The C 1s spectra of Samples (1–7) ~ 290.0 eV exhibit the 
CO3

2−—related features beside the low intensity peaks at 

Fig. 3   Zr 3d and P 2s XPS of sample HA-4

Fig. 4   P 2p XPS of sample HA-4

Fig. 5   Ca 2p XPS of sample HA-4

Fig. 6   O 1s XPS of sample HA-4
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285.0 eV of saturated hydrocarbons on the surface (Table 2). 
Carbon concentration of this group is given in Table 1. The 
CO3

2− concentration changes from sample to sample, this 
group can participate in binding with Ca and Zr.

The O 1s spectra of Samples (1–6) exhibit a single peak 
with a small shoulder at the higher BE side (Fig. 6). This 
shoulder can be attributed to oxygen of water on the surface. 
The BE of 531.7 eV can be attributed to the bridge oxy-
gen ions mostly in the P-O-P bonds with a contribution of 
the P–O–Ca and P–O–Zr bonds, while the BE of 533.7 eV 
can be attributed to water in HA and on the sample sur-
face. The concentration of PO4

3−-related oxygen, as well as 
water-related oxygen given as a sum (Table 1) changes as Zr 
adsorption on HA grows and sample preparation conditions 
change. Taking into account Eq. [36]:

the element-oxygen interatomic distances RE–O (nm) were 
evaluated. For the O 1s BEs 531.7 and 533.7 eV (Table 2) 
the RE–O are 0.185 nm and 0.159 nm characterizing the 
element-oxygen interatomic distances on the surface of 
the studied samples. These values are average for the P–O, 
Ca–O, Zr–O bonds. The O 1s spectrum of Sample 7 exhibits 
the features at 530.1 and 532.1 eV. The feature at 530.1 eV 
can be attributed to oxygen from ZrO2 (O0.54, Table 1), 
and the one at 532.1 eV can be attributed to oxygen from 
ZrOCl2 × 8H2O. Using Eq. 1 one can determine the mean 
interatomic distance Zr–O in ZrO2 being RZr–O = 0.212 nm, 
which is comparable with the mean experimental value of 
0.2150 nm [40].

Conclusions

The Zr4+ adsorption on HA nanocrystals as a function of 
hydrochloric solution pH was studied by XPS method. It 
was found that as pH grows in the range 1.2–6.2, concentra-
tion of absorbed zirconium ions increases about thrice. A 
decrease in the amount of calcium in this case indicates that 
zirconium replaces calcium on the surface of HA nanopar-
ticles. The results show a possibility of synthesis of 89Zr-
HA conjugates and the most favorable conditions for this 
are close to the organism medium. The obtained results are 
fundamental for 89Zr-based radiopharmaceuticals with a 
new design using HA nanoparticles as carriers for both 89Zr 
and chelator. However, to create such radiopharmaceuticals, 
sorption experiments with the 89Zr tracer are required to 
supplement the obtained data.
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(1)RE−O(nm) = 2.27
(

Eb − 519.4
)−1

,
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