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ABSTRACT: Incorporating zinc into biocompatible materials has been Catter e 71 doped akermanite

identified as a potential strategy for promoting bone regeneration and ZH;JI ?1 . V
osteogenic activity during hard tissue regeneration. This work aimed to & W . % u
investigate the impact of zinc doping on the structure of akermanite, which was i‘fl R £ ﬂ w :ﬂu:
synthesized using the sol—gel combustion method, with the goal of improving .1, ( E H 1

the biological response. Powder XRD and FT-IR analysis confirmed the phase Bomineralisation (" Mechanical Strength
purity and the respective functional groups associated with Zn-doped e Uamhemias
akermanite. Further XPS analysis confirmed the presence of zinc with the i
respective binding energies in the akermanite matrix. According to the results e ey
obtained from the analysis, the apatite-forming ability of Zn-doped akermanite R

demonstrated enhanced apatite deposition on the surface of the pellet after 9
days of immersion in the SBF medium. The measured mechanical parameters,
including compressive strength (140—189 MPa) and Young’s modulus (2505—
3599 MPa), fall within the range of human cortical bone. Antimicrobial results showed an improved inhibition rate of the doped
ceramics compared to pure akermanite with an inhibition percentage of 87% even at lower concentrations. The hemocompatibility
of the materials showed hemolysis of human blood cells within the acceptable range without exhibiting toxicity. Cytotoxicity results
demonstrate the biocompatibility of the materials with the MG-63 cell line. Based on the results, akermanite doped with zinc at
optimal concentrations was found to be compatible and nontoxic promoting it as a potential alternative for bone regeneration in
orthopedic applications.

Bacterial Death Antiinflammatory  pemolysis
activity

Bone regeneration Antibacterial activity

1. INTRODUCTION promotes osteoblast development and bone mineralization.
Magnesium (Mg) is an essential component of the human

Bone is a dynamic tissue with distinctive architecture and 5/ B S .
body because it aids in the stabilization of DNA, the

features enable it to continuously remodel and acclimatize to

the metabolic and mechanical demands of the body, ensuring development of the skeleton, and bone metabolism.
vitality, mobility, and stability throughout every stage." Thus, Magnesium ions have a similar effect on insulin (a recognized
replacing natural bone in cases of fracture or bone disease is growth factor for osteoblasts), significantly increasing osteo-
challenging in tissue engineering.” To overcome these blast adhesion and stimulating osteoblast proliferation.’
challenges, biomaterials have been created to anchor implants Bioceramics actively contribute to the formation of an
in bone, and are considered a remarkable life-saving advance- apatite-like structure on the surface of damaged tissues
ment in materials chemistry. To substitute bone, the through their bone-bonding compounds, which establish
synthesized material should possess a porous nature, surface chemically stable contact with the surrounding tissues.” By

roughness, biocompatibility, suitable mechanical strength and
better interaction between bone cells and the substituted
material.’ Bioactive materials containing silicon demonstrate
exceptional capacity to activate bone-related genes, drive cell
growth, and produce bone-like hydroxyapatite forming ability
both in vitro and in vivo.* Calcium silicate bioceramics exhibit
excellent osteoconductivity that is comparable to conventional
calcium phosphate and play a crucial role as a cross-linking
agent in connective tissue helping in collagen type 1 formation
and bone healing.” Additionally, they increase bioactivity and

influencing the chemical composition of physiological fluids,
these materials stimulate the development of apatite when
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Figure 1. Schematic representation for the preparation of Zn doped akermanite.

come into contact with the appropriate aqueous medium.®
New generations of bioceramics have been developed due to
their capacity to promote bone regeneration that resembles the
natural biological tissues of the human body. For optimal bone
regeneration, it is important that the rate of degradation
matches the pace at which host bone tissues regenerate after
implantation owing to chemical dissolution and cell-mediated
disintegration.” The introduction of new materials into the
body may lead to infection, making the prevention of
infectious diseases a significant challenge. Selective dopants
typically present in bone tissue may be added to regulate
dissolution processes.'” A multitude of therapeutic ions, such
as copper (Cu), strontium (Sr), and silver (Ag), are used in the
field of biomaterials to enhance biological properties, including
promoting the growth of new blood vessels (angiogenesis),
influencing bone growth (osteogenesis), and inhibiting
bacterial progression. Silicate ceramics have been suggested
as viable materials that may exhibit antibacterial properties and
improve bone growth due to their beneficial structure and
composition."' ™ Zinc is an essential element in several
enzymes in the human body and its role as a dopant in
bioactive ceramics influences the material’s ability to combat
infections while promoting bone regeneration.'* It can
enhance DNA synthesis and enzyme activity, and possesses
antibacterial properties similar to those of copper ions."
Therefore, a deficiency of this ion is linked to reduced bone
density due to its ability to inhibit the formation of bone
resorbing cells (osteoclasts) while promoting the function of
bone-building cells (osteoblasts).'® As zinc deficiency reduces
bone mass and slows bone metabolism, it has received
particular attention in tissue regeneration.'” The replacement
of Zn* in the HA lattice has been extensively investigated in
recent decades due to its essential role in the metabolic
processes of bone formation. Based on previous literature, the
maximum amount of zinc that can be substituted in the HA
lattice is found to be in the range of 15—25% mol."**
However, the extent of substitution is influenced by the
preparation conditions. Minimal inclusion of zinc in the
hydroxyapatite lattice actively promotes cell proliferation and
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differentiation;”' however, cytotoxicity has been observed at
significant concentrations of zinc in the matrix of the parent
material (>1.2 wt %).*> Zn-substituted HA has also been
thoroughly explored for its ability to inhibit the growth of
bacteria and fungi after implantation.”® Furthermore, the lattice
constant of Zn-substituted HA decreases progressively as Zn
insertion increases, primarily because the Zn*" ion has a
smaller ionic radius (0.74 A) compared to that of Ca** (1.00
A). However, the lattice constant does not exhibit a consistent
trend and instead fluctuates as the dopant content increases.'®
According to the findings, akermanite shows strong in vitro
bioactivity and can be employed as biodegradable fillers in the
body.”* Modifications in material composition can aid in fine-
tuning the biological characteristics of the parent material with
enhanced activities.””> The sol—gel combustion route was
utilized to synthesize the material; this strategy is well-known
for being conventional and energy-efficient compared to other
synthesis techniques.”® Previous research has demonstrated
that Zn-HAp, synthesized via the sol—gel spin coating
technique, exhibited enhanced antibacterial properties against
the pathogens Staphylococcus aureus and C. albicans compared
to pure HAp.”” Similarly, Nigam et al, and Pawar et al,
reported that antibacterial assays using zinc-doped magnesium
ferrite demonstrated strong suppression of Escherichia coli.”® In
a recent investigation conducted by Nescakova et al, zinc-
doped bioactive glass was prepared using a micro emulsion-
assisted sol—gel process. Additionally, Zn-BG showed no
cytotoxic effects on embryonic fibroblasts and osteoblast-like
cells, promoting the proliferation of these cells. Furthermore,
Zn-BG exhibited enhanced protein adsorption compared to
undoped BG.” In a previous study conducted by Bigham et al,,
it was found that the addition of zinc-doped magnesium
silicate to a composite scaffold made of polycaprolactone
(PCL) and silk fibroin (SF) resulted in improved cell adhesion
and alkaline phosphatase (ALP) activity compared to the pure
material.*’ Tridoped Ag/Mg/Zn-HAp samples demonstrated
lower cytotoxicity (ICs, value of 53.184) and greater
biocompatibility (IC, value of $8.068) than pure HAp in an
earlier investigation on the 1929 cell line.”’ In light of the
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preceding literature this study presents the synthesis of zinc-
doped akermanite using a sol—gel combustion approach. A
thorough investigation was conducted to examine the purity of
the Zn-akermanite phase and its structural morphology. The
impact of Zn* doping on apatite formation ability, mechanical
strength, antibacterial properties, hemolytic activity and
cytotoxicity was examined and discussed.

