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The main purpose is to investigate the antimicrobial, biocompatibility properties, and anticancer
activities of the nanohydroxyapatite (nHA) and Zn-doped nanohydroxyapatite prepared at different
calcination temperatures. We utilized the wet precipitation method with the aid of ultrasonic waves.

The impact of both the calcination temperature and Ca/Zn substitution assessed with spectroscopic
techniques. The TEM images showed that nHA particles described by particles with a rod-like form
transformed to a spherical shape with the Ca/Zn substitution. The antimicrobial features of the nHA
samples suggested that higher concentrations of nHA exhibit stronger antimicrobial effects against the
tested pathogens. Regarding in vitro cytotoxicity, assessments involving both human osteosarcoma
(HOS) cells and human normal immortalized skin fibroblasts (BJ-1) cells indicate that the 20% Ca/Zn nHA
sample exhibited the highest cell viability for BJ-1 cells, reaching 100%. Conversely, the nHA sample with
a 10% Ca/Zn ratio induced the most pronounced cytotoxic effect in HOS cells.

The deterioration of hard tissues resulting from accidents or
diseases like malignant sarcoma tumors is a common health
problem. In such cases, the damaged tissue, such as bone, needs
to be replaced with a bone filler to provide an appropriate solu-
tion [1, 2]. The bone filler facilitates the rapid filling of the void
and encourages the natural development of new hard tissues.
Eventually, these fresh tissues become integrated into the skeletal
system, which accelerates the healing process compared to situ-
ations where no bone filler is used [3-5].

Biomaterials are used to repair and reconstruct human
bones and tissues that have been damaged by disease and can
be bioactive, resorbable, or inert [6]. One remarkable sub-
stance that is particularly useful for replacing and reconstruct-
ing missing bone is hydroxyapatite (HA). With a Ca/P atomic

ratio of 1.67, this calcium phosphate bioceramic has impressive
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biological characteristics. These include the following: maxi-
mum biodegradability, excellent biocompatibility, absence of
immunological responses, absence of inflammatory response,
and presence of osteoconductivity and osteoinductivity proper-
ties [7-9]. As a result, it has found extensive use in biomedical
applications, including dental applications, and bone grafts in
addition to drug delivery systems for controlled release [10, 11].
Additionally, HA exhibits excellent handling properties, such as
easy synthesis, fabrication, and high stability [12].

Although hydroxyapatite (HA) only constitutes 70% of the
usual natural bone components, the normal structure of human
bone also comprises other substances, such as magnesium,
sodium, carbonate, silicon, silver, and zinc [13, 14]. Zinc has
received considerable attention for its capacity to improve cell
viability, proliferation, and adhesion, as well as its antibacterial
characteristics, which are advantageous in minimizing infec-

tions connected to implants [15]. A promising approach for
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preventing bacterial infections is to develop implants or bone
scaffolds using novel materials that possess both biocompatibil-
ity and antibacterial characteristics. Studies have presented that
Zn exhibits higher antibacterial efficacy toward Staphylococcus
aureus than E. coli [16], and Zn-doped Hap coatings are more
efficient in combating S. aureus than Bacillus cereus [17-20]. In
addition, zinc ions exert a significant influence on the prolifera-
tion of osteoblasts and the suppression of osteoclasts, making
them very suitable for use in bone tissue engineering.

Scientists have been intrigued by the typical amount of zinc
found in human tissues for a considerable time, and a report
stated that it is approximately 5 mg per 100 g of liver and kidney
tissue [21]. Due to its attributes as a divalent ion and a smaller
jonic radius when compared to calcium (Ca®"), this material has
become increasingly prominent in various biomedical engineer-
ing applications. Its properties enable effortless substitution of
Ca** ions, contributing to its preference in the field. Various
forms of Zn?*-doped HA can be utilized, such as coating mate-
rials, composite reinforcement agents, or components in tissue
engineering scaffolds [22, 23].

Zinc ions are essential for cellular metabolism and develop-
ment because they are present in so many cells as coenzyme
factors. On the other hand, “Zn*" interference” occurs when
the intracellular Zn** level is too high and damages intracel-
lular mitochondria, which in turn triggers an eruption of
reactive oxygen species (ROS) and causes acute intracellular
oxidative stress. “Zn?" interference” has taken the lead in anti-
cancer research as a result of its great safety profile and effec-
tive therapeutic effects [24]. Zn-based nanomaterial-promoted
Zn** interference therapy has demonstrated distinct benefits and
promising future uses in cancer treatment, despite the fact that
it is still in its early stages [25]. The metabolic and nutritional
benefits of Zn?*, a biological metal ion, are vital for cell growth.
Zinc ions, for instance, have the power to control gene expres-
sion, genomic stability, and energy consumption. A buildup of
Zn?' in an inappropriate way, however, will destroy cells per-
manently [26]. Research suggests that an excessive amount of
Zn?* can impede cellular glycolysis, resulting in the permanent
obstruction of energy production. Additionally, it may act as
an energy consumer in neurons [27]. Therefore, the presence
of “Zn?* interference” allows for the effective replacement of
GOx-mediated tumor starvation therapy (ST) and overcomes
GOx’s limited efficacy caused by hypoxia in the tumor micro-
environment (TME). Excessive levels of Zn?* can cause a mito-
chondrial reactive oxygen species (ROS) burst by inhibiting the
mitochondrial electron transfer chain (ETC). This, in turn, can
elevate the oxidative stress levels in cancer cells. This increased
stress can stimulate the activation of the proapoptotic Bax gene
and facilitate the breakdown of mutant p53 protein in mutant
p53 cancer cells [28]. As a result, nanoparticles derived from

