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Purpose: This nanotechnology-oriented study provides insights into the nanoscale structural and compositional modulation of
hydroxyapatite. This study investigated the effect of zinc ions (Zn>*) content (0—1.8 mol%) in nanocrystalline hydroxyapatite on its
physicochemical and biological properties, focusing on biomedical applications.

Materials and Methods: A series of zinc-enriched nanocrystalline hydroxyapatites was synthesized via aqueous precipitation. Their
ultrastructure and crystallinity were characterized by transmission electron microscopy (TEM) and powder X-ray diffraction (PXRD),
including unit cell analysis. Chemical composition—specifically OH™, HPO,>, and CO,*" groups—was examined using Fourier transform
infrared spectroscopy (FT-IR), Raman spectroscopy, and solid-state nuclear magnetic resonance (ssNMR). Zn*>* content and release over
seven weeks were quantified via flame atomic absorption spectrometry (F-AAS). Cytotoxicity was evaluated using MTT and NRU assays.
Results: Increasing Zn>" concentration led to reduced crystal size and crystallinity. Zinc ions were incorporated both into the
crystalline core and the hydrated surface layer of hydroxyapatite. At concentrations >1.0 mol%, an amorphous zinc phosphate phase
appeared. Higher Zn>" levels also correlated with decreased hydroxyl groups and carbonate impurities, accompanied by increased
water content and acidic phosphate groups. Zinc ion release remained minimal across all samples, independent of the initial zinc
concentration. Cytotoxicity assays revealed that samples containing 0-0.6 mol% Zn** were non-toxic, while those with 1.0 mol% and
1.8 mol% Zn*" exhibited cytotoxic effects.

Conclusion: Zn-doped hydroxyapatite containing up to 0.6 mol% Zn>" exhibits enhanced structural stability and cytocompatibility,
establishing 0.6 mol% as the optimal threshold for biomedical applications.
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Introduction
Hydroxyapatite (HA) has attracted the interest of researchers for many years, not only geologists and geochemists but
also biologists, biomaterials engineers, orthopedic surgeons, and dentists.' > HA with chemical composition (Ca;o(PO4)s
(OH),) is both a naturally occurring mineral in igneous rocks and chemically similar to the mineral phase of bone, dentin,
and enamel.”* Synthetic HA is a valuable bone substitute material. It supports osseointegration when applied as a coating
on polymeric and metallic implants, ensures biocompatibility and bioactivity in composite materials, and serves as an
innovative carrier for active substances in bone tissue engineering.”®

A critical feature of HA in biomedical applications is its ability to undergo ionic substitutions.®” Calcium, phosphate, and
hydroxyl ions in the crystalline structure of HA can be partially replaced by ions of similar size, shape, and charge. Biological
apatite, which constitutes mineralized tissues, is essentially a multi-substituted HA.'®'" Divalent cations such as magnesium,
manganese, and zinc, as well as monovalent cations like sodium and potassium, often replace calcium. Similarly, phosphate
ions can be substituted with silicate or carbonate ions, while hydroxyl groups may be replaced by chloride, fluoride, or

carbonate ions. lonic substitutions can lead to various structural effects. When ions of different valencies are involved, charge
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compensation is required, whereas differences in ionic radius or shape may influence unit cell dimensions and crystal size.
Incorporating foreign ions into the HA structure allows for modifications in its physicochemical (eg, solubility, thermal
stability, adsorption capacity) and mechanical properties.'*'> However, the most intriguing aspect in the context of bone
biomaterials is the alteration of biological properties. For example, the incorporation of silicate or magnesium ions enhances
bone tissue formation around implants, while silver or copper ions impart antibacterial properties.'*” Additionally, strontium
ions promote osteoblast proliferation while simultaneously inhibiting osteoclast activity.'® It is also well established that
nanocrystalline apatites consist of a crystalline core surrounded by a hydrated surface layer. This surface layer, which readily
accommodates labile ions, plays a key role in biological interactions and osseointegration.''

In this study, we focused on re-examining zinc-substituted HA. Zinc is an essential trace element crucial for bone
tissue development and homeostasis.'>* It is not only a component of bone tissue but also plays a role in collagen
matrix synthesis, mineralization, and bone turnover. Studies have shown that zinc stimulates the transcription factor
Runx2, thereby promoting osteoblast differentiation. Conversely, zinc inhibits osteoclastogenesis and reduces bone
resorption by inducing osteoclast apoptosis. Moreover, zinc modulates the RANKL/RANK/OPG signaling pathway,
thereby facilitating bone remodelling.*'

Numerous studies have investigated zinc-substituted HA.?>' However, several key aspects remain unclear. One of
the unresolved issues is the effect of varying zinc content on the crystallinity of HA and the formation of amorphous
phases. Additionally, conflicting data exist regarding the substitution limit of zinc ions and the precise mechanisms of
their incorporation into the HA structure. Furthermore, only a limited number of studies have addressed the release
kinetics of zinc ions from HA materials.?>*® It should also be noted that zinc substitution may introduce certain
limitations, such as reduced thermal stability and potential cytotoxicity at higher concentrations.***?

