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Abstract: In the present work, the low-temperature synthesis of substituted calcium hydroxyapatite
(Ca10(PO4)6(OH)2, HAP) with copper and zinc ions on titanium substrates was performed. Initially,
CaCO3 coatings were synthesised on titanium substrate using the sol-gel method at 550 ◦C in a CO2

atmosphere. Crystalline calcium hydroxyapatite was then synthesised from these CaCO3 coatings
through the dissolution-precipitation method at low temperature (80 ◦C). X-ray diffraction (XRD)
analysis, FTIR and Raman spectroscopies, and scanning electron microscopy (SEM) were employed
to evaluate the phase composition, surface functional groups, crystallinity, and morphology of the
coatings. The results showed the formation of hexagonal HAP particles with a size of 20 nm at low
temperature, exhibiting high homogeneity in particle size distribution. In the calcium hydroxyapatite,
some of the Ca2+ ions were replaced by Cu2+ ions. Heating the mixture of Ca(NO3)2 and Cu(NO3)2

solutions at 550 ◦C in a CO2 atmosphere led to the formation of copper hydroxide carbonate (mala-
chite, Cu2(OH)2CO3) along with CaCO3. The reaction between the sol-gel precursor obtained and
Na2HPO4 resulted in the formation of copper-substituted hydroxyapatite (Cu-HAP). Different syn-
thesis methods were tested with Zn2+ ions, and on the surface of the coating, Zn(OH)(NO3)(H2O),
Zn3(OH)4(NO3)2, and unreacted CaCO3 were formed. Antibacterial properties of the coatings were
tested using the inhibition zone method. No inhibition zones were observed for HAP. However, in
the Cu and Zn containing coatings, inhibition zones were observed in the presence of a colony of
B. subtilis bacteria. However, no inhibition zones were detected in the presence of E. coli bacteria.

Keywords: Ca10(PO4)6(OH)2; Cu and Zn containing hydroxyapatite; coatings; sol-gel method;
dissolution-precipitation method

1. Introduction

Calcium hydroxyapatite (Ca10(PO4)6(OH)2, HAP) constitutes the primary inorganic
component of bone tissue and exhibits exemplary biocompatibility [1]. Morphologically,
hydroxyapatite particles in bone can manifest in diverse geometries—spherical, plate-like,
or needle-like—and typically exhibit dimensions on the order of 40–60 nm in length, 20
nm in width, and 1.5–5 nm in thickness [2,3]. Hydroxyapatite accounts for up to 60% of
bone tissue by weight and as much as 97% in tooth enamel [1]. Due to its high surface-
area-to-volume ratio, reactivity, and biomimetic properties, nano-HAP serves as an optimal
material for orthopaedic implant coatings and bone-substitute fillers [4].

Hydroxyapatite-based implant materials often feature a porous, interlinked architec-
ture that mimics the intracellular matrix, thus facilitating cellular proliferation and tissue
regeneration [5,6]. This structural design also enhances osseointegration by establishing
a rigid mechanical interface with the surrounding biological tissues, thereby minimising
fibrous tissue formation [7,8].

Coatings 2023, 13, 1991. https://doi.org/10.3390/coatings13121991 https://www.mdpi.com/journal/coatings

https://doi.org/10.3390/coatings13121991
https://doi.org/10.3390/coatings13121991
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0001-8837-6499
https://orcid.org/0000-0002-9375-7226
https://doi.org/10.3390/coatings13121991
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings13121991?type=check_update&version=1


Coatings 2023, 13, 1991 2 of 16

This ionic flexibility is in alignment with the naturally occurring human bone mineral,
which comprises non-stoichiometric nanocrystalline apatites. These apatites possess struc-
tural imperfections owing to the substitution of calcium, phosphate, and hydroxide ions
by a range of ions such as Na, Mg, Zn, Sr, K, F, Cl, Si, and CO3

2− [9–11]. Such adaptability
underlines the modifiable bioactive properties of HAP through lattice incorporation of
diverse substituents [12,13].

Despite the promise of hydroxyapatite coatings, challenges persist in optimising their
synthesis and functional properties. Various substrates such as titanium, quartz, and
silicon have been employed for the deposition of HAP coatings via the aqueous sol-gel
method, which is contingent upon precise control of temperature, pH, and precursor
concentrations [14]. This technique, however, typically necessitates elevated temperatures
to facilitate the crystallisation of hydroxyapatite, potentially resulting in heterogeneous
coatings with domains of varying grain sizes [14]. Furthermore, synthesis of hydroxyapatite
coatings on titanium substrates at elevated temperatures may induce the formation of a
TiO2 phase, thereby compromising adhesion to the substrate [15]. Consequently, there is
an ongoing pursuit to develop innovative methodologies for synthesising hydroxyapatite
coatings that faithfully replicate the characteristics of natural bone tissue.