2. EXPERIMENTAL METHOD

2.1. Synthesis of Zinc-Doped Akermanite. Tetraethyl
orthosilicate (Acros Organics, 98%), magnesium nitrate
hexahydrate (98%, SD fine), calcium nitrate tetrahydrate
(98%, SD fine), zinc nitrate (99.0%, Qualigens), glycine
(99.5%, SD fine AR), and concentrated nitric acid were
employed in the synthesis of Zn-doped akermanite through the
sol—gel combustion method. The appropriate amounts of
calcium, magnesium and zinc nitrates were first added to a
beaker along with glycine as fuel. Following the addition of
TEOS, concentrated nitric acid was then added resulting in the
hydrolysis of TEOS. The mixture was stirred continuously for
2 h at room temperature to obtain a dense gel. After the dense
gel matrix formed, it was left to aging for 24 h at room
temperature. The gel obtained was dried at 150 °C in an oven
for 2 days. It was then combusted in a muffle furnace at 400 °C
and calcined at temperature of 900 °C to obtain Zn-doped
akermanite as the final material.>>*> The calcined powders
were labeled as AK-Znl, AK-Zn2 and AK-Zn3 corresponding
to the amount of zinc incorporated in akermanite. Figure 1
represents the schematic representation of the synthesis of Zn-
doped akermanite. The compositions of the samples are
presented in Table 1.

Table 1. Composition of AK-Znl, AK-Zn2 and AK-Zn3

sample Zn composition Zn doped akermanite
code M) Ca,_xZnyMgSi,O,
AK-Znl 0.03 Cag g7Zn,0;MgSi, 05
AK-Zn2 0.06 Cay94Zny 0sMgSi, O,
AK-Zn3 0.09 Cayg;Zng,0oMgSi, 0,

2.2. Pellets Preparation. The pellets were prepared using
a hydrolytic press machine according to ASTM standards. The
powders were finely ground and pressed into pellets under a
load of S tons, resulting in pellets with a diameter of 12 mm
and a thickness of 6 mm. The pellets were utilized for in vitro
studies.

2.3. Characterization Techniques. The phase analysis of
the calcined samples was performed using an AD8 Advanced
Powder X-ray Diffractometer (Bruker AXS GmbH, Karlsruhe,
Germany), employing a Cu/Ka radiation filter at a wavelength
of 1.5406 A. FTIR spectra were recorded using a Shimadzu IR
Affinity-1 CE FTIR Spectrophotometer across a range of 400
to 4000 cm™" to analyze the respective functional groups. The
structural morphology and elemental composition were
analyzed using an EVO18 Research SEM (Zeiss India)
equipped with an energy-dispersive X-ray analysis unit
functioning at 30 kV. A 200 kV FEI-Tecnai G2 20 S-TWIN
high-resolution transmission electron microscope was utilized
to analyze the morphology and perform selected area of
electron diffraction. The assessment of mechanical properties
was carried out using a universal testing machine (UTM)
INSTRON 8801, featuring a load weight accuracy of +0.5%.
XPS data were analyzed using a thermal ESCALAB 11,250
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system equipped with a monochromatic Al Ka X-ray source
(1486.6 V).

2.4. Porosity Measurement. The porosity of Zn-doped
akermanite bioceramics was determined using the liquid
displacement method based on Archimedes principle.34 First,
the dry pellet was weighed in air to obtain the weight (W1).
The sample was then suspended in absolute ethanol, ensuring
complete submersion, and allowed to saturate for approx-
imately 24, 48, and 72 h. While submerged, the weight of the
sample was recorded as (W2). Afterward, the sample was
carefully removed, excess liquid was drained, and the weight
while suspended in ethanol was noted as (W3). The porosity
was calculated using the formula is shown in eq 1

w2 - Wil
w2 - W3

porosity = X 100%

(1)

2.5. Antifungal and Antibacterial Activity. The
antifungal activity of zinc-doped akermanite AK-Znl, AK-
Zn2, and AK-Zn3 was evaluated using Aspergillus niger (A.
niger) and Fusarium oxysporum (F. oxysporum). The antifungal
efficacy of the akermanite powder was determined using the
broth dilution method. In 100 mL of potato dextrose broth,
500 uL of the clinical pathogens was added to a 250 mL of
Erlenmeyer flask with different concentrations of the ceramic
powders (0.5, 1, and 2 mg/mL). The flasks were incubated for
48 h at 37 °C and filtered through Whatman filter paper to
determine the dry weight of the fungus. The percentage of dry
weight inhibition against the fungal pathogens was calculated
with and without the (eq 2) ceramic powders (control) using
the following formula

percentage of dry weight (%)
__ dry weight of the control — dry weight of the test

Dry weight of the control
)