These uncertainties prompted us to perform a comprehensive analysis of the chemical structure and physico-
chemical properties of HA materials containing varying zinc concentrations. Our research employed a range of
analytical techniques, including transmission electron microscopy (TEM), powder X-ray diffraction (PXRD),
Fourier transform infrared (FT-IR) and Raman spectroscopy, flame atomic absorption spectrometry (F-AAS), and
solid-state nuclear magnetic resonance (ssSNMR) spectroscopy. In addition, the preliminary biological tests were

performed.

Materials and Methods

Synthesis

Pure, unsubstituted HA and eight different zinc-substituted HA with Zn/(Zn+Ca) molar ratios ranging from 0.1 to 1.8 mol
% were synthesized using the most commonly employed wet-chemical method.*? The synthesis utilized widely used
reagents as sources of calcium, zinc, and phosphorus: calcium nitrate tetrahydrate Ca(NO3),4H,0, zinc nitrate hexahy-
drate Zn(NO3),'6H,0, and ammonium dihydrogen phosphate (NH,4),HPO,. These substances were carefully weighed for
each synthesis to maintain a (Ca+Zn)/P molar ratio of 1.67, corresponding to the molar ratio in stoichiometric HA. The
synthesis was conducted at room temperature under ambient air conditions. A 100 mL solution of ammonium dihydrogen
phosphate was added dropwise to a 400 mL solution previously prepared with calcium and zinc ions. The resulting
suspension was continuously stirred during the addition, and the pH was adjusted to 9.5 using concentrated ammonia.

The reaction equation is as follows:
(10 — x)Ca?™ + xZn*" + 6 PO,>~ +20H™ — Cajg_,Zny(PO4),(OH),

After two hours of stirring, the precipitate was left in the mother solution and subjected to an ageing process for three
days. The precipitate was then centrifuged and repeatedly washed with distilled water to remove residual ammonia and
soluble reaction by-products. The obtained material was dried at 100°C for 24 hours. Subsequently, the dried powder was
micronized using a mortar and subjected to physicochemical analysis.
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Physicochemical Analysis

The morphology of the synthesized crystals was examined using TEM at a voltage of 80 kV (JEM 1400, Jeol Co., Japan).
Before measurement, the samples were suspended in anhydrous ethanol and drop-cast onto a Formvar-coated grid. The
images were taken using a high-resolution digital camera (CCD MORADA, SiS Olympus, Germany). Elemental analysis
was performed using an energy-dispersive X-ray spectroscopy (EDS) system (INCA Energy TEM, Oxford Instruments,
UK) integrated with the microscope.

The zinc content in the obtained powders was also determined by F-AAS (AAnalyst PerkinElmer). Three samples of
each powder were dissolved in pure 65% nitric acid (HNOs) and then diluted properly to the appropriate volume with
deionized water. All the measurements were performed in triplicate, according to the five-point standard curve (y =
0.3621x + 0.0037; coefficient of determination R* = 0.9996; linear range: 0.06-0.75 ppm). The relative standard
deviation (%RSD) for triplicate measurements of each sample ranged from 0.1% to 1.8%. The highest RSD (1.8%)
was observed for the lowest Zn content sample (0.1 mol%), while for all other samples %RSD did not exceed 1.1%.

Powder X-ray diffraction (PXRD) was employed to perform phase identification of the synthesized samples.
Measurements were done using a Bruker D8 Discover diffractometer (Bruker, Madison, WI, US). Diffraction patterns
were collected over a 20 range of 10° to 60°, utilizing Cu Ka radiation (A = 1.54056 A, 40 mA, 40 kV), with a step
increment of 0.03. The Bragg-Brentano geometry was used. Crystalline phase detected in the diffractograms was
identified by comparison with the standard pattern (JCPDS-9-0432). The average crystallite size of the apatite phase
was determined using the Scherrer equation as follows:

LKLY
~ p cosf

()

where

d — crystallite size (nm)

A — radiation wavelength (nm)

B — the line full width at half maximum intensity (radians)

0 — the diffraction angle of the corresponding reflex (°).

The (002) and (300) reflections were chosen to calculate the crystallite sizes of the samples. We repeated the peak
fitting procedure three times to estimate the measurement error associated with the determination of f from PXRD
patterns. The variation between these independent refinements was minimal, and the resulting error in the crystallinity
calculation did not exceed 0.8%.

The a and ¢ crystal lattice parameters were determined using Topas software (Bruker, Germany). The error of the
measurements did not exceed 0.3%. To estimate the crystallinity of the samples, the crystallinity index (CI) was

calculated using the following formula:*

Cl, = (0.24/ﬂ(002))3, (2)

where

CI, - crystallinity index

B — the line (002) full width at half maximum intensity (radians).

FT-IR spectroscopy experiments in the mid-range (4000-400 cm ') were carried out using a Spectrum 1000
spectrometer (PerkinElmer, Llantrisant, UK) with transmission mode and KBr pellets at room temperature. The spectra
were recorded with a resolution of 2 cm™' and 30 scans.