zinc can efficiently reduce tumor size, invasion, and metastasis,

©The Author(s), under exclusive licence to The Materials Research Society 2024

cause cancer cells to die off, and make tumors more responsive
to chemotherapy [29]. Furthermore, an excess of Zn?* has the
potential to alter the process by which cancer cells die. Overex-
posure to zinc ions can trigger pyroptosis in cancer cells, which
in turn causes them to enlarge, burst, and expel their contents
(cytokines and proteins) [30].

There are numerous approaches have been progressed to
synthesize nHA which have been conveyed in the literature such
homogeneous precipitation, sol-gel, plasma spray, hydrothermal
and ultrasonic spray freeze drying methods as well as [31] solid
state and mechano-chemical methods. Between those methods,
the wet chemical procedures are the most straightforward, sim-
ple, and cost-effective for creating HA, as they do not require
expensive specialized equipment [32]. In a study conducted
by Venkatasubbu and colleagues in 2011 [33], they prepared
hydroxyapatite samples using the wet precipitation method.
These samples included both pure HA and hydroxyapatite with
varying concentrations of zinc, specifically 2%, 3%, 4%, and 5%
by weight. In 2012, the group of scientists [34] synthesized HA
at different calcination temperature (400, 500, 600, 700, and
800 °C) and hydroxyapatite with various zinc concentrations
(2, 3, 4, 5 wt%) using the wet precipitation method.

Utilizing a chemical synthesis strategy that combines ultra-
sonic irradiation with a wet precipitation procedure, our study
makes use of the ultrasonic-assisted wet precipitation method.
This process is highly regarded because it produces nanoscale
materials quickly and precisely with exact control over their
characteristics. Materials or particles at the nanoscale are pro-
duced as a result of the procedure. Most importantly, it gives us
precise control over critical reaction parameters like tempera-
ture and reaction time. The ability of the ultrasonic-assisted wet
precipitation approach to shorten response times while improv-
ing our control over particle size and shape is one of its main
advantages. In addition, it provides the ability for preparation of
the materials at lower temperatures than traditional techniques,
which makes it a useful approach for creating nanomaterials that
may be used in a variety of applications.

As far as we know, there are no current publications dis-
cussing the impact of Ca/Zn substitution and calcination tem-
perature on nanohydroxyapatite (nHA) synthesized through
ultrasound-assisted wet precipitation. This study encompasses
several significant stages. It offers insights into how varying cal-
cination temperatures and calcium/zinc (Ca/Zn) substitution
affect the crystallinity, morphology, and other properties of
nHA, including its antibacterial and cytotoxic characteristics.
First, we address the simple and affordable synthesis of nHA by
wet precipitation with ultrasound assistance. We then examine
the effects of calcination temperature and Ca/Zn substitution
on the nHA. The third stage involves a thorough examination
of the produced samples’ morphology and structure. Finally,

in order to meet the clinical necessities for use in bone tissue
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creation and replacement, we investigate the nHA’s antibacterial

and cytotoxic qualities.

FTIR spectroscopy

Figure 1(a, b, ¢, and d) displays the FTIR spectra of nHA powders
synthesized at different temperatures (100 °C, 200 °C, 300 °C, and
400 °C). The FTIR spectra of nHA have a broad peak at 3436 cm ™,
indicating the stretching vibrations of the hydroxyl (OH) group
[35]. The peaks observed at 1097 cm™, 1055 cm™!, and 960 cm™!
are associated with the stretching modes of the phosphate group
(PO4)7? in hydroxyapatite. The peaks at 1055 cm™ and 960 cm™
correspond to the asymmetric (v1) stretching vibration of the PO
group in hydroxyapatite [36-38]. On the other hand, the peak
at 1097 cm™" is related with both symmetric and asymmetric
stretching vibration modes of the (PO4) > group [39, 40]. Distinct
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Figure 1: (a) FTIR spectrum of (a—d) nHA powder prepared under
different temperature 100 °C, 200 °C, 300 °C, and 400 °C, respectively. (e,
f) FTIR spectrum of nHA with prepared by substituting Ca with Zn with
different percentages, i.e., 10% and 20%, respectively. (b) magnified FTIR
spectrum of (a—d) nHA powder prepared under different temperature
100 °C, 200 °C, 300 °C and 400 °C, respectively. (e, f) FTIR spectrum of
nHA with prepared by substituting Ca with Zn with different percentage,
i.e, 10% and 20%, respectively.
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absorption peaks at 869 cm™ and 634 cm™" were found, corre-
sponding to the vibrations of CO; ~ and OH, respectively [41].
The bands observed at 603 cm™, 565 cm ™', and 468 cm™! corre-
spond to the bending modes of the PO (v4) in the (PO4) > group
[42]. The findings indicated that there was no significant disparity
in the nHA samples generated at varying temperatures. The results
are consistent with the findings of Sibte et al. 2014 [43] and Mah-
mutoglu et al. 2023 [44], which demonstrate that there were no
noticeable changes in the FTIR spectra of nHA samples prepared
at different calcination temperatures within the same range.