The antibacterial activities of zinc-doped akermanite
bioceramics, (AK-Znl, AK-Zn2, and AK-Zn3) were assessed
against four clinical pathogens, Staphylococcus aureus (8.
aureus), Staphylococcus epidermidis (S. epidermidis), Escherichia
coli (E. coli), and Pseudomonas aeruginosa (P. aeruginosa) using
the broth dilution technique. The zinc-doped akermanite
samples consisted of overnight bacterial cultures and added to
flasks containing Luria—Bertani medium consisting of bacterial
suspensions and ceramic powders at concentrations of 0.5, 1
and 2 mg/mL. The flasks were incubated for 24 h, and
bacterial growth inhibition was assessed by measuring the
optical absorbance at 600 nm. The percentage inhibition of
pathogenic bacteria by zinc-doped akermanite powder was
calculated by comparing the optical density of the control
sample (without the ceramic powder) with that of the test
sample. The formula used to calculate the percentage (eq 3) of
inhibition is™*

X 100

F — BCF
CF - BCE 100
CF

percentage of inhibition (%) = 3)
were, BCF-final concentration (200 uL) of the zinc-doped
akermanite powder with an organism. CF-control broth with
the test clinical pathogens.

To check the colony formation 100 uL of the control and
broth media with the ceramic powders was examined in Luria—
Bertani medium. The test was conducted in triplicate and the

https://doi.org/10.1021/acsomega.4c05482
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Figure 2. (a) XRD pattern (b) peak shift and (c) FT-IR spectrum of AK-Znl, AK-Zn2, and AK-Zn3.

results are represented as mean and standard deviation. The
interaction between the zinc-doped akermanite and the clinical
pathogens were observed using a scanning electron microscope
(Zeiss Evo 18)

2.6. Anti-inflammatory Activity. The anti-inflammatory
activity of human red blood cells was evaluated using the
HRBC membrane stabilization method.*> Blood samples were
collected from healthy individuals. For the test, the reaction
mixture consisted of 1 mL of zinc- doped akermanite solution
(AK-Znl, AK-Zn2, and AK-Zn3) at different concentrations
(0.5, 1, 2 mg/mL) and 10% RBC suspension. Diclofenac was
used as the positive control. The formula used to determine
the percentage of inhibition is as follows (eq 4)

percentage of inhibition

_ (absorbance of control — absorbance of sample)

absorbance of control
4)

2.7. Hemolysis Assay. A hemolysis assay was performed
on a blood sample (5 mL) obtained from a healthy volunteer
using EDTA as an anticoagulant, according to protocol.” After
isolating red blood cells (RBCs) through centrifugation at
1000 rpm for S min and washing them three times with PBS,
the blood-PBS mixture was diluted with 9 mL of PBS. For the
hemolysis assay, 250 uL of the diluted blood with PBS solution
was mixed with zinc-doped akermanite powder at various
concentrations ranging from 0.5 to 2 mg/mL. The absorbance
was measured at 545 nm after incubation for 1 h incubation at
37 °C. The formula used to calculate the hemolytic percentage
is given in eq S

X 100

Dt — Dnc
Dpc — Dnc

HR % = X 100

(s)

where Dt = akermanite powder’s absorbance. Dnc = the
absorbance of the negative control (10 mL PBS with 0.2 mL
diluted blood). Dpc = the absorbance of the positive control
(10 mL distilled water with 0.2 mL diluted blood)

2.8. MTT Assay. The MG-63 bone cancer cell line was
obtained from the National Centre for Cell Science (NCCS),
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Pune. The cells were cultured in Eagle’s Minimum Essential
Medium (EMEM) supplemented with 10% fetal bovine serum
(FBS). The cultures were maintained at 37 °C in a 5% CO,
atmosphere, with 95% air and 100% relative humidity.
Maintenance cultures were passaged weekly, and the culture
medium was replaced twice a week. Monolayer cells were
detached using trypsin-ethylene diamine tetraacetic acid
(EDTA) to create single-cell suspensions. Viable cells were
counted using a hemocytometer and diluted in medium
containing 5% FBS to achieve a final cell density of 1 X 10°
cells/mL. A 100 uL aliquot of the cell suspension was seeded
into each well of a 96-well plate at a plating density of 10,000
cells per well and incubated to allow cell attachment at 37 °C,
5% CO,, 95% air, and 100% relative humidity. After 24 h, the
cells were treated with serial dilutions of the test samples. The
samples were initially dissolved in neat dimethyl sulfoxide
(DMSO), and an aliquot of this solution was diluted with
serum-free medium to achieve twice the desired final
maximum test concentration. Four additional serial dilutions
were prepared to provide a total of five sample concentrations.
Aliquots of 100 uL from each dilution were added to the wells
containing 100 xL of medium, achieving the final sample
concentrations. The plates were incubated for an additional 48
h at 37 °C, 5% CO,, 95% air, and 100% relative humidity.
Wells containing medium without samples served as controls,
and all concentrations were tested in triplicate. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) is a yellow, water-soluble tetrazolium salt. In living
cells, the mitochondrial enzyme succinate dehydrogenase
cleaves the tetrazolium ring, converting MTT to an insoluble
purple formazan product. The amount of formazan produced is
directly proportional to the number of viable cells. After 48 h
of incubation, 15 uL of MTT solution (5 mg/mL in
phosphate-buffered saline, PBS) was added to each well and
incubated at 37 °C for 4 h. The medium containing MTT was
then discarded, and the formazan crystals were dissolved in
100 uL of DMSO. The absorbance was measured at 570 nm
using a microplate reader.*®

2.9. Statistical Analysis. Statistical analysis was performed
using a one-way ANOVA test, with a significance level of p <
0.0S. All experimental groups were evaluated in triplicate.
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3. RESULTS AND DISCUSSION

3.1. Phase Analysis Study. The XRD pattern and FT-IR
spectrum of zinc-doped akermanite samples (AK-Znl, AK-

Table 2. Lattice Parameter and Crystalline Size Values

sample lattice parameter crystal avg. crystalline size
code F system (nm)
a=b c
AK-Znl 7.8338 5.0082 tetragonal 39—43
AK-Zn2 7.8154 49719 tetragonal 37—-40
AK-Zn3 7.8037  4.9696 tetragonal 31-34