All the FT-IR spectra were processed with the GRAMS/AI 8.0 software (Thermo Scientific), which was also used for
integration, deconvolution, differentiation and curve fitting of overlapping bands (v4 and v,.3 regions). FT-IR spectra
were used to determine the content of carbonate ions with the method described by Clasen and Ruyter.**

The Raman spectroscopy measurements were performed using an iRaman Plus 785S (B&W Tek, Newark, DE, USA)
spectrometer. The conditions were as follows: 20x lens magnification, 500 repetitions of 1000 ms and 100% laser power,

with a laser wavelength excitation of 785 nm. The spectra were recorded from 200 to 4000 cm ™' at room temperature.
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All the NMR experiments were carried out on a NMR Avance 111 HD 600 MHz spectrometer (Bruker, Germany) with
3.2 mm rotors, magic angle spinning (MAS) at 23 kHz for "H and 7 kHz for *'P experiments. Chemical shifts were
referenced to tetramethylsilane (TMS) and 85% H3PO, for protons and phosphorus-31 nuclei, respectively. '"H MAS
NMR spectra were recorded using a single pulse sequence (Bloch-decay, BD), 32 scans and with a 10s recycle delay.
3P MAS NMR experiments were performed using a single-pulse sequence (32 scans, 10s recycle delay) and a
"H—>'P cross-polarization (CP) sequence (contact time = 2 ms; recycle delay = 10s).

The release of zinc ions from the samples was assessed using 50 mL Falcon tubes filled with distilled water. In brief,
three samples of each powder (0.500 + 0.001 g) were enclosed in dialysis membranes, submerged in 50 mL of release
medium, and agitated in a bath shaker at 100 rpm and 37 °C. The incubation lasted for 49 days.

At predetermined intervals (1 hour, 8 hours, 24 hours, 7 days, 14 days, 21 days, 28, 35, and 49 days), 10 mL samples
were collected. The withdrawn amount was replaced with fresh distilled water to maintain volume consistency.

Zinc ion concentrations were measured using F-AAS on an AAnalyst 400 AA Spectrometer (Perkin Elmer, Waltham, MA,
USA), detecting at a wavelength of 213.86 nm. Calibration curves were established using zinc ion standards ranging from 0.06 to
0.75 mg/mL (prepared by diluting a standard solution 1000 ppm). Each sample was measured in triplicate to ensure accuracy.

In vitro Cytotoxicity Assessment

The cytotoxic potential of the investigated materials was evaluated in vitro using two complementary assays: the Neutral
Red Uptake (NRU) assay and the tetrazolium salt reduction assay (MTT). Both tests were conducted employing the
BALB/c 3T3 clone A31 cell line (mouse embryonic fibroblasts; ATCC), a widely accepted model for biocompatibility
testing.

In the NRU assay, cell viability was determined based on the ability of viable cells to incorporate and retain the
supravital dye neutral red within lysosomes, whereas non-viable cells lack this capacity. The assay was performed in
accordance with the ISO 10993-1:2009 guidelines,’ and the absorbance of extracted dye was measured spectro-
photometrically at 540 nm using an Asys UVM340 Hightech microplate reader.

The MTT assay was carried out by exposing the cells to material extracts, followed by incubation with the tetrazolium
salt MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). Viable cells reduce MTT to insoluble forma-
zan crystals, which were subsequently solubilized and quantified by absorbance measurement at 560 nm. This procedure
adhered to the ISO 10993-5:2009 standard protocol.>

Sample extracts were prepared by incubating 50 mg/mL of the tested material in culture medium for 24 hours at 37°C
with gentle agitation, followed by sterile filtration. Polyethylene film (non-cytotoxic control) and latex (cytotoxic control)
were employed as reference materials. Cell viability was expressed as a percentage relative to untreated control cells, and
a viability threshold of 70% was used to define cytotoxicity. Samples were classified as non-cytotoxic if viability
remained >70% across all tested dilutions. All assays were performed in triplicate (n > 3), and data are reported as mean
values + standard deviation (SD).

Results and Discussion
Zn** Content in the Materials — F-AAS Spectrometry

A series of zinc-enriched HAs (ranging from 0.0 to 11.2 wt% Zn*", corresponding to 0.0 to 1.8 mol%, calculated as the
number of moles of Zn ions per 1 mole of HA) was synthesized via aqueous precipitation. This substitution’s range was
deliberate: it allowed us to capture progressive structural, spectroscopic, and morphological changes while remaining
within the substitutional regime of hydroxyapatite. Literature reports indicate that at zinc concentrations of ~2.0 mol% or
higher, secondary crystalline phases such as zinc phosphates readily form, potentially obscuring the intrinsic structure—
property relationships of Zn-substituted hydroxyapatite. By restricting the substitution to below this threshold, we aimed
to ensure phase purity of the HA lattice while still approaching the upper limit of zinc incorporation. For the synthesis,
commonly used reagents were employed: calcium nitrate tetrahydrate, zinc nitrate hexahydrate, and ammonium dihydro-
gen phosphate, serving as sources of calcium, zinc, and phosphorus, respectively. The measured Zn content in the
samples is presented in Table 1.
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Table | Zn Content in the Obtained Materials