The objective of this study is to investigate the potential of substituting Ca2+ ions
with Zn2+ and Cu2+ ions in HAP coatings using a low-temperature sol-gel dissolution-
precipitation deposition approach. The suggested method is promising for the preparation
of Cu-HAP coatings; however, the formation of Zn-HAP did not proceed. It was found that
in the Cu and Zn containing coatings, inhibition zones were observed in the presence of a
colony of B. subtilis bacteria. However, no inhibition zones were detected in the presence of
E. coli bacteria.

2. Materials and Methods
2.1. Synthesis and Materials
2.1.1. Synthesis of Calcium Carbonate

The synthesis of the HAP porous layers was carried out on Ti (Thermo Scientific,
Waltham, MA, USA; 1.0 mm thick, 99.2%; CAS 7440-32-6) wafers, which were laser cut
(1 × 1 cm) in the open access mechanics centre. The titanium wafers were mechanically
abraded to remove the oxide film formed in the air and surface scratches. The titanium
plates were mechanically abraded with sandpaper of different grit sizes (1000–2500 grit).
The plates were scrubbed for 1 min on each side. The plates were then chemically treated
by soaking for 30 min at 70 ◦C in a solution of 96% 5 mL H2SO4 (Chempur, Karlsruhe,
Germany, 99.7%) and 7% 0.35 mL HCl (Chempur, 37%). After soaking, the plates were
washed in an ultrasonic bath with distilled water and ethanol for 5 min. The cleaned plates
were dried overnight at room temperature. The prepared plates were used for the synthesis
of CaCO3 and HAP.

For the preparation of the solution, 11.807 g of Ca(NO3)2·4H2O (Alfa Aesar, Ward
Hill, MA, USA, 99.6%) was weighed and dissolved in 100 mL of ethanol (Vilniaus degtine,
Vilniaus, Lithuania, 99.8%). Concentration was 0.5 mol/l. The solution was subjected to
magnetic stirring at a temperature of 30 ◦C until complete dissolution was confirmed. The
submerged plates were then placed in a furnace, manufactured by Nabertherm, New Castle,
Germany, for heat treatment. A CO2-rich environment within the furnace was established
by positioning ceramic plates coated with activated carbon adjacent to the submerged
plates. The furnace was programmed to elevate its internal temperature from an initial 20
◦C to 550 ◦C at a rate of 3 ◦C/min. Upon reaching 550 ◦C, this temperature was maintained
for a duration of 5 h. During the reaction, Ca(NO3)2 was thermally decomposed into CaO,
followed by a reaction of the CaO with the CO2 to form calcite. Before removal from the
furnace, the furnace was cooled by lowering the temperature to 20 ◦C at a rate of 3 ◦C/min.
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2.1.2. Synthesis of Calcium Hydroxyapatite

For the synthesis of HAP, a solution was prepared by weighing 0.14 g of Na2HPO4
(Carl Roth, Karlsruhe, Germany, 99%) and 0.6057 g of TRIS (C4H11NO3) (Carl Roth, 99%)
buffer. The weighed materials were dissolved in 100 mL of distilled water. The solution
was stirred on a magnetic stirrer until dissolved and maintained at 30 ◦C. The pH of the
solution was alkaline (approximately 9–10). After the dissolution of the materials, the
solution was poured onto CaCO3-synthesised plates and soaked for 7 days at 80 ◦C. After
removal from the solution, the samples were washed with distilled water, dried, and used
for further analysis. The formation of HAP follows this reaction:

10 CaCO3 + 6Na2HPO4 + 2 H2O = Ca10(PO4)6(OH)2 + 8 NaHCO3 + 2 Na2CO3 (1)

2.1.3. Synthesis of Substituted Calcium Hydroxyapatite

In order to introduce Cu2+ ions, a mixture of Ca(NO3)2 and Cu(NO3)2 was prepared at
a concentration of 0.5 mol/l. 5.9036 g of Ca(NO3)2·4H2O and 5.814 g of Cu(NO3)2·2.5H2O
(Sigma-Aldrich, St. Louis, MO, USA, 99.8%) were weighed. The substances were dissolved
in 100 mL of ethanol. After the solution had been prepared, the chemically and mechanically
treated titanium plates were dropped into the solution in a porcelain dish to submerge. This
was then heated in an oven under a CO2 atmosphere in a previously mentioned manner.
After the heating procedure, the plates were dipped into a solution of 0.14 g Na2HPO4
+ 0.6057 g TRIS buffer (dissolved in distilled water) and soaked for one week at 80 ◦C.
A similar procedure was repeated for the introduction of Zn2+ ions (weighed 7.4365 g
Zn(NO3)2·6 H2O; Chempur, 99.7%). To successfully alloy Zn2+ ions, the synthesis was
also carried out by direct dropping of already synthesised HAP onto titanium plates into
Zn(NO3)2·6H2O solution. In total, 7.4365 g of the material was weighed and dissolved
in 100 mL of distilled water. A further modification of the Zn-HAP synthesis was also
performed. First, CaCO3 was synthesised according to the methodology described for the
synthesis of CaCO3 on Ti substrates, then Ti plates containing the synthesised calcium
carbonate were dipped into a solution of 0.14 g Na2HPO4 + 0.6057 g TRIS buffer + 7.4365 g
Zn(NO3)2·6 H2O, which was prepared by dissolving these materials in distilled water.