As reported in the literature, the peaks at 1097 cm™,
1055 cm ™}, and 960 cm™" (which represent stretching vibration
of PO, group) are affected by the Zn substitution. These peaks are
supposed to be broader and diminish as the concentration of Zn
ions increases. However, in our experiment, the amount of Zn ion
substitution is not sufficient to cause these changes in the FTIR
spectra. Therefore, the spectra of the samples with Zn substitution
show no significant spectral changes” In addition, the influence of
Ca/Zn substitution on the nHA samples was found to be insignifi-

cant upon careful examination.

X- ray diffraction

The XRD patterns nHA synthesized at different temperatures
(100 °C, 200 °C, 300 °C, and 400 °C), and (b) the nHA synthesized
at 400 °C is present in Fig. 2(a) while XRD patterns of 10 Ca/Zn
nHA and Ca/Zn 20% substitution of nHA are demonstrated in
Fig. 2(b). The XRD diffraction patterns of nHA were extremely
similar to that of the stoichiometric reference for hexagonal
Ca,((PO,)4(OH),¢ (JCPDS No. 96-101-1243). In all the samples
examined, the (021), (211), (041), and (230) crystallographic
planes displayed higher peak intensities compared to other planes.
Obviously, there was no significant change in the lattice structure
of nHA arising from different calcination temperatures [Fig. 2(a)].

In the case of different Ca/Zn substitutions of nHA [Fig. 2(b)],
with the increase of Zn concentration, the crystallinity decreased
and broader XRD peaks were obtained. This observation is con-
sistent with the results presented by Uysal et al. in 2021 [22], where
they attributed the decrease in crystallinity following Zn/Ca sub-
stitution to the variance in ionic diameters between Zn and Ca.
Specifically, since the ionic diameters of Zn** ion and Ca?* ion are
0.074 nm and 0.099 nm, respectively; therefore, the crystal size
decreases as a result of the replacement.

In order to knowing more facts around the crystal size of the

prepared materials, Scherrer equation is used as follows:

KA
D:
B cosb

(1

In the Scherrer equation, which is used to calculate the aver-
age crystal size (D), A represents the X-ray wavelength, f is the
width of the diffraction peak) FWHM( in radians, 0 is the Bragg
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Figure 2: The XRD patterns of (a) the nHA synthesized at different
temperatures (100 °C, 200 °C, 300 °C and 400 °C), and (b) the nHA
synthesized at 400 °C, Ca/Zn 10% substitution of nHA and Ca/Zn 20%
substitution of nHA.

TABLE1: The crystal size of the

prepa.red samples using Scherrer CS‘;‘:;T?;(%

equation. sample (nm)
100 °C 15+0.70
200°C 14+0.65
300°C 13+0.83
400 °C 12+0.4
10% Zn 10£0.56
20% Zn 5+1.12

angle, and « is the Scherrer constant, which depends on the crys-
talline morphology.

As shown in Table 1 which described the results of crystal
size of the all samples using Scherrer equation. It’s clear to seen
that there are slight changes that could be detected in the crystal
size due to the increasing in calcination temperature, while the
addition of zinc ions in the crystal structure causing a significant
decreasing in crystal size especially for 20% Zn-loaded sam-

ples, those decreasing in the crystal size could be resulted from
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the smaller size of Zn ions compared to Ca ions. This conduct
could be owing to the elevation the number of nucleation sites
caused by the presence of Zn2 +ions Zn?* ions which repressed
the crystallites’ growth and subsequently reduced the crystal-
linity of the nHA. These results are harmonious with the results

previously reported by Cleibson et al. 2021 [45].

Scanning electron microscopy

SEM was used to investigate the effect of temperature and ca/
Zn substitution on nanoparticle particle size and morphology.
Figures 3(a) and 4(b) illustrate that the powder samples syn-
thesized at 400 °C temperatures and 20% Ca/Zn substitution,
respectively, are spherical in shape. Both powder samples exhibit
particle sizes within the range of 40-60 nm. Close examination
of the Figure also reveals that Ca/Zn substitution seems to have
discernible impact on the particle morphology of nHA.

The nHA samples were analyzed using EDAX to evaluate
their fundamental structure. The chemical constituents and uni-
formity of a substance greatly influence its ability to interact with
living organisms and its effectiveness in killing microorganisms.
Figure 3(c, d) exhibits the EDAX spectra of nHA 400 and 20
Ca/Zn nHA samples. The EDAX analysis primarily indicates
the presence of calcium (Ca), phosphorous (P), and zinc (Zn)
in the produced samples. The EDAX analysis yielded Ca/P and
(Ca+Zn)/P ratios of 1.64 and 1.88 for the nHA 400 and 20 Ca/
Zn nHA samples, respectively. These readings closely approxi-
mate the stoichiometric assessment of 1.67, which represents
the theoretical value. The observed correlation of the Ca/P ratio
not only verifies the successful formation of nanohydroxyapatite
(nHA), but also suggests the generation of high-quality nHA
powders.