Nominal Zn Nominal Zn Experimental Zn Efficacy of
Content (mol%) | Content (wt.%) Content (wt.%) Substitution (%)

HA - - - -
0.1ZnHA 0.1 0.65 0.90 £ 0.16 139.1 £ 17.3
0.2ZnHA 0.2 1.30 1.22 £ 0.07 94.1 £57
0.4ZnHA 0.4 2.58 2.30 £ 0.07 89.0 £ 3.0
0.6ZnHA 0.6 3.85 3.61 £0.03 937 £0.8
0.8ZnHA 0.8 5.11 4.63 £0.12 90.7 £ 2.7
1.0ZnHA 1.0 6.35 5.59 £ 0.26 88.0 + 4.7
1.4ZnHA 1.4 8.8l 820 + 0.21 93.1 £27
1.8ZnHA 1.8 11.20 9.47 £ 0.0l 84.5 £ 0.1

The obtained results indicate that Zn>" ions are readily incorporated into the HA lattice within the studied range, with
substitution efficiencies ranging from 84.54+0.1% to 139.1£17.3%. This behavior can be attributed to the identical valence of
calcium and zinc cations, as well as the smaller ionic radius of Zn>" (74 pm) compared to Ca®+ (99 pm). Although Mg>+ ions
have a comparable ionic radius (72 pm), they substitute much less efficiently (approximately 0.5%), suggesting that ionic
radius and charge alone do not determine substitution behavior.>® It can therefore be assumed that Zn>" ions exhibit better
geometric compatibility, more favorable coordination preferences, and stronger bonding with phosphate groups. Calcium ions
(Ca*+) may be approximately regarded as central ions in coordination complexes, occupying specific positions surrounded by
oxygen atoms from phosphate (PO,>) and hydroxyl (OH") groups. In the HA lattice, Ca(I) ions are located in seven-
coordinated positions, while Ca(II) ions occupy nine-coordinated ones. Zn”" ions prefer six- or sevenfold coordination, which
makes them more compatible with the calcium sites in HA.*”*® It can therefore be suspected that Zn** ions are preferentially
introduced into the Ca(I) position. Previous experimental and computational work indicates that Zn** preferentially replaces
Ca(I), due to its geometry and fewer ligands.”**° However, there were also studies showing the Ca(II) position as energetically
and geometrically more desirable.?” In contrast, Mg®" ions favor sixfold (octahedral) coordination, which is less compatible
with the geometry of HA. Furthermore, Zn®" forms stronger bonds with PO, groups than Mg*", which supports structural
stabilization at higher substitution levels.

The substitution efficiency of zinc in the 0.1ZnHA sample exceeded 100% (131.1 £ 17.3%), which may appear
surprising; however, it should be noted that zinc ions tend to adsorb onto the HA surface, particularly at low
concentrations.*® This may result in an increased Zn>" content detected in the analysis, even though not all ions are
incorporated into the crystalline structure of the apatite. To complement the quantitative measurements obtained by
FAAS and to gain insight into the localization of Zn-containing phases, TEM-EDS analysis was performed on selected
samples. The EDS method provides information on the elemental distribution at the morphological level. Results are

presented in Table 1s and Figure Is in Supplementary Materials. EDS measurements were performed at six randomly

selected points on the sample surface. The spectra revealed comparable zinc signals across the analyzed areas, indicating

a relatively uniform distribution of zinc in the material, with some natural local variability.

Ultrastructure and Crystallinity — Transmission Electron Microscopy and Powder
X-Ray Diffractometry

Figure 1 presents electron microscopy images of all synthesized powders. The sample of pure, unsubstituted HA consists of
elongated nanocrystals with considerable size inhomogeneity, typical for HA synthesized by the precipitation method.*!
As the Zn?" ion content increases, the crystallites gradually lose their needle-like morphology and become more plate-like.
Additionally, their size decreases significantly with increasing Zn®+ content up to 0.8 mol%. The 0.8ZnHA sample exhibits the
smallest crystallites and the strongest tendency to form agglomerates. Notably, in samples with higher Zn content, in addition

to fine crystallites, spherical grains of amorphous nature are observed. The number and diameter of these grains increase with
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Figure | Transmission electron microscopy (TEM) micrographs of the obtained samples: HA (A); 0.1ZnHA (B); 0.2ZnHA (C); 0.4ZnHA (D); 0.6ZnHA (E); 0.8ZnHA (F);
1.0ZnHA (G); 1.4ZnHA (H); 1.8ZnHA (1).

increasing Zn content. Similar to the crystallites, the amorphous grain clusters are densely packed, forming a cohesive
structure.