2.2. Characterisation

X-ray diffraction measurements were carried out to determine the phase composition
of the synthesised products. This method of analysis is used to study the crystalline
structure. The measurements were carried out on a Rigaku miniFlex II diffractometer
(Applied Rigaku Technologies, Inc., Cedar Park, TX, USA) (Cu-Kα radiation, λ = 0.1542 nm
at 30 kV 15 mA). The diffracted X-rays were recorded between 10◦ and 70◦ (2θ). A Hitachi
TM3000 and a Hitachi SU70 (Tokyo, Japan) scanning electron microscope were used to
study the morphology and microstructure of the samples. These microscopes were used
for EDX analysis of the samples. Raman spectra were recorded at room temperature using
a combined Raman and scanning near-field optical microscope (SNOM) WiTec Alpha
300 R (WiTec, Ulm, Germany) with a 532 nm excitation laser source (power 40.9 mW).
Fourier transform infrared (FTIR) spectroscopy measurements were carried out on an
FTIR spectrometer (PerkinElmer, Inc., Waltham, MA, USA). Evaluation of the antibacterial
properties of synthesised coatings on Ti substrates revealed no zones of hydroxyapatite
(HAP) inhibition in the presence of Gram-negative Escherichia coli and Gram-positive
Bacillus subtilis bacteria. The cultures of E. coli and B. subtilis bacteria were incubated
overnight in liquid LB medium, 10 g/L NaCl, 5 g/L yeast extract, at 37 ◦ C temperature.
After this the culture of bacteria were centrifuged and diluted in sterile 0.9% NaCl to
106 units/mL. 100 µL of pre-pared bacteria culture were inoculated in LB agar medium.
Plates with HAP, Cu-HAP, and Zn3(OH)4(NO3)2 were placed on these E. coli and B. subtilis
inoculants; prepared samples were incubated at 37 ◦C temperature for 24 h. After these
hours emerges zone of inhibition of HAP, Cu-HAP, and Zn3(OH)4(NO3)2 coatings.
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Two or three measurements were conducted in all of the sample preparation and any
data processing steps.

3. Results
3.1. Synthesis and Characterization of HAP

The phase composition of the coatings was determined by XRD. The XRD patterns
showed that a layer of CaCO3 [PDF:96-154-7348] was formed on the Ti substrate. At
2θ = 29.4◦, the most intense peak characteristic of calcite (CaCO3) was visible. The data
were in a good agreement with literature [16]. Crystalline calcium hydroxyapatite was
then synthesised from these CaCO3 coatings through the dissolution-precipitation method
at low temperature (80 ◦C). The XRD results clearly showed the formation of HAP [PDF:
96-431-7044] with characteristic reflections in the 31–32.5◦ 2θ angle range (Figure 1). The
peaks of CaCO3 [PDF: 96-154-7348] are also identified, proving that some CaCO3 still
remains unreacted. In addition, intense diffraction peaks of the Ti substrate are visible.
Thus, it can be concluded that a layer of calcium hydroxyapatite has formed on the titanium
substrate, which is supported by the literature data [17]. The Raman absorption bands
(1084 cm-1, symmetric stretching), (716 cm-1, in-plane bending), (276 and 146 cm- 1, lattice
modes) of CaCO3 coating are consistent with calcite [18]. Figure 1 also shows Raman
spectrum of HAP coating. The PO4

3− peaks at 590, 950, and 1085 cm−1 of the phosphate
group oscillations belonging to HAP. The peak around 285 cm−1 is attributed to Ca-PO4
and Ca-OH bonds. The FTIR spectrum of the calcium hydroxyapatite layer on a Ti substrate
is depicted in Figure 1 as well. The FTIR spectra shown here identify absorption peaks
for PO4

3- (560–600 cm−1, ~600 cm−1 and 1000–1100 cm−1), OH- (3600–3500 cm−1 and
630 cm−1), CO3

2- (1460–1530 cm−1), as well as for HPO4
2− (610–615 cm−1) [19]. Thus, it

can be concluded that the Raman and FTIR spectroscopy results obtained confirmed the
X-ray diffraction data for the successful formation of Ca10(PO4)6(OH)2 coatings on the
Ti substrate.