Transmission electron microscope

The nanoparticle size of the produced particles can be observed
through transmission electron microscopy (TEM). Figure 4(a,
b) shows the TEM micrograph of nHA synthesized at 400 °C and
20% Ca/Zn substitution, respectively. The TEM images showed
that the nHA particles described by a rod-like form (typically
12 nm in diameter and 70 nm in length) transformed to a spher-
ical shape of about 10 nm with the Ca/Zn substitution. Some of
the particles appear to accumulate as a result of crystal fusion
during the sintering process. The diffraction patterns serve as
clear proof of the underlying crystal structure.

Zeta potential

The examination of zeta potential is expected to provide
insights into the impact of temperature and Ca/Zn substitu-

tion on the surface charge of nHA when it is dispersed in
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Figure3: (a—d) SEM images of nHA 400, and 20 Ca/Zn nHA (scale bar=2 um) and EDAX results, respectively.

distilled water. It is important to mention that the surfaces
of all nHA samples exhibit a negative charge, as illustrated in
Table S1. This negatively charged surface of nHA could have
potential applications after implantation in bone, as suggested
[46]. As the preparation temperature increases, there is a

© The Author(s), under exclusive licence to The Materials Research Society 2024

noticeable decline in the zeta potential value of nHA. Specifi-
cally, the zeta potentials for nHA synthesis at 100 °C, 200 °C,
300 °C, and 400 °C are recorded as — 20.18 mV, -26.05 mV,
- 41.77 mV, and — 44.33 mV, respectively. Notably, the zeta
potential of the 10% Ca/Zn nHA exhibits a shift from — 44.33

www.mrs.org/jmr

Issue 13 July 2024

Volume 39

Journal of Materials Research

1915



Journal of
MATERIALS RESEARCH

Figure 4: Transmission electron microscopy of (a) nHA 400°C and (b) 20 Ca/Zn nHA (scale bar=100 nm).

to — 25.20 mV before returning to its original value at a 20%
substitution percentage.

Antimicrobial assays of tested nanostructured
materials

Figure S1 provides the estimated width of ZOI values obtained
through the disk diffusion assay for various nanostructured
materials tested against specific pathogenic microbes. For the
pathogenic microbe P. aeruginosa, the ZOI values are as fol-
lows: nHA 100 (0), nHA 200 (0 mm), nHA 300 (10 mm), nHA
400 (18 mm), 10 Ca/Zn nHA (24 mm), and 20 Ca/Zn nHA
(21 mm). These values indicate the diameter of the inhibition
zone observed around the disk containing the respective nano-
structured material. A larger ZOI value signifies a stronger
inhibitory effect against the growth of P. aeruginosa. For the
pathogenic microbe S. Aureus, the ZOI values are as follows:
nHA 100 (0 mm), nHA 200 (0 mm), nHA 300 (8 mm), nHA
400 (15 mm), 10 Ca/Zn nHA (22 mm), and 20 Ca/Zn nHA
(17 mm). Similarly, increasing values indicate an increased
inhibitory effect against S. aureus. The ZOI values for C. albi-
cans, a pathogenic fungus, are as follows: nHA 100 (0 mm), nHA
200 (0 mm), nHA 300 (7 mm), nHA 400 (13 mm), 10 Ca/Zn
nHA (19 mm), and 20 Ca/Zn nHA (15 mm). As the ZOI values
increase, it indicates a stronger inhibitory effect on the growth
of C. albicans. Lastly, for A. niger, the ZOI values are as follows:
nHA 100 (0 mm), nHA 200 (0 mm), nHA 300 (6 mm), nHA 400
(11 mm), 10 Ca/Zn nHA (17 mm), and 20 Ca/Zn nHA (14 mm).
Increasing ZOI values indicate a greater inhibitory effect against
A. niger. Overall, the results suggest that higher concentrations
of nanostructured materials, such as nHA and Ca/Zn nHA,
generally lead to larger inhibition zones, indicating increased

antimicrobial activity against the tested pathogenic microbes.
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Comparing the results within the table, it can be observed
that as the concentration of nHA (nanohydroxyapatite) increases
from 100 to 400, the width of the inhibition zone generally
increases for all tested microbes. This suggests that higher con-
centrations of nHA exhibit stronger antimicrobial effects against
the tested pathogens. Furthermore, comparing the effects of
nHA with the effects of Ca/Zn (calcium/zinc) nanomaterials, it
is evident that the Ca/Zn nanocomposites generally have wider
inhibition zones compared to nHA for all tested microbes. This
indicates that the Ca/Zn nanomaterial possesses enhanced
antimicrobial properties compared to nHA. To compare these
results with previous findings, it would be necessary to refer to
previous studies or experiments that have evaluated the same
or similar nanostructured materials against the same patho-
gens using the disk diffusion assay. By comparing the ZOI val-
ues obtained in this study with the previous results, it would be
possible to determine if there are any significant differences or
similarities in the antimicrobial activity of the tested materials.

