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Sorption and cytotoxicity of zinc on hydroxyapatite
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The preparation, physicochemical properties, and cytotoxicity of zinc-containing hydroxy-
apatites (HAP) were considered for further using HAP as carriers for zinc-containing drugs and

radiopharmaceuticals.
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Diagnosis and therapy of oncological diseases require
novel medical technologies and development of already
known ones among which the role of radiopharmaceuticals
(RPCs) is being enhanced. They are actively used in diag-
nostics and, to a lower extent, in therapy. The field of
theranostics combining both these possibilities is being
developed in the recent time. All these trends demand
a great variety of radionuclides with diverse properties and
vectors capable of isotope delivery to biotargets. In the
case of therapeutic use, there is an additional task of
prolonged action of drugs, which can be achieved by slow-
er releasing of the radionuclide from the carrier or a low

decay constant for a complex radionuclide—vector (spacer).
A more interesting variant is the preparation of compli-
cated complexes in which radionuclide is simultaneously
linked to the carrier and vector. The carrier can be inert
acting as an isotope-emitting scaffold or active: an organ-
ic molecule with therapeutical functions. Zinc and copper
radionuclides (in particular, ©*mZn and %4Cu) able to vari-
ous geometries of complex formation! are especially prom-
ising as metal isotopes, and hydroxyapatite (HAP) can act
as an inert carrier. Usual zinc-containing drugs along with
RPCs can also be delivered by HAP. Hydroxyapatite is
widely used as a biocompatible material in many fields of
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medicine?3 and mainly for contact with bone tissue be-
cause of its similarity with mineral bone.4 The general
formula of HAP is Ca,;o(OH),(POy)s,> which is the main
inorganic mineral component of the bone and dental tis-
sues of man and mammals. Such properties as biocompat-
ibility, bioresorbability, and bioactivity are also character-
istic of HAP. The composition of biohydroxyapatite devi-
ates from stoichiometry: its structure is calcium-deficient
(the calcium to phosphorus ratio in stoichiometric HAP is
1.67) and contains significant amounts of carbonate an-
ions.3 The formula of biohydroxyapatite is as follows:
Cajg_y_y2(HPO,)(CO3),(PO,)s_(OH); .

There are various modification technologies for the
preparation of nanocomposite, nanofiber, and nanostruc-
tural frameworks based on HAP for drug delivery.® The
main questions for them are delivery ways and mecha-
nisms by which nano-HAP/polymer aggregates affect cell
proliferation and differentiation. The particle size and
shape of HAP and its derivatives are substantial factors
influencing on proliferation and cytotoxicity,” although
numerous ixn vitro and in vivo studies showed that synthetic
HAP had no local or system toxicity.8? Moreover, nano-
HAP can inhibit the growth of some types of cancerous
cells with a minimum effect on healthy cells.!? In the first
step of the study of the prospects of using nano-HAP
prepared by various methods as a carrier for zinc-contain-
ing drugs, one should consider the sorption kinetics of
zinc on HAP, choice of the procedure for preparing zinc-
containing HAP, and its cytotoxicity compared to native
HAP. The present work is devoted to this consideration.

The biological functions of synthetic HAP are deter-
mined by its particle size, morphology, crystallinity, and
composition depending, in turn, on the used precursors
and synthesis process. Depending on the method of syn-
thesis, one can obtain HAP samples differed in morphology
and crystal size and, as a result, in properties. A similar
effect is exerted by impurities (Fig. 1). The methods for
synthesis of HAP are well described.!1—17
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Fig. 1. Influence of some impurities on the hydroxyapatite
structure.24

Metal ions can be introduced into HAP by adsorption
binding with HAP nanoparticles or by providing the parti-
cipation of metal ions in the synthesis of the HAP itself
adding zinc to the reaction sphere.1® For example, the
addition of phosphoric acid to a mixture of calcium hydr-
oxide and zinc nitrate tetrahydrate ((Zn + Ca)/P = 1.67)
gavel® oval crystals with average sizes of 15x50 nm and
a zinc content of 1.2% of the HAP weight. At high con-
centrations zinc can enter the structure of hydroxyapatite
substituting calcium to form the tetrahedral coordination
mode. In this case, the phase obtained becomes more
amorphous than that of pure HAP. However, the main
problem of this study is the use of the salt synthesis of HAP,
which imposes certain constraints on the purity of the
synthesized compound and results in the necessity to be
saved from the deteriorating salt background. The procedure
for synthesis of superpure 2D crystalline HAP with the very
high bioactivity has previously!3 been developed, which in-
creases the proliferative ability of osteoblasts. This procedure
was chosen for the synthesis of Zn-HAP in this work. The
choice of the introduced zinc concentration (5 and 15 mol. %
of the calcium content) was based on the published
datal8.1 indicating that at the concentration >20 mol.%
zinc begins to form the intrinsic phase. In addition, zinc
becomes toxic at high concentrations.