The morphological features of the CaCO3 and Ca10(PO4)6(OH)2 coatings were inves-
tigated by SEM. The calcium carbonate layers were composed of sub-micrometre (up to
1 µm) rhombohedral particles which form a continuous calcite layer. Hexagonal HAP
particles of 20 nm in size were formed at low temperature. A particular morphological
feature of the synthesised HAP (Figure 1) is that a very high degree of homogeneity and
distribution of particle size is achieved.
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Figure 1. XRD pattern (top, left), Raman spectrum (top, right), FTIR spectrum (bottom, left), and
SEM micrograph (bottom, right) of a calcium hydroxyapatite coating on a Ti substrate. Diffraction
reflections: *—HAP [PDF: 96-431-7044]; �—Ti [PDF: 96-901-6191]; +—CaCO3 [PDF: 96-154-7348].

3.2. Synthesis and Characterization of Cu-HAP

The phase crystallinity and purity of Cu2+-substituted HAP specimens synthesised by
low-temperature sol-gel and dissolution-precipitation method were also investigated by
means of XRD analysis. It was determined that during the heating of mixture of Ca(NO3)2
and Cu(NO3)2 solutions in a CO2 atmosphere, in addition to CaCO3, a copper hydroxide
carbonate Cu2(OH)2CO3 (malachite) had also formed. It is not surprising, since it is known
that pure CuCO3 does not form in an aqueous media under normal conditions:

2 Cu(NO3)2 + CO2 + 4 NaOH→ Cu2(OH)2CO3 + 4 NaNO3 + H2O (2)

Figure 2 represents the XRD patterns of the HAP coatings where Ca2+ ions are substi-
tuted by Cu2+ ions.
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The XRD results indicate that the low-temperature precipitation-dissolution method
can be successfully used for the synthesis of partially Cu2+ ion-substituted HAP. Treatment
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of CaCO3 containing a small amount of impure Cu2(OH)2CO3 with sodium hydrogen
phosphate produces copper-substituted hydroxyapatite (Cu-HAP):

10−x CaCO3 + x Cu2(OH)2CO3 + 6 Na2HPO4 + 2 H2O =
Ca10−xCux(PO4)6(OH)2 + x Cu(OH)2 + 8 NaHCO3 + 2 Na2CO3

(3)

Figure 3 shows the FTIR spectrum of the Cu-HAP coating. The absorption bands at
970 and 1031 cm−1 correspond to symmetric and asymmetric vibrations in the PO4

3− ion.
Bending vibrations in the PO4

3− ion correspond to absorption bands at 599-567 cm−1. The
absorption bands of carbonate are at 870 and 1400 cm−1 [20].
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Figure 4 represents the Raman spectrum of a HAP coating substituted with Cu2+ ions.
In this Raman spectrum, the band at 428 cm−1 of the phosphate group vibrations are visible,
while the bands at 590, 607 cm−1 also belong to the PO4

3− asymmetric vibrations of the
HAP. The band at 957 cm−1 corresponds to a fully symmetric stretching of PO4

3−. The
sharpness of this band confirms a good crystallinity of the Cu-HAP coating [21].
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3.3. Synthesis and Characterization of Zn-HAP

However, the formation of HAP coatings substituted with Zn2+ ions by the above
preparation method did not proceed. The results presented in the XRD pattern of the
coating synthesised by the low-temperature precipitation-dissolution method (by forming
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mixed carbonates from a mixture of Zn(NO3)2·6H2O and Ca(NO3)2·4H2O and dropping the
product into Na2HPO4 + TRIS buffer solution) confirmed only formation of calcite which
was not transformed to the Zn-HAP. Once again, we can conclude that HAP substituted
by zinc ions has not formed by this synthesis method. The XRD patterns contained only
diffraction reflections of calcium carbonate.

Therefore, different variations of the proposed synthesis method were tested to obtain
a Zn-HAP coating on Ti substrate. An attempt was made to synthesise the Zn-HAP coating
by direct immersing of the already synthesised HAP coating on Ti into Zn(NO3)2 solution.
The reaction was carried out under the same conditions at 80 ◦C for one week. The XRD
pattern of the resulting product is shown in Figure 5.
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Unexpectedly, the Zn-HAP did not form, and also the HAP coating dissolved, although
the solubility of HAP is very low. An even more unexpected result was the formation of
almost single phase zinc hydroxide nitrate monohydrate Zn(OH)(NO3)(H2O) on the Ti
substrate. Thus, during this synthetic approach almost monophasic Zn(OH)(NO3)(H2O)
instead of Zn-HAP has formed on Ti substrate.