Dosages and time inhibitory effect

From the results of zone of inhibition assay could be indicated
that no potential ZOI was detected for nHA 100 and nHA 200
nanomaterials, while other nanomaterials including nHA 300,
nHA 400, 10 Ca/Zn nHA, and 20 Ca/Zn nHA were selected for
further antimicrobial studies since they have a strong antimi-
crobial effect against targeted microbes. The time- and dose-kill
kinetics assay was also conducted to assess the antimicrobial
activity of these compounds against different bacterial and fun-
gal strains. This assay allows for the determination of the time
and concentration required to achieve antimicrobial activity. The
inhibitory effect of four various dosages of each selected nano-
materials within exposure time was subjected to inactivate the

6-log cell counts of each tested species (Figs. 5, 6, 7, 8).

www.mrs.org/jmr

Issue 13 July 2024

Volume 39

Journal of Materials Research

1916



N

/ m Journal of
/ MATERIALS RESEARCH

The findings depicted in Fig. 5 reveal that the nHA 300  the effective dosage of nHA 300 nanomaterial for eliminating P
nanomaterial exhibited effectiveness primarily against P. aer-  aeruginosa and S. aureus mutans was found to be 90 pg/mL, and
uginosa and S. aureus. However, it demonstrated limited efficacy ~ this dosage achieved a significant reduction in microbial viabil-
against the tested fungal species, which appeared to be more ity within 10 to 15 min (as depicted in Figure S2). However, it’s

resistant to its antimicrobial effects. The study demonstrates that ~ important to note that this same dosage of 90 ug/mL was found
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Figure 5: The (MIC) values of the nHA 300 nanomaterial were determined for four investigated microbiological species: (A) P. aeruginosa, (B) S. aureus,
(C) C. albicans, and (D) A. niger.
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Figure 6: The (MIC) values of the nHA 400 nanomaterial were determined for four investigated microbiological species: (A) P. aeruginosa, (B) S. aureus,
(C) C. albicans, and (D) A. niger.
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Figure 8: The (MIC) values of the 20 Ca/Zn nHA nanomaterial were determined for four investigated microbiological species: (A) P. aeruginosa, (B) S.

aureus, (C) C. albicans, and (D) A. niger.

to be ineffective against the tested fungal species, suggesting that
these fungal strains are more resilient to the antimicrobial prop-
erties of the nanomaterial.

The MIC dosage values of nHA 400 nanomaterial were
found for four different microbial strains, as shown in Fig. 8.

©The Author(s), under exclusive licence to The Materials Research Society 2024

The results showed that when the nanomaterial was present at a
concentration of 90 pg/mL, it completely prevented the growth
of P. aeruginosa, S. mutans, C. albicans, and A. niger. This sup-
pression occurred at several time intervals, specifically after 5,

10, and 15 min of exposure.
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Figure 9 provides a clear explanation of the minimum
inhibitory concentration (MIC) values of 10 calcium/zinc nano-
hydroxyapatite (Ca/Zn nHA) materials for the four microbial
strains that were investigated. The experiment found that a con-
centration of 60 pg/mL of 10 Ca/Zn nHA was required to totally
eliminate P. aeruginosa within a 10-min period. Similarly, the
proliferation of S. aureus was suppressed following a 15-min
exposure to 60 ug/mL of 10 Ca/Zn nHA. In addition, the pro-
liferation of C. albicans and A. niger was entirely suppressed
when exposed to a concentration of 90 pg/mL of 10 Ca/Zn nHA,
which was accomplished in a span of 10 min.

The results presented in Fig. 8 provide information about the
MIC values of 20 Ca/Zn nHA for four tested microbial strains.
The MIC values indicate the lowest concentration of 20 Ca/Zn
nHA required to completely eradicate or inhibit the growth of
the respective microbial strains. According to the investigation,
a concentration of 60 ug/mL of 20 Ca/Zn nHA was found to be
necessary for the complete eradication of P. aeruginosa within
a 15-min exposure period. For S. aureus, a 5-min exposure to a
concentration of 60 pg/mL of 20 Ca/Zn nHA was required for
complete eradication. In the case of C. albicans and A. niger, a
concentration of 60 pg/mL of 20 Ca/Zn nHA was sufficient to
inactivate their growth within a 15-min exposure period. These
results indicate the antimicrobial efficacy of 20 Ca/Zn nHA
against the tested microbial strains, with specific dosage and
exposure time requirements for complete eradication or growth
inactivation.

Antimicrobial mechanism

The zinc-dotted nanohydroxyapatite (nHA) integrates sub-
stantial processes in antibacterial movements. The zinc ions
(Zn**) are then lost from the nanoscale hydroxyapatite network
because of the dissolution or degradation of the network. Zinc
ions play a critical function in the antimicrobial impact of such
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(N ‘0
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hydroxyapatite

\ NS )
] @ Enzyme o
. % disruption
DNA .
- damage
Protein denaturation [ ]
Bacterial Cell

Figure9: Schematic diagram shows the antimicrobial mechanism of zinc-
doped nanohydroxyapatite.
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promising antimicrobial materials. Zinc ions can antagonize
bacterial cellular energy production, producing free radicals,
such as superoxide radicals (O, ") and hydroxyl radicals (OH"),
which may induce oxidative damage to biological molecules in
bacterial cells (as shown in Fig. 9). Zinc ions engage with the
cell membrane of bacteria and make complexes with membrane
proteins, which increase the membrane permeability and cause
an untimely release of intracellular contents and interference
with the cell structures and inviolability of the bacterial cells
in free process. Further, zinc ions interfere with the structure
and functions of bacterial enzymes and can thus damage sev-
eral vital intracellular functions of the microorganism. Zinc
ions bind to the redox sites of one of the main elements bac-
teria require for biological functioning, such as iron (Fe**) and
manganese (Mn?"), interfering with the process. Zinc ions have
immunomodulation features suitable for modifying the immune
response and the instances of bacterial infections. The concen-
tration, the dimension of particles, the surface quality, and bac-
terial species control Zn-NP nanohydroxyapatite’s antimicrobial

mechanism [47, 48].