Experimental

Synthesis of HAP. Hydroxyapatite (HAP-0) was synthesized
using a described procedure.13:20 A weighed sample of calcium
oxide was introduced into distilled water with continuous stir-
ring in a special reactor, and then a 30% solution of orthophos-
phoric acid (reagent grade, Russia) was added gradually at the
molar ratio Ca/P = 1.67, which corresponds to the stoichiome-
try of HAP. The amounts of all reagents used were selected in
such a way that a 5% (by the solid phase weight) suspension of
the product was used. A 30% solution of orthophosphoric acid
was added to the reaction mixture with a peristaltic pump, mon-
itoring the course of HAP formation by a change in the pH of the
solutions (Pracitronic MV88 pH meter, Germany, accuracy
0.01 pH). The reaction is considered completed after the addi-
tion of a stoichiometric amount of orthophosphoric acid or when
pH 6—7 is attained.!® The synthesis was carried out at room
temperature (~20 °C). A portion of the obtained suspension was
sampled for studying by transmission electron microscopy and
for MTT test. The content of the solid phase in the suspension
was determined gravimetrically, and the residual calcium con-
tent in the mother liquor was analyzed by ICP-AES (atomic
emission spectroscopy with inductively coupled plasma) on an
Optima 2100 DV instrument (Perkin—Elmer, USA). To per-
form X-ray phase analysis, the solid phase was separated by cen-
trifugation, and the residue was dried at 80 °C to a constant
weighed, powdered in a porcelain mortar, and kept in glass
weighing bottles with ground caps until analyzing.

To obtain a HAP sample treated under hydrothermal condi-
tions (HAP-0y), a similar synthesis was carried out at the end
of which the suspension was heated to 90 °C without boiling and
kept under these conditions for 4 h. Then sampling for physico-
chemical analysis was performed.
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Introduction of zinc ions in the synthesis of HAP. For the
introduction of Zn?" ions in the synthesis of HAP, a weighed
sample of zinc oxide (reagent grade) corresponding to the calcu-
lated molar ratio Zn/Ca = 5 (15 mol.%) was dissolved in ortho-
phosphoric acid in an individual weighing bottle with continu-
ous magnetic stirring. The obtained solution of zinc dihydro-
phosphate was added dropwise to a suspension of Ca(OH), with
an automated doser with continuous stirring. residues of the solu-
tion with Zn2" were washed down with a minor amount of dis-
tilled water (~5 mL) and added to the reaction mixture. Then
automatic supply of orthophosphoric acid was switched on, and
the synthesis was continued slowly with stirring as described
above. The presumable reaction scheme is the following:

Zn(H2PO4)2 + Ca(OH)2 + H3PO4 e

— Cas_XZnX(PO4)30H + Hzo

As in the case with pure sample of HAP-0, samples were
taken for analysis (HAP-Zn; and HAP-Zn,). Some dried sam-
ples were annealed in muffle furnace in air at 900 °C for 3 h
(samples of HAP-Zn;1 and HAP-Zn,7) and studied by X-ray
phase analysis (XRD).

Physicochemical methods for studying the samples. The XRD
patterns of all samples were obtained on a DRON-3 automated
X-ray diffractometer. The measurements were carried out with the
Co-Ko (A =0.1790 nm) or Cu-Ka electrode (A = 0.154178 nm).
The XRD pattern for pure HAP subjected to the thermal treat-
ment (1100 °C, 3 h, HAP-0,,) was used as a standard.

The morphology of the formed nanocrystals was studied by
transmission electron microscopy Jeol JEM-1011B transmission
electron microscope, Japan, resolution 0.3 nm). In addition,
some samples were studied by high-resolution transmission elec-
tron microscopy on a Jeol JEM-2100 F microscope with the
possibility of local energy dispersive X-ray analysis. The samples
for transmission electron microscopy were prepared by the dep-
osition on a special copper network with the Formvar droplet of
the suspension of the studied crystals diluted with water in a ratio
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of 30 : 1. Then the samples were dried in air at stored in special
pen cases. The size distribution functions of the crystals were
obtained using the Image-Pro Plus program.