Figure 2 presents the PXRD diffractograms of all samples. Regardless of the Zn content, all reflections can be
attributed exclusively to the crystalline structure of HA (JCPDS-09-0432). Thus, the samples do not contain crystalline
impurities, which is consistent with previous studies where the introduction of Zn above 2.0 mol% resulted in the
formation of additional phases such as Ca,Zn(PO,);2H,0, CaZny(PO,);-2H,0, and Zn;(POy,);-2H,0.2>** However,
increasing Zn content results in noticeable broadening of the diffraction peaks and a decrease in peak separation, further
corroborating previous findings.* The diffractogram of the 1.8ZnHA sample is significantly broadened with poorly
defined reflections, indicating a low degree of crystallinity and/or the formation of an amorphous phase, which is
consistent with TEM observations.

The calculated crystallite sizes, crystallinity values, and unit cell parameters of the obtained materials are presented in Table 2.
The ¢ parameter decreases with increasing Zn content, indicating a shortening of the unit cell along the c-axis. The a parameter
also changes, but no clear trend can be identified. Interestingly, the a value for the 1.8ZnHA sample is similar to that of pure HA.
Previous investigations into the influence of zinc ion substitution on unit cell parameters have yielded inconsistent results.
Theoretical studies indicated a reduction in both a and ¢ lattice constants.>”** In contrast, experimental work by Li et al** and
Shepherd et al*® reported an increase in the ¢ parameter accompanied by a decrease in a, suggesting a preferential substitution of
Zn*" ions at the Ca(ll) sites. Our findings align with those of Webster et al.*’ Mijaji et al*> and Ren et al*> who clearly
demonstrated a decrease in the ¢ parameter with increasing concentrations of substituted zinc ions. The irregularity of the
a parameter may arise from overlapping effects, including occupation of both Ca(I) and Ca(Il) sites at higher substitution levels,
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Figure 2 Powder X-ray diffractometry (PXRD) patterns of the obtained samples.

local lattice distortions, partial amorphization, and the growing influence of the hydrated surface layer in Zn-rich samples (a more

detailed discussion of this aspect is provided later in the Results and Discussion). Together, these factors suggest that Zn

substitution modifies HA not only through direct ionic replacement but also via induced disorder and local environmental

changes, complicating the interpretation of unit cell.
Crystallite sizes along the @ and ¢ axes were calculated using the Scherrer equation (Table 2). As confirmed by TEM
experimental data, the samples contain elongated nanocrystals at low Zn content, which become significantly smaller and

more plate-like with increasing Zn substitution, particularly along the c-axis.

The results (see Table 2) demonstrate a decreasing trend in HA crystallinity with increasing Zn content, consistent
with previously reported literature.> The crystallinity index was also calculated using the obtained FT-IR spectra by the
method described in.** The results (see Table 2) showed a similar trend of significant decrease in crystallinity with

increasing amount of Zn”>" introduced into HA.

Table 2 Various Crystallographic Parameters of the Obtained Samples

a (A)* | ¢ (A)* | Crystallinity | Crystallinity | Crystal sizes®

Index® Index® Along c and

a Axes (nm)
HA 9.4260 | 6.8804 0.955 0.195 35/8
0.1ZnHA | 9.4056 | 6.8502 0411 0.152 27/8
0.2ZnHA | 9.4410 | 6.8467 0.327 0.186 24/6
0.4ZnHA | 9.4365 | 6.8459 0.261 0.169 23/6
0.6ZnHA | 9.4627 | 6.8462 0.0998 0.127 16/6
0.8ZnHA | 94614 | 6.8426 0.110 0.101 18/6
1.0ZnHA | 9.4639 | 6.8344 0.105 0.0754 1717
1.4ZnHA | 94131 | 6.8243 0.0885 0.0496 16/6
1.8ZnHA | 9.4240 | 6.8218 0.0915 0.0296 16/4

Notes: *Error + 0.3% "measured from PXRD patterns, according to [33]. “measured from FTIR spectra,

according to [49]. “calculated according to Scherrer’s formula and using (002) and (310) reflections.
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Chemical Structure and Composition — FT-IR and Raman Spectroscopies, 'H and
3P Solid-State NMR Spectroscopy

Figure 3 presents representative FT-IR spectra showing typical HA bands. The dominant bands are located in the
1200-900 and 600500 cm ™' regions, corresponding to v, and v, phosphate vibrations, respectively.*’ The curve fitting
results for both spectral regions are presented in Figures 2s and 3s and in Tables 2s and 3s, respectively.

Stretching and libration bands of structural hydroxyl groups are normally observed at 3570 and 630 cm ™', respectively.
These bands are very weak in the spectra of pure HA and the samples with up to 0.6 mol% Zn”*, and become undetectable at
higher Zn contents (0.8—1.8 mol%). The curve fitting of the 650500 cm ' region reveals the OH librational band in the spectra
of all the samples; however, its relative intensity decreases significantly (see Table 2s and Figure 2s in Supplementary

Materials).’®>" A similar trend is observed in the 'H BD NMR spectrum (Figure 4A), where the signal at approximately 0 ppm
corresponds to structural OH protons aligned along the c-axis and significantly decreases with increasing Zn content (Table 4s
and Figure 4s in Supplementary Materials). Using the method described in,’ 2 the relative content of structural OH groups was
calculated (Figure 4B), ranging from 94% to 8% compared to stoichiometric HA.