In vitro cytotoxicity

To assess the biocompatibility of the prepared nHA on normal
cells, we conducted the cytotoxicity tests on human normal
immortalized skin fibroblasts (B]-1) cells as depicted in Fig. 10a.
The samples include nHA prepared with different calcination
temperatures and with various Ca/Zn substitutions. Among
these samples, the 20% Ca/Zn nHA exhibited the highest cell
viability (100%) when tested against BJ-1 cells. When exam-
ining nHA prepared at different calcination temperatures, the
cell viability for BJ-1 followed a distinct trend, decreasing as
the temperature rose, but with a sudden increase at the highest
temperature tested, 400 °C. Specifically, viability dropped from
98.7% to 90.8% at nHA 300 °C but then rebounded to 93.7% at
nHA 400 °C. When evaluating various Ca/Zn substitution ratios,
it was evident that the 20% Ca/Zn nHA demonstrated higher
cell viability for BJ-1 in comparison with the 10% Ca/Zn nHA,
resulting in complete survival of BJ-1 cells. It can be concluded
from those results that all the prepared samples are biologically
safe materials and could be used in contact with healthy human
cells without any measurable side effects.

On the other hand, to investigate of the anticancer effect
of prepared nHA samples, the cytotoxicity tests were per-
formed on the bone cancer cells (HOS), as shown in Fig. 10(a).
Subsequently, IC50 values were determined and presented in
Fig. 10(b). The most substantial cytotoxic effect was observed in
HOS cells when exposed to the nHA sample with a 10% Ca/Zn
nHA ratio, which killed about 63.6% of the cancer cells. Regard-
ing different calcination temperatures of nHA samples, HOS cell
cytotoxicity increased from 38.3% to 59% at nHA 300 °C but
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Figure 10: Cell viability test against human normal cells (BJ-1) and Bone
cancer cells (HOS).

subsequently decreases to 50.4% at nHA 400 °C. When evalu-
ating various Ca/Zn substitution ratios, the 10% and 20% Ca/
Zn nHA sample resulted in the killing 63.6% and 42.2% of the
cancer cells (HOS), respectively.

IC50 values, denoted in pg/mL, were calculated to signify
the concentration of the prepared nHA necessary for a 50%
reduction in cell viability. The findings demonstrate that the low-
est IC50 values were associated with the nHA 100 and 10% Ca/
Zn nHA samples. In contrast, both the nHA 200 and nHA 400
samples displayed the highest IC50 values, measured at 87.0 pg/
mL and 84.1 pg/mL, respectively.

In conclusion, the biocompatibility of nanohydroxyapatite
(nHA) preparations on normal cells, represented by BJ-1 cells,
showed promising results, with the 20% Ca/Zn nHA demon-
strating the highest cell viability. Conversely, the anticancer
effect of nHA on bone cancer cells (HOS) indicated significant
cytotoxicity, particularly with the 10% Ca/Zn nHA sample.

©The Author(s), under exclusive licence to The Materials Research Society 2024

The findings regarding the biocompatibility and cytotoxicity of
nanohydroxyapatite (nHA) preparations have significant impli-
cations for bone tissue engineering applications. The high cell
viability observed in normal cells (BJ-1) when exposed to nHA
suggests that it is biocompatible and suitable for use in scaffolds
or coatings for bone implants. The ability of nHA to promote cell
survival and potentially enhance bone regeneration is promis-
ing. Additionally, the cytotoxic effects observed on cancer cells
(HOS) indicate that nHA may have potential applications in
targeted cancer therapies for bone cancers. By selectively tar-
geting cancer cells while sparing healthy bone cells, nHA could
help in developing more effective and less harmful treatments
for these types of cancer.

Furthermore, the remarkable antimicrobial properties dem-
onstrated by the 10% Ca/Zn nHA nanomaterial against a range
of bacterial species (both Gram-positive and Gram-negative) as
well as fungal strains further enhance its potential applications.
This antimicrobial activity could be leveraged in various medical
devices and implants to prevent infections, which are a com-
mon complication in orthopedic surgeries and other medical
procedures. Overall, the comprehensive findings on nHA's bio-
compatibility, cytotoxicity, and antimicrobial properties suggest
a wide range of potential biomedical applications. Additional
research is necessary to fully comprehend the mechanisms that
underlie these effects and to improve the utilization of nanohy-
droxyapatite (nHA) in bone tissue engineering, cancer therapy,

and antimicrobial applications.

In this current investigation, we synthesized nHA and Ca/Zn
nHA by applying the ultrasound-assisted wet precipitation
method and then confirmed their formation through various
analytical techniques. The analysis by FTIR and XRD revealed
that there were no significant alterations in the lattice structure
of nHA due to variations in calcination temperature. However,
when we examined different Ca/Zn substitutions in nHA, we
observed a decrease in crystallinity and broader XRD peaks
as the Zn concentration increased. Additionally, a remarkable
decreasing in crystal size with Zn ions substitution. Interestingly,
Ca/Zn substitution appeared to influence the particle morphol-
ogy of nHA.