The contents of zinc and calcium ions in the residual mother
liquors after the synthesis were analyzed using the ICP-AES
method as indicated above.

MTT test. The procedure of MTT test used for the determi-
nation of drug cytotoxicity and LCs, evaluation was described in
detail.2! The following cell lines were studied: L-60 (acute pro-
myelocytic leukemia), K-562 (chronic granulocitic leukemia in
the blast crisis stage), MOLT-4 (acute T-lymphoblastic leukemia),
and MOLT-4 (res) (acute T-lymphoblastic leukemia, line resis-
tant to asparaginase). The samples of all experimentally obtained
suspensions were placed (20 mL) each in penicillin glass vials,
closed with caps, and sealed with a seaming machine. Then the
vials were sterilized (40 min at 110 °C in a drying box), and the
samples were subjected to the MMT test.

Results and Discussion

The experiments gave white aqueous suspensions charac-
terized by sedimentation stability. A suspension of HAP-Zn,
turned out to be most resistant to sedimentation. It can be
assumed that the particles forming its solid phase are smaller
than those in other samples. The content of the solid phase
in the suspensions was (wt.%): HAP-0, 5.5; HAP-Oyr,
5.6; HAP-Zn,, 5.25; and HAP-Zn,, 6.62. An analysis of
the mother liquor showed that 6.35-10=* % Ca of the
weight of all the Ca introduced and 2.83 - 1073 % Zn of the
weight of all the zinc introduced remained in the solution
after the synthesis of the HAP-Zn, sample, whereas for
the HAP-Zn, sample these contents were 5.56+ 10~* % Ca
and 3.45-1075 % Zn. Thus, almost the whole zinc intro-
duced into the experiment is captured by the solid phase.

X-ray phase analysis (XRD). The obtained XRD pat-
terns are presented in Fig. 2. The XRD patterns of the
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Fig. 2. XRD patterns of the standard HAP-0., sample (/) and experimental samples HAP-Zn, (2), HAP-Zn, (3), HAP-Zn,(4), and

HAP-Zn, ; (5).
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HAP-0 and HAP-Oyt samples (not shown in Fig. 2)
are nearly identical by the peak positions and widths
to those of the diffraction pattern of the basis sample
HAP-0,, (1), which confirms applicability of this synthe-
sis procedure. The XRD patterns of the HAP-Zn; (2)
and HAP-Zn, (3) samples are also identical to that of
HAP-0, (/) y the positions of the major peaks. However,
the widths of the major peaks increases. The peak broad-
ening increases on going from HAP-Zn; to HAP-Zn,.
This indicates the possible formation of finer particles or
particles with a lower crystallinity than those of pure HAP
in the case of HAP-Zn; and HAP-Zn,. No peaks of the
foreign phase were observed. This fact is consistent with
the most part of literature data.16—18.22

The high temperature treatment conducted to increase
crystallinity of the HAP samples with zinc changes the
positions of the major peaks relative to the standard sample.
An analysis of the positions of major peaks in the XRD
patterns showed that they were assigned to the structure
B-tricalcium phosphate (B-TCP) with an impurity of the
HAP phase. Possibly, upon the thermal action the amor-
phous-like structure of Cas_,Zn (PO,);(OH) is rearranged
to structure B-Ca;_,Zn (POy), (Fig. 3). The probbility of
this process is indicated in published works.17:18:23 Ap in-
crease in the fraction of zinc in the sample results in
a greater rearrangement of the structure and a decrease in
the fraction of the primary phase in the drug.

Morphological analysis. The TEM images showing the
morphology of the obtained nanocrystals are presented in
Fig. 4. Their analysis showed a substantial change in the
morphology of the HAP particles upon the introduction of
zinc ions or after thermal treatment. The presence of amor-
phized particles in the HAP-Zn; and HAP-Zn, samples
was confirmed (Fig. 5), which can indicate the ability of
zinc ions to inhibit HAP crystallization. This has been
indicated previously.?2 The integral distribution functions
for the crystal length and width were constructed on the
basis of the morphological analysis results (Fig. 6), and
the average lengths and widths of the crystals were calcu-
lated for each sample (Table 1). It follows from them that
crystal width in Zn-HAP decreases compared to pure HAP
with an insignificant change in the length. Many amor-
phized particles with the sizes smaller than those of the
major crystals are observed for the HAP-Zn, sample.
Possibly, this is related to a higher sedimentation stability
of the suspension of the crystals considered. Recrystalliza-
tion (aging) occurs upon the hydrothermal treatment of
the starting suspension of HAP-0, after which the nano-
plates gain more regular, isomeric shape and become dens-
er (the thickness of the crystal increases and the electron
density of the image regularly increases), but the length
and width of the nanoplates decrease substantially.