Zn2, and AK-Zn3) are shown in Figure 2. The diffracted
patterns of zinc-doped akermanite show a small shift in lattice
parameter characteristics without affecting the tetragonal
structure of the parent material. The peak shift arises from
slight modifications in the material caused by the doping
process, which involves the incorporation of foreign atoms
(Zn") into the crystal lattice (Ca®") of akermanite. The peak
shift toward the higher angle might be due to the smaller ionic
radii of the dopant Zn** (0.74 A) compared to the parent atom
Ca®* (1.00 A).””7*° This causes the alteration in the lattice
parameter values, as indicated in the table. JCPDS card no.: 96-

900-6450, 96-900-6453 matches with AK-Znl, AK-Zn2.
JCPDS card no.: 96-900-6449 matches with AK-Zn3. There
was a notable appearance of peaks at 26 = 16°, 24°, 29°, 31°,
36°, 44°, 49° and 52°. The average crystallite size (D) of the
zinc-doped akermanite samples was determined using (eq 6)
Scherrer’s formula depicted in Table 2.

p= X
B COS 6 (6)

where f is the full-width half-maximum, k is the Scherrer
constant, D is the crystallite size, and 4 is the wavelength of X-
ray.

In Figure 2 O—Ca—O stretching mode is indicated by the
band with the highest intensity at 472 cm™'. The O—Mg—0
vibrational modes of akermanite were linked to the band at 586
cm™'. The vibrational band corresponding to Ca=0O group
was observed at 636 cm™'. The Si—O stretching modes are
shown by the peaks at 852 and 935 cm™'. The symmetric
stretching vibration of Si—O-—Si was ascribed to the peak
observed at 1024 cm™'*° Figure 3 shows that SEM
observations confirmed the presence of a cluster-like
agglomerated morphology resulting from the high temperature
calcination, and the corresponding elemental compositions of
Ca, Mg, Si, O and Zn were detected, as validated by the EDX

Element Weight%  Atomic%
oK 5633 71.38 OK
MgK 11.21 9.35 MgK
SiK 1354 9.77 SiK
CaK 18.57 939 CaK
InL 0.34 0.11 Inl

Totals 100.00 100.00

Element

Weight%  Atomic®o Element Weight%o Atomic%

51.36 67.66 0K 4425 61.29
10.97 9.51 MgK 1252 1141
13.78 10.35 SiK 1530 12.07
23.49 12.35 GK 26.93 14.89
0.40 013 InL 0.99 0.34

100.00 100.00 Totals 100.00 100.00

Figure 3. SEM/EDX, TEM micrograph of zinc doped akermanite AK-Znl (a—c), AK-Zn2 (d—f), AK-Zn3 (g—i).
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Figure 4. XPS spectrum of zinc doped akermanite (a) AK-Znl, (b) AK-Zn2, (c) AK-Zn3.
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Table 3. Elemental Composition of AK-Zn1l, AK-Zn2 and

AK-Zn3 from the XPS Analysis

AK-Zn3

elemental composition AK-Znl AK-Zn2 AK-Zn3
Ca 2p 14.1 13.56 14.45
Mg 1s 489 49 6.04
Si 2p 20.65 20.25 19.52
O 1s 59.34 60.08 58.22
Zn 2p 1.03 122 1.77

spectrum. Subsequent TEM investigations revealed the
polycrystalline nature of the prepared doped materials.*

3.2. XPS Analysis. The elemental composition and
oxidation states of zinc-doped akermanite were determined
through XPS analysis. Electron emission occurs from the
sample once it absorbs sufficient energy, resulting in kinetic
energy. An electron detector quantifies the energy of the
emitted electrons and generates a graphical display of their
energies and the corresponding electron frequencies. Figure 4
displays the comprehensive XPS spectra of the zinc-doped
akermanite indicating the presence of calcium, magnesium,
oxygen, silicon, and zinc. Figure 4a—c show detailed analysis of
the Ca 2p, O 1s, Mg Is, Si 2p, and Zn 2p orbital states using
high-resolution deconvolution techniques. The deconvoluted
Ca 2p spectra exhibited two distinct binding energy peaks at
348.74—353.14 eV, corresponding to the Ca 2p,;,, and Ca
2ps), states, respectively. The deconvoluted O 1s spectra
exhibit a single prominent peak at a binding energy of 532.31—
533.17 eV. Similarly, the Mg 1s spectra exhibited a significant
peak with a binding energy of 1306.14—1306.19 eV. The Si 2p
spectrum exhibits a single peak between 103.29 and 104.08 eV.
The deconvoluted Zn spectra exhibit two intense binding
energy peaks in the range of 1023.41—1046.47 eV, identified as
the energy states of the Zn 2p;, and Zn 2p,,, orbitals,
respectively. Elemental composition of AK-Znl, AK-Zn2 and
AK-Zn3 from the XPS analysis is depicted in Table 3. XPS
analysis revealed the presence of zinc in the calcium site of the
akermanite bioceramic.*"**

3.3. In Vitro Bioactivity Assay. To assess the bioactivity
of the synthesized zinc-doped akermanite, the samples were
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Figure 6. FT-IR spectrum of (a) AK-Znl, (b) AK-Zn2, (c) AK-Zn3
immersed in SBF after 9 days.

made into pellets and exposed to the stimulated body fluid
(SBF) solution for 3, 6, and 9 days at a temperature of 37 °C.
Calcined powders of zinc-doped akermanite were formed into
pellets with a diameter of 12 mm and height of 6 mm. For 9
days, the pellets (AK-Znl, AK-Zn2, and AK-Zn3) were
submerged in 50 mL of SBF in a covered conical flask. The
samples were incubated at 37 °C undisturbed and the SBF was
changed every 24 h. At specific time intervals, the pellets were
separated from the solution, cleaned using distilled water, and
allowed to dry at 60 °C in a hot air oven for 3 h.
Hydroxyapatite deposition on the surface of the pellets was
characterized using X-ray diffraction techniques (XRD). When
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Figure 5. XRD pattern of (a) AK-Znl, (b) AK-Zn2, (c) AK-Zn3 immersed in SBF after 9 days.