A third synthetic approach was also selected to obtain the Zn-HAP coating. The
CaCO3 coating synthesised on Ti substrate was dipped into a solution of Na2HPO4 + TRIS
buffer + Zn(NO3)2·6H2O and stored therein for one week at 80 ◦C. Again, instead of Zn-
HAP, the formation of Zn(OH)(NO3)(H2O) along with small amount of Zn3(OH)4(NO3)2
and unreacted calcium carbonate was observed on the Ti surface.

3.4. SEM and EDX Analysis

The SEM images clearly showed that the addition of copper to the HAP also changes
the morphology of the particles. Instead of the hexagonal 20 nm particles of HAP, fibrous
crystallites with a snowflake shape of about 1 µm have formed (see Figure 6). The volu-
metric snowflake crystallites are composed of interlocking needles between 0.5 nm and
1 nm in size. Both the partially altered Cu-HAP samples are characterised by a high de-
gree of homogeneity in particle size distribution. The morphology of the Zn2+-containing
samples synthesised by forming mixed carbonates from a mixture of Zn(NO3)2·6H2O
and Ca(NO3)2·4H2O and immersing the product into a Na2HPO4 + TRIS buffer solution
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differs considerably from that of the HAP and Cu-HAP. The representative SEM image
of this sample is also shown in Figure 6. It can be seen that homogeneous coatings with
some cracks have formed. The coatings are composed of planar crystals larger than 1 µm
forming a continuous coating. Few accumulations of smaller particles are also visible on
the Ti surface.
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Elemental analysis of the synthesised Cu and Zn containing coatings was carried out
using EDX analysis. The EDX spectra of both samples are presented in Figure 7.
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In the case of Cu-HAP coating, the Ca/P ratio of ~1,62 was found to be almost identical
to the calcium/phosphorus ratio in stoichiometric HAP (1,67). The molar ratio of calcium
to copper was Ca:Cu = 1:0.033, i.e., about 3.3 mol% of the calcium was likely replaced by
copper. The formula for the synthesis product could then be written Ca9,7Cu0,3(PO4)6(OH)2
or Ca9,85Cu0,15(PO4)6(OH)2, if the reaction (see Equation (3)) produced a further stoichio-
metric amount of copper hydroxide. From the EDX measurements of the sample with
zinc, the Ca/P ratio determined was completely unreasonable as it did not correspond
to any possible calcium/phosphorus ratio in known phosphates. Although calcium and
phosphorus were detected in the synthesised coating, XRD analysis failed to detect calcium
phosphate crystalline phases. It is likely that a significant amount of amorphous calcium
carbonate and/or a very small amount of calcium hydroxyapatite remained in the coating.
The EDX spectrum shows that the coating synthesised contains a significant amount of zinc.

3.5. Antibacterial Properties

Evaluation of the antibacterial properties of synthesised coatings on Ti substrates
revealed no zones of hydroxyapatite (HAP) inhibition in the presence of Gram-negative
Escherichia coli and Gram-positive Bacillus subtilis bacteria (Figure 8).
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Subsequent microbiological tests conducted after 24 h of incubation at 37 ◦C demon-
strated zones of inhibition in samples containing Cu-HAP when exposed to a colony of B.
subtilis (see Figure 9).
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Figure 9. Results of antibacterial performance tests of low-temperature synthesised Cu-HAP coating
on Ti with B. subtilis.

According to existing literature [22], Gram-positive bacteria possess a negatively
charged cell surface and a substantial peptidoglycan membrane, ranging from 20 to 80 nm
in thickness. In contrast, Cu2+ ions are positively charged and adhere to these negatively
charged surfaces, thereby inducing apoptosis in Gram-positive bacteria. Similar observa-
tions on the effects of Cu-doped titanium alloy coatings on Gram-positive bacteria have
been reported in a study by Kalaivani, S. et al. [23]. Figure 10 illustrates the zones of
inhibition associated with samples doped with Zn2+ ions when exposed to a B. subtilis
colony. However, no zones of inhibition were observed in the presence of E. coli.

Inhibition zone of coating with Cu-HAP coating on Ti were 10.5mm ± 0.5 mm average
from nine measurement; the plate with the Zn3(OH)4(NO3)2 coatings were 15 mm ± 1.8 mm.
Several factors may explain the lack of inhibition zones in some cases with Cu2+ and Zn2+

ion coatings. One plausible explanation is that materials from coatings do not substantially
diffuse into the medium; the fraction that does diffuse exhibits inhibitory effects solely
against B. subtilis. Another possibility is the absence of direct contact between the metal
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ions and the bacteria. Alternatively, the concentrations of metal ions may be insufficient
for inhibition.
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4. Discussion

Bone is a biologically rigid and strong material that lasts for more than 50 years
without damage in human bodies [24]. However, an array of factors, including mechanical
trauma, age-related weakening, and pathological conditions, necessitate the implantation
of synthetic prostheses. [25]. There are different types of bone implants that can be used to
help restore or replace bone tissue. The most common are:

1. Metal implants. These implants are usually made of titanium or stainless steel and
are used for fracture fixation, joint replacement, and spinal surgery [26].