A high-resolution transmission electron microscope
combined with the method of local energy dispersive X-ray
analysis was used to reveal how uniform is the distribution
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Fig. 3. Decoding of the XRD pattern for the HAP-Zn,sample:
a, coincidences of the experimental lines and tabulated lines for
B-Casz(POy), (red strokes, ICDD: 00-009-0169); b, coincidences
of the experimental lines and tabulated lines for Ca;9Zn,(POy) 4
(blue strokes, ICDD: 00-048-1196); ¢, published data23 showing
a change in the structure of the HAP-Zn composites depending
on the zinc content after calcination at 800 °C (1 h): 0 (a), 5 (b),
and 10 mol.% (c); HAP (1), o-TCP (2), and B-TCP (3).

Note. Fig. 3 is available in full color on the web page of the
journal (http://www.link.springer.com).
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of the zinc ions over the HAP nanocrystals and whether
they form an intrinsic phase or adsorption clusters similar
to those observed upon the introduction of iron(iir) ions
into the synthesis of HAP.20 It is established that zinc
forms no intrinsic phase but is present in all samples in the
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Fig. 5. Amorphized particles in the HAP-Zn, sample according to the data of standard transmission electron microscopy (a) and high-
resolution TEM (b).
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Table 1. Average sizes of nanoparticles formed
in experiments

Nanoparticle Length Width
nm

HAP-0 120+5 36+3

HAP-Zn, 1105 2342

HAP-Zn, 98+4 2612

HAP-Oyxt 5612 19+1

amount nearly coinciding with the introduced amount
(Fig. 7). The mapping of an agglomerate of HAP-Zn,
crystals by the contents of the major elements (O, P, Ca,
and Zn) showed that the zinc ions are uniformly distribut-
ed over the whole agglomerate surface similarly to other
elements.

MTT test. The results of the MTT test are presented in
Table 2. As can be seen, all HAP samples exhibit a very
low cytotoxicity. In the case of HAP-Zn,, a decrease in
the probability of cell survival is observed at a considerable
concentration of the drug and, hence, at a high zinc con-
tent. This is probably related to the intrinsic toxicity of
zinc when it leaves the HAP structure.

Thus, all prepared samples of HAP can act as non-
cytotoxic spacers for drugs and radiopharmaceuticals. The
introduction of zinc ions in the synthesis of HAP results,
as can be seen, in their uniform distribution over the HAP
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Fig. 6. Integral distribution functions for the length (/) (a) and
width (d) (b) for crystals of HAP-0 (1), HAP-Zn, (2), HAP-Zn, (3),
and HAP-0y (4).
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Fig. 7. Results of local energy dispersive X-ray analysis of
a suspension of HAP-Zn,: (a) TEM image of aggregates of
HAP-Zn, nanocrystals and the regions of this object chosen for
local analysis; (b) analysis results (the observed elements are
marked automatically by the processing program).

Table 2. Cytotoxicity (LCs,) of the zinc-containing HAP
samples

Sample LCso/umol mL~! on various cell lines
TAIl

HL-60 K-562 MOLT-4 MOLT-4 (res)*
HAP — >2 3.5 >5
HAP-Zn, >5 >5 >5 >5
HAP-Zn, 3.5 >5 >5 >5
HAPyt — >5 4 7

* Cell line resistant to asparaginase.
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Table 3. Comparison of ionic radii of zinc and calcium

ions
Ion Radius/nm
by Goldschmidt by Pauling by Belov
and Bokii
Ca?* 0.106 0.098 0.104
Zn%t 0.083 0.074 0.082

structure, affects the structure of HAP, and exert different
effect of cytotoxicity. Zinc can substitute calcium in its
crystallographic positions with the coordination number
six.1” A comparison of sizes of zinc and calcium ions
(Table 3) showed that for a similar substitution the start-
ing HAP structure is distorted but this distortion is not
almost observed in the XRD patterns of the samples
because of very broad peaks of the major substance.
An increase in the concentration of zinc ions results in the
inhibition of crystallization of mixed phosphate and
formation of the amorphized product with a change in the
morphology and sizes of the crystals. The high-tempera-
ture treatment of the obtained samples at 900 °C changes
the structures of mixed phosphate from the apatite-like
structure to the structure of the B-TCP (tricalcium phos-
phate) type.
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