1917

https://doi.org/10.1021/acsomega.4c05482
ACS Omega 2025, 10, 1911-1926


https://pubs.acs.org/doi/10.1021/acsomega.4c05482?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05482?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05482?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05482?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05482?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05482?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05482?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05482?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Element

OK
MgK

Weight%
64.24
493
7.10
9.14
10.20
438

Atomic%
76.92

Element

oK
MgK

5133
4.40
14.61

Weight%o

67.87
4.81
12.62

Atomic%%

Figure 7. SEM (a—c) /EDX (d—f) of AK-Znl, AK-Zn2, AK-Zn3 immersed in SBF after 9 days.

Element

OK

MgK

Totals

Weight%o

49.92
3.86
450
13.44
22.64
5.63

100.00

Atomic%o

65.47
3.70
374

1012

1317
3.79

100.00

(a)

Weight (gm)

AK-Zn1 (b) AK-Zn2
Sample 0day 3 days 6 days 9 days Sample 0 day 3 days 6 days 9 days
AK-Znl-1l | 11471 | 11405 | 11566 | 1.1632 il toon LAIRE it L tiee
AKZn2-2 | 11332 | 11218 | 1142 | 11825
AK-Zn1-2 | 11658 | 11634 | 11700 | 1.1825
_ | Axznzs | 1aee9 | 1328 | 11368 | 2379
AK-Zn1-3 | 11309 | 11294 | 11321 | 11339 € S [1on| 1 [ i | 16
Avg. 1.147933 | 1.144433 | 1.1529 | 1.159867 %’ s 0.010013 | 0.005568 | 0.00369 | 0.022367
sD 0.017465 | 0.017338 | 0.019219 | 0.024471 £
@
=
T T T r T r T T T T T T T T
0 2 4 6 8 10 0 2 4 6 8
Time (Days) Time (Days)
( ) AK-Zn3
Sample 0day 3 days 6 days 9 days
AK-Zn3-1 1.1308 1.2312 1.1462 1.1632
AK-Zn3-2 1.1664 1.1634 1.1762 1.1925
E AK-Zn3-3 1.132 1.1294 1.1321 1.1419
=)
‘E" Avg. 1.143067 | 1.174667 1.1515 1.165867
.g sD 0.020216 | 0.051827 0.022523 0.025405
ES
T v T v T v T . T v
0 2 4 6 8 10
Time(Days)

10
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Zn2+

ions act as network formers, the network connectivity

increases due to the formation of Zn—O—Zn and Si—O—Zn

linkages.* The incorporation of Zn** ions with Ca?* ions as
network modifiers in the akermanite structure, reinforces the
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40 36.52 Table 4. Mechanical Properties of Different Types of Bone
a5 and Zn Doped Akermanite

types of compressive strength young’s modulus
30 — bone/material (MPa) (GPa)
p— : cortical bone 130—200 7-30
Sl Ilous b
o 20.15 cancellous bone 0.1-16 0.05-0.5
2 204 AK-Zn1 140 2.50
2 AK-Zn2 166 345
G 151 AK-Zn3 189 3.59
o
10
- surface of the implants is crucial for direct bone- implant
] attachment. The effect of metal ions on bioactivity was further
0 . . : , : confirmed by FT-IR analysis, as shown in Figure 6. After 9
AK-Zn1 AK-Zn2 AK-Zn3 days of immersion, the peaks of the Zn-akermanite decreased,

Sample code

Figure 9. Porosity measurement s of AK-Znl, AK-Zn2 and AK-Zn3.

structure, as ionic radii of Zn** are smaller than those of Ca?".
Conseguently, the release of ions is decreases in the initial
stages.”* The XRD pattern reveals that after 6 days of
immersion, a higher zinc concentration enhances hydroxyapa-
tite (HAp) deposition, attributed to the formation of
additional active sites due to smaller crystal size and higher
porosity, which subsequently promotes biomineralization.™
According to the XRD data in Figure 5 apatite formation in
akermanite with Zn?* is more intense than in pure akermanite
ceramic. To investigate the impact of zinc ion concentration on
apatite production, all three scaffolds were immersed in SBF
for 9 days. Due to Zn" partial doping in the Ca’* site during
hydrolysis, the calcium and oxygen interactions weaken, aiding
formation of hydroxyapatite layer on the surface of the pellets.
The development of an apatite layer on the akermanite
surfaces varied significantly among AK-Zn1, AK-Zn2, and AK-
Zn3 despite the same soaking duration. This difference was
attributed to variable ion leaching from zinc-doped akermanite.
Crystalline HAp peaks developed, but the akermanite peaks
did not entirely disappear. Compared to the other two
compositions, AK-Zn3 exhibited highest bioactivity. The
development of apatite crystals in the akermanite system was
accelerated by Zn-doping into the calcium sites, during the
short immersion period. The formation of apatite layer on the

while new phosphate peaks of hydroxyapatite formed on the
surface of the pellets. The Ca—O and O—Mg—O peaks steadily
decreased due to the growth of phosphate deposition, whereas
the strength of the substrate Si—O peaks gradually diminished.
This indicates that calcium and magnesium were hydrolyzed
during the initial phase of the biomineralization process.*>*’
Typical bending, and stretching modes of vibrational bands at
1030—1090, 574 , and 471 cm™' were observed in the FT-IR
spectra. At 1462 cm™", the bending modes CO;>~ groups were
identified. The OH™ bending vibrational frequency was noted
at 1646 cm™. In the Zn>* doped bioceramics, there was a
significant increase in apatite formation.*” The intensity of the
phosphate peak steadily increased after 9 days of immersion,
while the intensity of the substrate peaks gradually decreased.
Complete coverage of hydroxyapatite crystals on the pellets
surface was achieved after 9 days of immersion.