This dramatic decrease in the content of structural hydroxyl groups may have various causes. One of them is the
potential location of Zn ions in the OH columns and disrupting their ordering, according to the reaction:

Ca(PO4)¢(OH), + x Zn*" — ZnyCayo(PO4)40, + 2x HT

Zn*" ions can also be inserted through non-substitutional mechanisms, as reported in the literature.® Another contribut-
ing factor may be the increasing disorder in and around the c-axis channels, which can accommodate water molecules. In
stoichiometric HA, OH groups are spaced 3.44 A apart, too far to form hydrogen bonds. Pajchel et al** reported that
water molecules adsorbed on the HA surface may migrate into the crystal lattice, facilitated by proton transfer involving
water and hydroxide ions in the c-axis channels. There is also likely a physical diffusion of water molecules to fill empty
spaces in the c-axis channels. Another possible reason is the increased contribution of the hydrated surface layer of

hydroxyapatite crystals.”**> Taken together, these scenarios represent plausible explanations rather than definitive

1.0ZnH A
0.8ZnHA
0.2ZnH2__/\
0.1ZnH

HA___ S

I I T I T I I I
4000 3500 3000 2500 2000 1500 1000 500

3570
3430
3230

wavenumber (cm™)

Figure 3 Fourier transform infrared (FT-IR) spectra of the obtained samples.
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Figure 4 'H Bloch-decay (BD) magic-angle spinning (MAS) NMR spectra of the obtained samples (A). Structural OH groups content relative to stoichiometric HA (%)
calculated from proton ssNMR spectra (B).

mechanisms, and further studies employing advanced structural and spectroscopic methods will be required to unam-
biguously determine the origin of the OH  depletion.

According to the literature,”> HA nanocrystals, in addition to a typical crystalline core, have a semi-liquid surface
layer that contains not only adsorbed water molecules but also a variety of ions: calcium, phosphates, carbonates, acidic
phosphates, and, in the case of substituted hydroxyapatites, cations and anions (in our case, zinc ions) may adsorb there.
The presence of this hydrated surface layer was further confirmed by*' P (cross-polarization CP and Bloch-decay BD)
NMR experiments (Figure SA and B and Figure 5s in Supplementary Materials). Both spectra reveal a broad signal at
approximately 3.7 ppm attributed to 31-phosphorus nuclei in a water-rich environment and a narrow signal (at

1.4ZnHA

0.6ZNHA Wi Myt ‘ LR re——
0.4ZnHA
0.2ZnHA
0.1ZnHA

HA

TaTatarate]
20 15 10 5 0 -5 -10 -15 20 15 10 5 0 -5 -10 -15
ppm from 85% H_PO ppm from 85% H3PO4
3 T4

Figure 5 3p Bloch-decay (BD) magic-angle spinning (MAS) NMR (A) and 3p cross-polarization (CP) MAS NMR (B) spectra of the obtained samples.
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approximately 3.1 ppm) corresponding to 31-phosphorus sites close to the structural OH groups.’* The water-rich
environment is primarily associated with the surface hydrated layer of HA crystals and may also be related to disordered
intracrystalline regions containing water molecules (structural water). Thus, the broad component represents the signals
from phosphorus-31 nuclei located mainly in the hydrated surface water region (and in the *'P CP experiment, cross-
polarizing from protons of water). In turn, the narrow signal at 3.1 ppm originates from phosphorus-31 nuclei located in
the crystal interior (and in the *'P CP NMR experiment, cross-polarizing from protons from structural OH groups).
Our experimental data clearly show that the broad signal increases with Zn content (Figure S5s, Table 5s and

Supplementary Materials), supporting the growing contribution of the hydrated surface layer.
FT-IR and 'H NMR spectra also confirm the presence of this layer. In FT-IR spectra, a broad band at ~3430 cm™
a weaker band at 1640 cm™' correspond to the stretching and bending vibrations of water OH groups, respectively. In

'and

'H NMR, a broad signal at 5.4 ppm corresponds to water protons.*®>’ Both techniques show increasing relative intensity of
these bands with increasing Zn content, indicating greater water adsorption. Although direct imaging of this layer by HR-TEM
was not available in the present study, complementary analyses such as TGA (to quantify water content) and HR-TEM (to
visualize the layer morphology) are planned for future work to provide further structural and quantitative insights.
Regarding common impurities in HA obtained by wet precipitation, hydrogen phosphate ions (HPO4>") are usually
detectable In "H NMR, acidic phosphate groups (as in brushite) typically give a signal at approximately 10.4 ppm.”® In
both HA and Zn-substituted samples, this signal is not observed, indicating the absence of brushite-derived HPO4>~ (see
Figures 4A and 4s in Supplementary Materials). This is supported by the absence of a 1.3 ppm signal in >'P NMR (see
Figure 5A and B and 5s in Supplementary Materials).”® However, a 7.8 ppm signal appears in the '"H NMR spectra of

samples with >0.6 mol% Zn, possibly originating from P-OH groups on crystal surfaces (Table 4s in Supplementary