The antimicrobial activity results have shown that the 10%
Ca/Zn nHA nanomaterial possesses remarkable antimicrobial
properties, especially when tested against both Gram-positive
and Gram-negative bacterial species, as well as fungal strains.
Consequently, the 10% Ca/Zn nHA nanomaterial demon-
strates exceptional inhibitory capabilities. Furthermore, it is
important to mention that the nHA sample containing a 10%

Ca/Zn ratio caused the most notable cytotoxic impact on HOS
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cells. These results are promising for future use in the field of

bone replacement and tissue engineering.

Materials

CaCl,, Na,HPO, and Na-OH, which served as sources of
Ca**, PO,*", and OH-, respectively. Zinc acetate dihydrate
Zn(CH,CO,),.2H,0 was used as Zn*" source. Utilizing Hiels-
cher ultrasound technology, we used a UP50H ultrasonic pro-
cessor (50 W, 30 kHz). We employed our reagents without
further purification, regardless of whether they were analytical
grade or the purest available. We dissolved the compounds in

Millipore deionized water to create aqueous solutions.

Synthesis of zinc-nanohydroxyapatite

With the use of a wet precipitation technique in conjunction
with ultrasonic irradiation [49], this work sought to create
zinc-substituted nanohydroxyapatite (Zn-HA) with varied
Zn concentrations (x=0, 1, and 2 mol%). There were several
crucial phases in the synthesizing process. First, 400 ml of a
0.2 M CacCl, solution underwent an hour-long ultrasonogra-
phy treatment. A milky suspension formed as a consequence
of adding a 0.12 M solution of Na,HPO, (400 ml) dropwise
at a rate of 200 ml/h using a syringe pump, stirring, and con-
tinuous ultrasonic irradiation using ultrasonic prop (50 kW)
while maintaining ultrasonication. Throughout the proce-
dure, the pH of the suspension was continuously checked
and modified to stay between 9.5 and 10.5. After that, a white
precipitate developed, and a further hour of ultrasonic irra-
diation was administered. In order to add zinc substitution,
the CaCl, solution was mixed with precisely the right quan-
tity of dissolved zinc acetate in deionized water, following the
chemical formula. Centrifugal filtering was used to create a
homogenous solution, which was then rinsed with deionized
water twice, washed with ethanol once, and washed again with
deionized water. The white precipitates were then allowed to
dry at 100 °C for the whole night. The samples were dried,
then finely powdered before being placed into ceramic boats.
These materials were thermally treated for 4 hours at a rate
of 10 °C/10 min in an oven with temperatures ranging from
100 to 400 °C. The resulting powders were calcined and then
crushed into very small particles so they could be used for fur-
ther analysis and applications. Figure 11 provides an overview
of this process visually.

The constituents, temperature of preparation, and sym-
bolization of prepared samples are shown in Table 2.

©The Author(s), under exclusive licence to The Materials Research Society 2024
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Figure 11: Flow chart of the preparation procedure.

TABLE 2: Constituents, temperature of preparation, and symbolization of
prepared samples.

Compositions and con-
stituents

Tempera-
Sample symbol Zn content (%) ture (°C)
nHA 100 - 100
nHA 200 - 200
nHA 300 - 300
nHA 400 - 400
10 Ca/Zn nHA 10 400
20 Ca/Zn nHA 20 400
Characterization

FTIR analysis was conducted using an FTIR spectrometer
(type A FT/IR Vertex 8000 Bruker Optiks) with a spectral

resolution of 4 cm™

in the vibrational wavenumber range of
(400-4000 cm ™), using ATR unit with diamond crystal.

The generated samples were subjected to a thorough inves-
tigation employing sophisticated analytical methods, including
their structure, crystallinity, surface morphology, and particle
properties. Cu-Ka radiation with a wavelength of 0.15418 nm
was used in an Empyrean diffractometer system Broker D8
Advance, Germany, to conduct X-ray diffraction (XRD) inves-
tigation, with a 26 range that covered 10° to 70° the XRD instru-

ment ran at 40 kV and 40 mA. After obtaining the diffraction
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peaks, the materials’ crystalline patterns were determined by
comparing them with the ICDD (JCPDS) standards.

Using high-resolution scanning electron microscopy (FE-
SEM), the surface morphology and particle size were examined
in detail. A Holland-made FEI Quanta FEG 250 system running
ata 20 kV applied voltage was used for this investigation. A thin
coating of gold was applied to the samples before SEM imaging
in order to make it easier to see the borders and morphology
of the grains. Moreover, SEM imaging was used to analyze the
particle size.

The characteristics and crystallinity of the nanoparticles
were further examined using high-resolution transmission
electron microscopy (HR-TEM) with a Joel model JEM-2100
operating at 200 kV. The particles were dispersed in water and
applied onto TEM grid. The dispersion was let to dry naturally
at room temperature before being examined.

A particle size analyzer (Nano-ZS, Malvern Instruments
Ltd., UK) was also used to measure the particles’ zeta potential,
average diameter, and size distribution. In order to guarantee
precise measurements of the zeta potential and particle size dis-
tribution, the samples were subjected to sonication for at least 15
to 30 min before evaluation. All of these investigations together
provide a thorough knowledge of the morphological and struc-

tural properties of the materials that were synthesized.