The formation of a HAp layer on the surfaces of AK-Znl,
AK-Zn2 and AK-Zn3 pellets after soaking in SBF was further
confirmed by SEM and energy dispersive X-ray spectroscopy
(EDX) analysis. Figure 7 depicts the development of spherical
and cauliflower-like morphologies on the surface of the zinc-
doped akermanite. This morphology is a distinctive character-
istic of apatite crystals formed during biomineralization.”® AK-
Zn2 and AK-Zn3 pellets exhibited a greater number and larger
size of granules on their surface compared to AK-Znl,
indicating variations in morphology. This trend could be
attributed to the reduced particle size of the samples, which
facilitated the development of larger apatite deposits. The EDX
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Figure 10. (a) Compressive strength and (b) Young’s modulus of immersed in SBF after 9 days (¥p < 0.0S, ***p < 0.001 is considered statistically

significant).
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Table 5. Percentage of Inhibition of Zinc Doped Akermanite Powders AK-Znl, AK-Zn2 and AK-Zn3 against Clinical

ACS Omega
Pathogens
sample E.coli %

AK-Zn1 (0.5 mg/mL) 28.15
AK-Zn1 (1 mg/mL) 40.21
AK-Zn1 (2 mg/mL) 72.30
AK-Zn 2 (0.5 mg/mL) 20.91
AK-Zn 2 (1 mg/mL) 52.71
AK-Zn 2 (2 mg/mL) 80.31
AK-Zn3 (0.5 mg/mL) 5721
AK-Zn3 (1 mg/mL) 65.32
AK-Zn3(2 mg/mL) 85.10

P.aeruginosa %

S.aureus % S.epidermidis %

38.75 42.10 25.24
45.32 57.21 38.35
58.12 69.10 57.21
19.31 56.12 52.10
45.32 68.53 68.27
67.10 76.70 78.31
24.15 40.30 35.70
32.61 67.17 59.20
64.20 87.22 79.13

Table 6. After Incubation for 24 h, the Change in pH of
Clinical Pathogens

sample E.coli P.aeruginosa S.epidermidis S.aureus
control 6.8 6.8 6.8 6.8
AK-Znl 0.5 mg/mL 7.0 7.1 7.1 7.2
1 mg/mL 7.0 7.1 7.2 7.1
2 mg/mL 7.1 7.1 7.1 7.2
AK-Zn 2 0.5 mg/mL 7.0 7.0 7.3 7.0
1 mg/mL 72 7.1 7.1 7.3
2 mg/mL 7.2 7.2 7.1 7.1
AK-Zn3 0.5 mg/mL 7.0 7.1 7.2 7.2
1 mg/mL 7.1 7.1 7.3 7.2
2 mg/mL 7.2 7.2 7.2 7.3

Table 7. Dry Weight of Different Ceramic Powders AK-Zn1,
AK-Zn2 and AK-Zn3 against Fungal Pathogens

sample F. oxysporum (%) A. niger (%)
AK-Znl 45.4 54.5
S1.4 64.2
60.5 77.5
AK-Zn2 65.3 60.2
74.6 65.5
75.1 72.6
AK-Zn3 4S.5 40.3
54.4 67.5
70.1 78.3

examination showed Ca/P ratios of 1.6, 1.77, and 1.73 for the
surface layers of AK-Znl, AK-Zn2, and AK-Zn3, respectively.
These results are closer to the Ca/P ratio of 1.67 seen in
natural bone, which mimics HAp.”” These observations
indicate that zinc-doped akermanite has improved bioactivity
and can effectively bind to natural bone tissue.

3.4. Degradation Test. Figure 8 depicts the degradation
characteristics of zinc doped akermanite. The degradation
graph shows the comprehensive fluctuations in weight of the
constructed scaffolds during a 9 day immersion in SBF
medium. Initially, the scaffolds experience weight loss due to
the exchange of weakly bound calcium and zinc ions with
hydrogen ions in the SBF medium leading to the formation of
a silanol interface. According to the apatite-formation
mechanism during immersion in SBF, the ceramics undergo
breakdown, resulting in the release of Ca** and Zn** ions.>”
These ions are swiftly replaced by H;O" ions present in the
SBF. Figure 8 demonstrates that the release of Zn>* ions from
akermanite significantly increased. Following the precipitation
of a silica-rich layer, the carbonated apatite layer was formed
through the incorporation of OH™ and CO;*” and the

1920

attraction of Ca®>* and PO,*” ions from SBF solution. After 3
days, the AK-Zn3 sample displays considerable weight loss,
likely due to its elevated Zn** concentration, which may be
loosely packed crystal structure and accelerates early stage
degradation. Over time, hydroxyapatite begins to form on the
surface, gradually filling voids. This continuous HAp
deposition helps counteract material loss and improves the
doped ceramic’s structural integrity and mechanical strength
over extended immersion. The degradation rate of the doped
akermanite varied among different samples, with AK-Znl
showing the slowest degradation, followed by AK-Zn2 and
then AK-Zn3. These outcomes are dependent on the
concentration of the dopant ions. Based on the findings, it
appears that the addition of Zn** to akermanite positively
impacts its degradation, with the extent of the effect being
concentration dependent.”’

3.5. Measurement of Porosity (%). Figure 9 illustrates
the porosity measurements of zinc-doped bioceramic pellets.
The increase in porosity from 20% to 36% in zinc-doped
akermanite bioceramics, as determined by the liquid displace-
ment method, underscores the substantial impact of zinc
doping on the material’s microstructure. This increase in
porosity is likely attributed to zinc ions influencing the
crystallization process, which facilitates enhanced pore
formation and interconnectivity. Such a significant increase
in porosity is crucial for enhancing bioactivity, as it promotes
improved nutrient transport, cell adhesion, and proliferation,
making zinc-doped akermanite more suitable for bone tissue
engineerin§ applications. These findings align with previous
literature,”” which indicates that the incorporation of bioactive
ions like zinc can significantly alter the physical properties of
bioceramics, thereby enhancing their applicability in bio-
medical contexts.

3.6. Mechanical Strength Investigation. Figure 10
shows the compressive strength and Young’s modulus of the
Zn-doped akermanite samples. All three samples were formed
into pellets (6 mm in height and 12 mm in width) following
ASTM standards using a hydraulic press, and then sintered for
3 h at 500 °C to assess their mechanical properties. After
sintering the pellets were allowed to cool to ambient
temperature, before being immersed in SBF medium for a
period of 9 days. After this immersion the AK-Zn3 sample
exhibited highest mechanical strength compared to AK-Znl,
and AK-Zn2. Zinc doping enhances the mechanical strength of
akermanite by doping Zn>" ions at Ca®' sites, introducing
minor lattice distortions that improve load bearing capacity
through localized stress distribution. While porosity generally
reduces mechanical strength by lowering material density and
structural integrity, optimizing porosity can balance mechanical
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ACS Omega 2025, 10, 1911-1926


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

AK-Zn1

z

&

E.cofl

Inhibition of growth(%)

P ‘
S.aureus

P.aeruginosa S.epidermidis

Bacterial strains
® 1mg/ml

= 0.5mg/ml 2mg/ml

Inhibition of growth(%)

(b) AK-Zn 2

100 Sork

80 - . -

60 :

40

20 I

., 101
Ecoli P.aeruginosa S.aureus S.epidermidis
Bacterial strains
m0.5mg/ml  m1mg/ml 2mg/ml

AK-Zn3

()

iy
(=}
o

D - - ]
o o o o

Ecoli

Inhibition of growth(%)
o

Hk |

" x
=

P.aeruginosa

S.aureus S.epidermidis

Bacterial strains
= 0.5mg/ml

= 1mg/ml 2mg/ml

Figure 11. Comparative percentage inhibition of different zinc doped akermanite powders (a) AK-Znl (b) AK-Zn2 and (c) AK-Zn3 against
clinical pathogens. (***p < 0.001 is considered statistically significant).