2. Ceramic implants. These implants are usually made of zirconium and are used for
joint replacement surgery [27].

3. Polymer implants. These implants are routinely made of polyethylene and are used
for joint replacement surgery, particularly in hips and knees [28].

4. Bone grafts. Bone tissue is taken from another part of the patient’s body or from a
donor and is used to promote healing of damaged or missing bone [29].

Titanium and calcium phosphate ceramics have emerged as the gold standard in
orthopaedic applications. Titanium alloys exhibit commendable mechanical strength and
resistance to physiological corrosion, courtesy of an intrinsic oxide layer. Calcium phos-
phates, particularly hydroxyapatite (HAP), offer unparalleled biocompatibility, accelerating
biological responses and promoting strong bone-implant interfaces. Despite their advan-
tages, calcium phosphates are mechanically inferior, leading to research efforts focused
on material modification for enhanced bioavailability [25]. HAP has strong osteoperme-
ability properties, making it particularly attractive for biomedical applications [30]. When
HAP-based ceramics are implanted, a fibrous layer is formed on the surface of the ceramics,
which helps the implant to bond to the living bone. This stabilises the implant and anchors
it to the surrounding tissue. Synthetic HAPs are also used to cover metal implants or bone
grafts. In addition, a PhD thesis [13] suggests that HAP particles can inhibit the growth of
various types of cancer cells. HAP-based materials find utilisation in medical and dental
fields as bone graft substitutes, dental implant coatings, and even as facial fillers [31–33].

Various synthesis methodologies have been explored, including wet, dry, and high-
temperature techniques, sometimes leveraging bio-waste as precursors, which offers an
economical and sustainable approach [34]. Bio-wastes include vertebrate bones, eggshells,
and marine shells, the use of which is not only cost-effective but also contributes to sustain-
ability and adds value. The properties of the final product produced depend on the type of
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precursor used and the synthesis protocols used. Wet methods are further subdivided into
precipitation, sol-gel, hydrothermal, microwave, and sonochemical methods. The precipita-
tion method remains the prevalent approach for synthesising hydroxyapatite (HAP). This
technique involves the incremental addition of precursors under constant mixing, while
maintaining an alkaline pH. Subsequent to reaction completion, the precipitate is isolated
via centrifugation, oven-dried, and mechanically processed. Key variables influencing
the material’s characteristics include the Ca/P ratio, rate of precursor addition, reaction
temperature, and pH, as well as any added dispersants [35]. Advantages of this methodol-
ogy encompass simplicity, low-temperature synthesis, cost-effectiveness, and high product
purity. Limitations include particle non-uniformity and agglomeration, which can be miti-
gated through meticulous control of reaction parameters [36]. The sol-gel synthesis method
is a method for the synthesis of HAP under mild conditions. When the crystallisation of the
calcium and phosphate precursors takes place in a mild environment, the resulting HAP
has high purity. The rate of gel formation and HAP growth depends on the type of solvent,
the precursors used, the pH, and the temperature used in the process. Inaccuracies in these
parameters lead to the formation of calcium-containing impurities during the process [37].
Another disadvantage of the sol-gel method is that it is time consuming.

Another widely used method for the preparation of HAP is the hydrothermal method,
which involves chemical reactions between calcium and phosphate precursors at tem-
peratures and pressures above ambient conditions. This method produces HAP with
high crystallinity and stoichiometry. The morphology, crystallinity, and porosity of the
HAP can be controlled by proper control of the pressure and temperature of the reaction
vessel [37]. In the microwave (MW) irradiation method, a rapid heating source is used
and monodisperse HAP nanoparticles can be synthesised in a short time. In addition,
MW methods are energy efficient, the results are reproducible, and the final product has
high crystallinity. The method can also be integrated with traditional methods (such as
MW-deposition, MW-sol-gel, MW-hydrothermal, etc.) [38]. Research has shown that MW
heating can enhance the antibacterial properties of HAP [39]. The sonochemical method is
very fast and energy efficient, using ultrasound to synthesise HAP. It has been shown that
prolonging the duration of the ultrasound produces small rod-shaped HAP nanoparticles
of almost uniform size [40]. Naturally occurring biological resources like animal bones,
eggshells, and plant extracts serve as viable precursors for hydroxyapatite (HAP) synthesis.
These resources offer cost-effectiveness and waste treatment benefits, alongside yielding
biomimetic, biocompatible, and bioactive HAP that is non-stoichiometric due to trace ele-
ments, making it analogous to human bone composition [36,41]. Mammalian bones, such as
those from cows and pigs, are particularly favoured for their physicochemical resemblance
to human bone. The extraction process involves a pre-processing step of cleaning and
boiling, followed by high-temperature burning to remove organic compounds [42]. The
resultant HAP’s properties are influenced by the heating parameters [43–45]. Eggshells,
predominantly composed of calcium carbonate, undergo cleaning and heating to form CaO,
which is then converted to Ca(OH)2. This is mixed with a phosphorus precursor to synthe-
sise HAP [46]. Plant-derived biomolecules like pectin can modulate HAP morphology. For
example, pectin from banana bark has been demonstrated to produce low-crystalline HAP
with uniformly distributed nanoparticles [47–49].