Antimicrobial assay

Microorganisms used

The antimicrobial performance of six nanostructured materials
(nHA 100, nHA 200, nHA 300, 10 Ca/Zn nHA, and 20 Ca/Zn
nHA) was assessed against four different types of microorgan-
isms including Pseudomonas aeruginosa, Staphylococcus, Can-
dida albicans, and Aspergillus niger. The bacterial strains were
cultivated on a nutrient-rich medium until they reached the log
phase stage of development to ensure optimum proliferation.
Each strain’s inoculum was made by acquiring, cleaning, and
re-suspending the bacteria in sterile saline. On the other hand,
fungi strains were grown on a liquid medium or on suitable agar
plates. Mycelial pieces were collected, cleaned, and re-suspended
to generate the fungal inoculum. To create the bacterial inocu-
lum, all microbial strains were then grown in Trypicase Soya
broth (TSB) and kept in an incubator for 24 h at 37 °C. Sabaroud
dextrose agar (SDA) media were applied for cultivating yeast
and mold species. This methodical approach was implemented
to ensure homogeneity throughout various duplications and
examinations. Optical density data were used to calculate the
ultimate cell density needed for the experiment. The standard-
ized inoculum was then modified to fit the 0.5 McFarland stand-
ards. A pair of standard drugs, 100 pg each of ciprofloxacin and
nystatin, was administered as positive controls [50].

©The Author(s), under exclusive licence to The Materials Research Society 2024

Examination of inhibition zone

In the present study, four microbial species (P. aeruginosa, S.
aureus, C. albicans, and A. niger) and agar diffusion experiments
(both disk and well techniques) were performed to investigate
the antimicrobial activity of the tested nanostructured materi-
als. While SDA medium was used for the fungal species, Muller
Hinton agar (MHA) media were created and positioned onto
Petri plates with a thick layer for the bacterial species. Asep-
tically, 100 uL of newly produced cultures of every microbial
species was distributed throughout the agar layer. In the disk dif-
fusion experiment, 100 pL of the tested extract was poured onto
6 mm diameter disks, which were then put on the surface of agar
plates infected with the desired microorganisms. Subsequently,
the plates were incubated at the ideal temperature for bacterial
species (37 °C for 24 h) and fungal species (28 °C for 48-72 h)
[51]. The zones of inhibition (ZOI) that formed on the medium
after the incubation time were measured using a Vernier caliper

and reported as diameters in millimeters (mm).

Cell viability inactivation assays

The inactivation kinetics of the materials under investigation
was assessed using a macro-dilution test, which considered both
the variables of dosage and time. The study employed a stand-
ard stock solution for the experimental procedure. The optimal
dosage was determined by evaluating the effectiveness of the
antimicrobial agent against the specific pathogens being stud-
ied. For each test, a sterile test tube containing 10 mL of sterile
MHB and SDB media was prepared. A volume of 0.5 mL of a
recently prepared culture of the target bacterium was introduced
into the tube. While the remaining tubes were contaminated
with different concentrations (15, 30, 60, and 90 ug/mL) of the
tested materials, a single tube was designated as the control and
remained free from contamination. The tubes were subsequently
subjected to incubation for different durations, ranging from 5,
10, and 15 min. After each exposure period, a volume of one
mL was taken from each tube and subjected to serial dilution
following treatment with the tested ingredients. This was done
to determine the number of viable microbial cells remaining.
The plate-count method was employed to ascertain the CFU/mL

by quantifying the population of viable microorganisms [52].

Cytotoxicity test

Cell culture

The HOS (human osteosarcoma) cells and BJ-1 (human nor-
mal immortalized skin fibroblasts) were cultured in DMEM
F12 medium supplemented with 10% fetal bovine serum. The
cells were incubated at 37 °C in an atmosphere of 5% CO, and
95% humidity. The cells were grown in subculture using a 0.15%

trypsin-versine solution. The cell lines were acquired from the
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Karolinskacenter, Department of Oncology and Pathology,
Karolinska Institute and Hospital in Stockholm.

Cell viability assay

During the experimental phase, the growth medium was
replaced with complete media that contained the test substances
at a concentration of 100 ug/ml. This was done in triplicate, after
seeding 10,000 cells per well for the HOS cell line and 50,000
cells per well for BJ-1 in 96-well plates. Subsequently, the cells
underwent this therapy for a duration of 48 h. For comparison
purposes, the negative control consisted of a solution contain-
ing 0.5% DMSO, whereas the positive control contained 100 pg/
ml of doxorubicin. Subsequently, following Mosmann’s 1983
methodology, the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide) assay was employed to assess the
viability of the cells [53, 54]. The equation (Eq. 2) is utilized for

the calculation of % cytotoxicity:

%Toxicity = (CZ/‘S\JI(C))) x 100 2

where Av: average, X: absorbance of sample well measured at
595 nm with reference 690 nm, NC: absorbance of negative con-
trol measured at 595 nm with reference 690.

Determination of IC, values

If the samples are extremely active and exhibit cytotoxicity of
75% or more on several cancer cell lines, different concentra-
tions were generated for dose response studies [55]. The IC50
values of each sample were calculated using probity analysis and
the SPSS computer program (SPSS for Windows, statistical anal-
ysis software package, version 9, 1989, SPSS Inc., Chicago, USA).
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