Materials). Its proximity to the water signal (5.4 ppm) and decreasing intensity in the 1.8ZnHA sample suggest a surface-
localized origin. FT-IR also supports this data: relative intensity of bands at 540 cm ™' (v, region) and 1145 cm™"' (vi.3)
increases with Zn content, except for 1.8ZnHA, aligning with '"H NMR results (see Figure 2s, 3s and Tables 2s, 4s in

Supplementary Materials).>*®°

FT-IR spectra (Figure 2) indicate the presence of carbonate bands (15001400 cm ™' and 890-860 cm ') exclusively in the
samples of unsubstituted HA and HA substituted with a small amount of Zn>" (up to 0.4 mol%).%° The position of these bands
suggests that they are primarily B-type carbonates, and their content, estimated using the method proposed by Clasen and
Ruyter,* ranges from 0.22 wt.% for HA to 0.15 wt.% for 0.4ZnHA. For samples with a high Zn>" content, the carbonate bands
are absent, which may suggest that carbonates compete with Zn*" ions in the crystal structure, making their simultaneous
incorporation energetically unfavorable. Our observations that carbonate bands diminish with increasing Zn content are
consistent with previous studies reporting that Zn incorporation alters crystal growth and lattice environments, thereby
limiting carbonate incorporation in HA. The effect likely arises from a combination of (i) Zn-induced lattice distortions
(altered Ca sites), (ii) reduced crystallinity and enhanced hydrated surface layers that change surface adsorption behaviour, and
(iii) the possible formation of Zn-rich amorphous surface phases that compete with carbonate for incorporation/adsorption
sites. These mechanisms have been reported in similar Zn-carbonate HA systems.>*=*!

Raman spectra were also recorded for all obtained samples (see Figure 6). The spectra are dominated by a band at
approximately 959 cm ', which originates from the v; PO, vibrations. The band at around 1046 cm ™', corresponding to
the v5 vibrations, is characterized by relatively low intensity, which is consistent with previous literature reports.®**

Particular attention should be paid to the spectra of the 1.0ZnHA, 1.4ZnHA, and 1.8ZnHA samples, where two
additional bands are observed: at 999 cm™' and 550 cm ! (their intensity increases with the amount of zinc introduced).
These bands can be attributed to the vibrations of phosphate groups in amorphous zinc phosphate,®* which would support

the results obtained by PXRD and TEM methods.

Zn>" Release Experiments

For the selected four materials (0.1ZnHA, 0.6ZnHA, 1.0ZnHA, and 1.8ZnHA), a Zn*" ion release experiment was
conducted over 7 weeks (49 days). Significantly, Zn>" ion release was exceptionally low for all samples, with the
cumulative Zn>" content not exceeding 1%. For the 0.1ZnHA sample, concentrations were below the detection limit;
therefore, the graph presents curves only for the 0.6ZnHA, 1.0ZnHA, and 1.8ZnHA samples (Figure 7).
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The release profiles for the 0.6ZnHA and 1.0ZnHA samples are similar and are characterized by two phases. In the
first phase (lasting up to 7 days), there is an intensive release of Zn®" ions into the medium, followed by a significant
decrease in the release rate. The initial phase may be attributed to the release of Zn”>" ions from the hydrated surface
layer, which is less ordered than the crystalline core.

According to >'P NMR studies, the hydrated surface layer content is higher in the 1.0ZnHA sample than in the 0.6ZnHA
sample, which may account for the significantly faster release of Zn>" ions from the 1.0ZnHA sample during the first seven
days. After this period, the release of Zn** ions is likely due to the gradual dissolution of the crystalline apatite core.

The 1.8ZnHA sample exhibits gradual, prolonged release without a pronounced “burst release” effect. Notably, the
cumulative amount of Zn>" ions released is lower than in the other tested samples; only after 40 days does it reach
a value comparable to the 0.6ZnHA sample.

As evidenced by both TEM microscopy images and *'P NMR spectra, the 1.8ZnHA sample is characterized by a very
low degree of crystallinity, and the particles (grains) are large and densely packed in compact agglomerates. This may
explain the very low level of Zn®" ion release into the medium, even though according to *'P NMR, the hydrated surface
was the largest for the 1.8ZnHA sample (see Figure 4s and Table 4s in Supplementary Materials). The gradual release

occurs from a nearly amorphous material, which accounts for the absence of a “burst release” effect.

It can be assumed that the “two-phase” release for 0.6ZnHA and 1.0ZnHA is due to the presence of both crystalline
and amorphous fractions, while in 1.8ZnHA, the lack of the first burst is due to the presence of mainly amorphous
fractions.

In summary, the obtained results indicate that the mechanism and intensity of Zn>" ion release are strongly dependent
on the material’s microstructure and degree of crystallinity, rather than solely on its nominal zinc content.

Cytotoxicity Tests
In the final stage of the study, the cytotoxicity of all synthesized samples was assessed using the MTT and NRU assays
(see Table 3).