In our study, the incorporation of Zn2+ ions into hydroxyapatite (HAP) was investi-
gated. Zinc (Zn) is a critical trace element in humans, constituting approximately 3 g in
the adult body. It serves both catalytic and structural roles in various biological processes,
including metabolism, cell division, and gene transcription. Zinc deficiency is detrimental,
particularly affecting the immune system [12]. Zinc is found as a trace element in bone.
The introduction of Zn cations into the HAP structure is a popular area of research. The
substitution of Zn2+ ions for Ca2+ results in a decrease in the lattice parameters a and c.
This is due to the difference in the ionic radii of these cations (Zn2+ (0.074 nm) and Ca2+

(0.099 nm)). Scientific publications have reported that zinc stimulates bone formation by
activating osteoblast proliferation and differentiation [50,51]. Zn-HAP also has antibacterial
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properties against Gram-negative and Gram-positive bacteria. HAP doped with less than
1% zinc ions exhibits effective biological activity [12].

In previous studies, Zn-HAP coatings have been obtained by different methods, e.g.,
plasma spraying, sputtering, sol-gel method, magnetron sputtering. The Zn-HAP samples
obtained by the different methods show a different distribution of zinc in the coating.
For example, sputtering produces homogeneous Zn-HAP coatings, whereas magnetron
sputtering produces Zn-HAP coatings with a higher concentration of zinc ions on the
coating surface [12]. The dependence of the Zn-HAP biological response on the zinc
content has been investigated in various experiments. Webster et al. have shown that even
small amounts of Zn (from 1.3%) increase the osteoblast response [52]. In vitro adhesion
and proliferation studies have shown that human osteoblast cells respond better to Zn-HAP
layers compared to pure HAP coatings. Zn substitution was shown to affect the adhesion
of HAP coatings on Ti substrates.

Another cation included in our research was Cu2+. The introduction of Cu ions into
the HAP structure also provides antibacterial properties to the HAP, which reduces the risk
of inflammation after implantation. Additionally, our research examines the incorporation
of Cu2+ ions into hydroxyapatite (HAP). Copper ions enhance protein absorption and
osteogenic differentiation, and facilitate bone-like apatite formation at implant sites [53].
While Cu-based nanoparticles have catalytic applications due to copper’s variable oxi-
dation states (0, I, II, III) [54], the impact of Cu2+ substitution on HAP structure remains
understudied. Cu has antibacterial properties, promotes angiogenesis, and has low cytotox-
icity. Despite promising applications in orthopaedics, the literature shows that commercial
success is still a long way off. This is not only due to the burden of the regulatory pro-
cesses involved in bringing metal-doped materials to the health market, but also due to
the difficulty in proving the effect of the element experimentally. Today’s challenges are to
combine in the same study all the characteristics related to the element: material studies
(chemical composition, phase composition, formation, biomechanical aspects, brittleness,
mechanical strength, and oxidation resistance) and biological aspects (cytotoxicity, bac-
tericidal, osteogenic and angiogenic properties) [55]. Cu is a trace element essential for
numerous physiological functions, including respiration, energy production, and tissue
formation [56]. It is crucial for bone collagen maturation and osteoblast function [57,58]. In
a 70 kg adult, approximately 100 mg of Cu is distributed primarily in the skeleton, muscles,
liver, and brain [59]. While the maximum adult dose is 10 mg/day, deficiency can result
in conditions like anaemia, leucopenia, and bone fragility [55]. Prado et al. demonstrated
experimentally that after 48 h, MRSA, Klebsiella pneumoniae, and Acinetobacter baumannii did
not adhere to Cu-containing samples, unlike stainless steel [60]. Another study investigated
the incidence of infections over one year in an intensive care unit. Some patients were
placed in wards with Cu-alloy surfaces and others in conventional wards. The proportion
of patients who developed an infection with MRSA or VRE (vancomycin-resistant entero-
coccus) was compared between the two types of wards. In wards with Cu, 7.1% of patients
developed nosocomial infection, compared with 12.3% in standard wards, indicating that
Cu-alloy surfaces significantly reduced nosocomial infections [61]. Three main mechanisms
are described in the literature: (a) membrane and cell wall damage due to direct interaction
with microbial surfaces; (b) release of component divalent metal ions; (c) generation of
reactive oxygen species (ROS), which are known to be toxic to bacteria.