Figure 12. SEM images of (a) S.aureus control (b) AK-Zn1(c) AK-Zn2 and (d) AK-Zn3 (e) E. coli control (f) AK-Znl (g) AK-Zn2 and (h) AK-

Zn3 at a concentration of 2 mg/mL.

Figure 13. SEM images of (a) Aspergillus control (b) AK-Znl (c) AK-Zn2 and (d) AK-Zn3 at a concentration of 2 mg/mL.

stability with increased bioactivity. Immersion in simulated
body fluid promotes hydroxyapatite deposition on the
bioceramic surface, filling pores with HAp crystals. This HAp
layer reinforces the scaffold through mineral interlocking,
offsetting initial strength losses due to porosity and ultimately
contributing to enhanced mechanical stability. The increase in

1921

porosity of the Zn-doped akermanite bioceramics, ranging
from 20% to 36%, (AK-Znl to AK-Zn3) significantly enhanced
biomineralisation by facilitating ion supply.”’ Table 4,
compares the mechanical strength values with those of
human cortical bone. The compressive strength and Young’s
modulus of AK-Zn3 is 189 MPa, which is significantly higher
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20 Table 9. Percentage of Anti-inflammatory HRBC Assay on
80 & x Different Zn Doped Ceramic Powders
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:-:: of ceramic of ceramic of ceramic control

o 50 concentration powder powder powder drug

:éb 40 in mg/mL AK-Znl AK-Zn2 AK-Zn3 (diclofenac)

g 30 0.5 92.3 91.3 93.1 98.02%

& 20 1 942 937 953
10 2 96.5 95.3 97.2

0
AK-Zn1 AK-Zn2 AK-Zn3

Fungal strains

B 0.5mg/ml 5 img/ml 2mg/ml

Figure 14. Dry weight of akermanite powders AK-Znl, AK-Zn2, and
AK-Zn3 against A. niger (control).

than those of other AK-Znl, AK-Zn2, exhibiting a nearly 1.4
times higher. Similar outcomes are observed for the young’s
modulus as well 3599 MPa. The mechanical characteristics of
ceramic bodies are influenced by various factors, including the
dopant, particle size and HAp deposition process.**

3.7. Antibacterial and Anti-fungal Activity. Studies
have shown that zinc ions can inhibit various bacterial activities
including glycolysis, acid tolerance, and transmembrane proton
translocation.””* Zinc oxide ions exhibit antibacterial effects
on both Gram negative bacteria (E. coli) and Gram positive
bacteria (S. aureus) due to a significant increase in oxidative
stress. S. aureus and S. epidermidis were responsible for two of
every three isolates. S. aureus and S. epidermidis serve as the
primary causal agents in orthopedic implants, and play a
pivotal role in causing two major forms of bone infections,
osteomyelitis and septic arthritis, both of which lead to
inflammatory deterioration of bones and joints. Osteomyelitis
characterized by infection and inflammation within the bone, is
primarily caused by S. aureus, S. epidermidis, P. aeruginosa, and
E. coli. The initial and crucial stage of implant infection is
bacterial adherence, a complex process influenced by the
presence of serum or tissue proteins, bacterial characteristics,
material surface features, and environmental factors.>

Zinc jons possess strong antibacterial and antifungal
properties, with antibacterial effects arising from three aspects:
interaction with bacteria, release of zinc ions, and production
of reactive oxygen species (ROS). Teichoic acid and
lipoteichoic acid are two negatively charged components of
bacterial cell walls, which cause the bacteria to have negative
charges on their surfaces, whereas zinc ions have a positive
charge. Zinc ions and bacteria are attracted to each other by
electrostatic forces, which cause Zn*' to accumulate on the
surface of the bacteria. This accumulation alters the zeta
potential of bacteria and disrupts potassium channels on
bacterial cell membranes, which ultimately results in an
increase in lipid peroxidation and enhanced membrane
permeability. This membrane dysfunction facilitates internal-
ization, leading to excessive intracellular zinc ion accumulation

and metabolic changes. Additionally, Zn>* plays a crucial role
in antibacterial properties by binding to functional proteins
and modifying cell membrane permeability. As the intracellular
concentration rises, its interaction with enzyme thiol groups
strengthens, impacting bacterial enzymatic reactions, weaken-
ing glycolysis, and ultimately inducing cell death.”® The results
obtained from the broth dilution method of bacteria are
represented in Table 5, and the fungal sample results are
shown in Table 7. Table 5 confirms that AK-Zn3 has a
pronounced inhibitory effect with high inhibition percentages
of 87.22% for S. aureus and 85.10% for E. coli compared to the
other two ceramic powders, AK-Zn1 and AK-Zn2 (Figure 11).
Table 6 displays the effect of pH after 24 h of incubation on
clinical pathogens. Zinc doped akermanite powders AK-Zn2
and AK-Zn3 exhibit notable efficacy against potent anti-
bacterial agents and especially effective against Gram-positive
bacteria S. aureus and Gram-negative bacteria E. coli. Table 7
presents the comparative antifungal activities of the ceramic
powders against F. oxysporum and A. niger. The dry weight of
akermanite powders of A. niger demonstrated more antifungal
activity than F. oxysporum (Figure 14). These antibacterial and
antifungal studies highlight the potential of zinc doped
akermanite powders against the tested clinical pathogens and
their possible orthopedic applications.

SEM images revealed clustering of pathogenic bacterial and
fungal strains both within and around the zinc akermanite
powder particles. The SEM images of control strains of S.
auerus and E. coli (Figure 12a—h) showed a smooth surface,
whereas the postexperiment test strains, S. auerus and E. coli
treated with ceramic powders, displayed distinct surface
alterations. Figure 13 shows the SEM images Aspergillus
control and ceramic powders treated with the Aspergillus strain.