The NRU results indicated that all materials exhibited non-cytotoxic behavior, whereas in the MTT, two samples,
1.0ZnHA and 1.8ZnHA, were cytotoxic. The differences in results between the NRU and MTT assays may be due to
different mechanisms. The NRU assay measures the ability of living cells to absorb and retain neutral red dye, reflecting
cell membrane integrity and lysosomal activity. The MTT assay assesses mitochondrial enzymatic activity through the
reduction of MTT to formazan by mitochondrial dehydrogenases, an indicator of cell viability. The higher toxicity of
samples shown by the MTT test may be due to the effect of zinc ions on mitochondria. Zinc can interfere with

mitochondrial function, leading to loss of membrane potential, reduced ATP production, and generation of reactive

Table 3 Cytotoxicity Results

Sample NRU Test-Cells MTT Test-Cells Classification
Viability + SD® (%) Viability  SD (%)
50mg/mL 50mg/mL
HA 98 +5 89+ 4 Non-cytotoxic
0.1ZnHA 103 £2 77 + 8 Non-cytotoxic
0.2ZnHA 9l + 1 98 + 28 Non-cytotoxic
0.4ZnHA 88 + 12 97 + 6 Non-cytotoxic
0.6ZnHA 93+ 13 93 +4 Non-cytotoxic
0.8ZnHA 84+ 4 93+7 Non-cytotoxic
1.0ZnHA 112 £5 S5l +16 Cytotoxic
1.4ZnHA 85+ I 91 £3 Non-cytotoxic
1.8ZnHA 97 + 1 6l 11 Cytotoxic
PE* 86 =7 9 +7 Non-cytotoxic

Notes: *PE—polyethylene film, reference non-cytotoxic material. °SD—standard deviation.
A decrease in the cell viability below 70% classifies the sample as cytotoxic.
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oxygen species (ROS).*>®” These mechanisms may lead to the increased cytotoxicity seen in the MTT assay compared
to the NRU assay, which does not directly assess mitochondrial function.

Consequently, further investigations, including additional synthesis and characterization, are warranted to elucidate
the underlying cause of the observed cytotoxicity in these particular samples.

Conclusions

The presented study provides a detailed analysis of how gradual substitution of calcium ions with zinc ions influences the
physicochemical properties and biological behavior of HA. The results confirm that Zn?" ions can be effectively
incorporated into the HA lattice via aqueous precipitation, and their presence substantially influences the material’s
structural organization.

It was shown that increasing Zn*" content leads to a progressive crystallinity decrease, crystal morphology transfor-
mation from needle-like to plate-like, and formation of amorphous phases. Simultaneously, spectroscopic analyses (FT-
IR, Raman, NMR) revealed a significant disruption of the structural OH groups and an increase in the hydrated surface
layer, which appears to play a central role in ion release and potential bioactivity. The substitution also limits carbonate
incorporation, suggesting competitive interactions at the crystal surface or within the lattice.

Although the Zn*" release from the materials was generally low, cytotoxic effects observed in MTT assays for
samples with higher zinc content suggest that factors other than zinc ion release, such as structural characteristics or
surface-related properties, may contribute to the observed cellular responses. The MTT assay measures mitochondrial
enzyme activity, which can be affected by multiple cellular and material-related factors beyond ion release. Therefore,
further in-depth investigations are required to elucidate the precise mechanisms underlying the observed cytotoxicity.
This highlights the complexity of designing Zn-substituted HA materials for biomedical applications.

While Zn**-substituted hydroxyapatite has been the subject of numerous investigations, the present study provides
a systematic and comprehensive physicochemical characterization across a wide substitution range. By combining
complementary techniques (PXRD, FTIR, Raman, NMR, TEM, F-AAS), we consistently correlated reduction in crystal-
linity, structural OH~ depletion, and amorphous phase formation with zinc content. This integrated approach highlights
how subtle structural modifications directly influence ion release behavior and cytotoxic responses, thus offering a more
complete structure—property picture than is typically available.

Overall, the results highlight that zinc substitution exerts both beneficial and limiting effects. While moderate levels
can enhance structural diversity and introduce potential antimicrobial or osteogenic functions, excessive substitution may
compromise crystallinity and biocompatibility. These findings are directly relevant to ongoing applications of Zn-HA in
bone grafts, coatings for implants, and drug delivery systems, where balancing biofunctionality with safety is crucial.
Further work should refine synthesis strategies and in vitro/in vivo testing to consolidate the identified 0.6 mol%
threshold as a translational design parameter.

Highlights

e Aqueous precipitation was used to synthesize Zn>*-enriched hydroxyapatites.

e Zn*" incorporation reduced the crystal size and crystallinity of hydroxyapatite.

e High Zn*" levels induced the formation of an amorphous zinc phosphate phase.

e Spectroscopic data revealed decreased structural OH™ and carbonate, and increased acidic phosphate content.
e 7Zn*" was distributed in both the crystalline core and hydrated surface layer.

e Zinc ion release remained low over 7 weeks, regardless of initial Zn*" content.

e Cytotoxicity assays showed good biocompatibility up to 0.6 mol% Zn*>* doping.
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