In 2008, the EPA acknowledged copper’s antimicrobial properties, leading to its incor-
poration in various biomedical materials, including calcium phosphate bioceramics [62,63].
Key studies have substantiated the antimicrobial efficacy of Cu-doped hydroxyapatite
(HAP). For instance, Stanic et al. reported a 95% reduction in Escherichia coli, S. aureus, and
Candida albicans [64], while Li et al. found less than a 1% survival rate of E. coli after 24
h [64]. In 2019, Bhattacharjee et al. confirmed the material’s effectiveness against E. coli
and S. aureus [65]. In 2015, Huang et al. synthesised Cu-doped HAP coatings on titanium.
The coatings were found to have an antimicrobial effect of >75% against E. coli [66]. In a
study by Kalaivani et al., copper-doped CaSiO3 coatings were synthesised and evaluated
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for their antibacterial properties against E. coli and S. aureus. The results showed that the
pure powder did not exhibit antibacterial properties, but the antibacterial activity gradually
increased with increasing Cu content in the doped coatings [23]. Ghosh et al. coated
Cu-doped hydroxyapatite on titanium with varying Cu content and tested these samples
against E. coli and S. aureus. Their results showed that the number of viable bacteria de-
creased as the Cu content of the coatings increased, while the antibacterial activity of the
Cu-free hydroxyapatite was very low. After 8 h of cultivation, the antibacterial activity of E.
coli on Cu-HAP was 78% and that of S. aureus was 83%. Wolf-Brandstetter et al. performed
similar studies with titanium implants coated with Cu-HAP layers. After 2 h of cultivation
with E. coli, the coatings with the highest Cu content showed a significantly lower number
of viable bacteria and this effect was prolonged to 12 h. The results also showed a reduction
in adherent bacteria on implant surfaces after 12 h [67]. Although Cu-based biomaterials are
generally effective against bacteria, the efficacy is influenced by various parameters, such
as bacterial type (Gram-positive or Gram-negative), testing methodologies, experimental
conditions, and Cu content variation. The ion release rate in biological media also plays a
role. Gram-positive bacteria, with their negatively charged and thick peptidoglycan mem-
branes (20–80 nm), are more susceptible to Cu-induced apoptosis, whereas Gram-negative
bacteria possess a thinner peptidoglycan layer (6–15 nm) and an outer membrane that
can act as a diffusion barrier [22,68]. A paramount strength of this study resides in its
innovative approach to the low-temperature synthesis of hydroxyapatite (HAP) coatings;
thereby the adhesion to titanium substrate is better and formation of TiO2 is avoided. The
incorporation of copper and zinc ions as dopants not only adds complexity to the material
but also offers a platform for the exploration of multifunctional properties. Significantly, the
study takes the crucial step of evaluating the antibacterial efficacy of these doped coatings,
filling a gap in current research on HAP-based biomaterials. Analytical methods used in
the study provide a robust foundation for the reported findings. Nevertheless, the study is
not devoid of limitations. A comprehensive analysis of the coatings’ mechanical properties,
aside from their antibacterial attributes, could provide a more holistic understanding of
their potential applications [69–71]. Moreover, the study would benefit from a broader com-
parative framework that situates the findings in relation to existing methods and materials
for HAP coatings.

5. Conclusions

A crystalline calcium hydroxyapatite (HAP) with a very high homogeneity and de-
gree of particle size distribution was successfully synthesised from CaCO3 coatings by
a dissolution-precipitation method at low temperature of 80 ◦C in aqueous media. The
low-temperature precipitation-dissolution method was successfully used for the synthesis
of partially Cu2+ ion-substituted HAP. However, the formation of HAP coatings doped with
Zn2+ ions by the above method did not proceed as smoothly as expected. The different syn-
thesis methods tested resulted in the formation of Zn(OH)(NO3)(H2O), Zn3(OH)4(NO3)2
on the surface of the coating, leaving unreacted calcium carbonate. Antibacterial property
tests showed that no zones of inhibition were detected in pure HAP. In the Cu-HAP and
Zn-HAP coating, after incubation for 24 h at 37 ◦C, zones of inhibition were detected in the
presence of a colony of B. subtilis bacteria. However, no zones of inhibition were detected
in the presence of Escherichia coli.
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