3.8. Hemolysis Assay. Hemolysis of zinc-doped akerman-
ite has not been extensively studied. Given zinc’s therapeutic
properties and biocompatibility, this trace element was
examined in akermanite bioceramic powders for potential
applications in medical implants. Hemolysis testing is a critical
metric for determining the biocompatibility of synthetic
materials with blood, essential for assessing their suitability
as implant material in the body. Various factors, such as the
concentration of released ions and material degradation
products, must be evaluated when considering the hemolytic
effects of biomaterials.”” It can even alter its properties
including its degradation characteristics and ion release
properties. Red blood cells are highly sensitive to changes in

Table 8. Percentage of Hemolysis Assay on Zn Doped Ceramic Powders

concentration in % hemolysis of ceramic powder

mg/mL AK-Zn1 AK-Zn2
0.5 1.9 1.8
1 3.7 3.2
2 2.3 2.6

% hemolysis of ceramic powder
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% hemolysis of ceramic powder positive control drug negative
AK-Zn3 (diclofenac) control
2.3 0.98% 0.046%

4.5
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Figure 15. Cytotoxicity effect of AK-Znl, AK-Zn2 and AK-Zn3. (a) Phase-contrast images, (b) half maximal inhibitory concentration (ICsj).

the osmotic environment, and high concentrations of these
ions can affect the integrity of cells. Zinc is considered safe for
implant studies; excessive release of zinc ions or high
concentrations in the bloodstream could potentially lead to
hemolysis.”® The release of zinc ions from doped akermanite is
a critical factor. Table 8 shows that up to 2 mg/mL akermanite
powder can be used and should not exceed this concentration.
The optimum concentration was 1 mg/mL. Here p < 0.05 is
considered statistically significant for the AK-Znl, AK-Zn2,
and AK-Zn3 samples.

3.9. Anti-inflammatory Study. Zinc is an essential
element involved in regulating of inflammatory responses
and immune functions. Studies have reported that zinc exerts
anti-inflammatory effects by modulating cytokine production
and immune cell function.” Upon doping akermanite powders
with zing, the release of zinc ions from the doped material over
time can contribute to anti-inflammatory effects, and the
controlled release of these ions may modulate inflammation at
the cellular level. This process indirectly promotes an anti-
inflammatory environment during healing. Zinc ions can also
impact the production and activity of cytokines, which are
signaling molecules involved in immune responses. Zinc may
contribute to the regulation of inflammation near the implant
site. by modulating the cytokine levels. Additionally the

1923

antioxidant property of zinc helps neutralize reactive oxygen
species (ROS), which can cause inflammation and tissue
damage. By reducing oxidative stress zinc can mitigate
inflammation near the implant site,®° creating more favorable
microenvironment for bone cells to adhere to and grow around
the implant. Table 9 displays the percentage of anti-
inflammatory activity in doped ceramic powders compared
to the control. According to the results AK-Zn3 demonstrated
97.2% efliciency at a concentration of 2 mg/mL, which is close
to the control drug level. For the AK-Zn1 sample, a p > 0.05 is
considered statistically nonsignificant, while for the AK-Zn2
and AK-Zn3 samples, p < 0.05 is considered statistically
significant.

3.10. Cytotoxicity. The in vitro cytotoxicity of Zn-doped
akermanite bioceramics (AK-Znl, AK-Zn2, AK-Zn3) in MG-
63 cells was evaluated, showing ICs values of 59.41, 48.47, and
3826 pg/mlL, respectively. AK-Zn3 exhibited the highest
cytotoxicity with 63.94% inhibition, followed by AK-Zn2
(58.89%) and AK-Znl (55.62%). These results indicate a
dose-dependent cytotoxic effect, with higher Zn concentrations
leading to greater inhibition of cell proliferation in the MG63
cell line. This outcome is consistent with previous findings in
metal ion-doped bioceramics, where higher dopant levelsare
associated with increased cytotoxicity.”’ This underscores the

https://doi.org/10.1021/acsomega.4c05482
ACS Omega 2025, 10, 1911-1926


https://pubs.acs.org/doi/10.1021/acsomega.4c05482?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05482?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05482?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05482?fig=fig15&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

importance of optimizing Zn ion concentration to ensure
biocompatibility for tissue regeneration applications. Figure 15
illustrates the cytotoxic effects of AK-Znl, AK-Zn2, and AK-
Zn3: (a) phase-contrast images and (b) IC, values.®”

4. CONCLUSION

The addition of zinc to akermanite presents a promising
approach for developing biomaterials specifically tailored for
orthopedic applications. Zinc-doped akermanite was success-
fully synthesized using the sol—gel combustion technique with
three distinct zinc concentrations (0.03, 0.06, and 0.09 M).
The emergence of pure phase was confirmed by analyzing the
X-ray diffraction (XRD) patterns of AK-Zn1, AK-Zn2 and AK-
Zn3 are accomplished at a temperature of 900 °C. X-ray
photoelectron spectroscopy (XPS) analysis verified the
presence of a dopant within the akermanite crystal lattice.
Following bioactivity testing, the surface of the pellet exhibited
a cauliflower-like shape, implying the deposition of hydrox-
yapatite with AK-Zn3 showed a higher level of HAp deposition
across the surface compared to AK-Znl, and AK-Zn2. The
compressive strength of the zinc-doped akermanite ceramics
ranged from 149 to 189 MPa, comparable to that of human
cortical bone. Antibacterial and antifungal properties observed
in these ceramic powders are essential for preventing infections
in orthopedic applications. Additionally, the anti-inflammatory
and hemolytic properties reduce inflammation during
implantation, providing further benefits. In vitro cytotoxicity
studies on Zn-doped akermanite bioceramics (AK-Znl, AK-
Zn2, AK-Zn3) using MG63 cells demonstrated dose-depend-
ent effects, with ICg, values of 59.41, 48.47, and 38.26 ug/mL,
respectively. Increased Zn levels, as in AK-Zn3, corresponded
to higher cytotoxicity. Thus, zinc’s role in implanted materials
has gained considerable interest, promoting its to its
integration into biomaterials designed for implantation
requirements. This study suggests that AK-Zn1 is a promising
candidate, highlighting the potential of Zn-doped akermanite
as a biomaterial for hard tissue engineering applications.
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