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ABSTRACT ARTICLE HISTORY
This study explores the synthesis and evaluation of p-Dicalcium silicate and Dicalcium Received 4 October 2024
phosphate-based cements for biomedical use. g-Tricalcium phosphate was synthesized using Revised 6 January 2025

microwave-assisted wet precipitation, while g-Dicalcium silicate was prepared via the sol-gel Accepted 29 January 2025

method. Composites with varying -Dicalcium silicate contents (20%, 30%, 40%) were formu-
lated and characterized using X-ray diffraction, Fourier-transform infrared spectroscopy, and
Field emission scanning electron microscope analyses. The 40% f-Dicalcium silicate composite
showed the highest compressive strength at 10.22 MPa. Antibacterial tests against Staphy-
lococcus aureus revealed that gentamicin-loaded Dicalcium phosphate cement had superior
properties. Cytotoxicity studies using the Osteogenic sarcoma cell line revealed that the g-
Dicalcium Silicate /Dicalcium Phosphate composites supported better cell viability compared
to pure Dicalcium phosphate cement, with the 20% f-Dicalcium silicate /Dicalcium phosphate
composition being the most effective in promoting cell growth. These findings suggest that
p-Dicalcium silicate /Dicalcium phosphate composites hold promise for biomedical applications.
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Highlights

e [-TCP synthesized via microwave-assisted wet precipitation; f—C,Si prepared using the
sol-gel method.

e [-TCP particles have been used to prepare DCP cements and f3-C,S particles have been used
as dopants.

e XRD, FTIR, and FESEM techniques confirmed phase purity and structural properties.

e Compressive stress improved with increasing f—C,Si content, peaking at 10.22 MPa for the
40% S —C,Si/DCP composite.

e Pure DCP cement loaded with gentamicin showed superior antibacterial properties, espe-
cially at 0.2 g/mL concentration.

e [—C,Si/DCP composites supported better cell viability compared to pure DCP cement, with
the 20% £ —C,Si/DCP composition being the most effective in promoting cell growth.

1. Introduction .
However, these materials suffer from poor mechan-

Dicalcium phosphate (DCP) cements have been widely
studied for bone repair and regeneration applications.
These materials are known for their excellent biocom-
patibility, bioactivity, and osteoconductive properties
[1]. DCP cement has shown promise in promoting bone
formation and integration with the host tissue. Studies
have demonstrated that DCP can support cell attach-
ment, proliferation, and differentiation, making it a suit-
able candidate for bone repair applications [2].

ical properties, which limit their use in load-bearing
applications. DCP cements often exhibit low ten-
sile and flexural strengths [3-5], significantly lower
than natural bone ones. To address these limitations,
researchers have explored several strategies to enhance
the mechanical properties of DCP-based cements.
One approach involves incorporating polymer addi-
tives, such as PEGylated poly(glycerol-sebacate) (PEGS),
which has been shown to improve the compressive
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strength of calcium phosphate cements by creat-
ing a more cohesive and less porous structure [6].
Another strategy is the reinforcement of DCP cements
with short-length fibres, such as polyhydroxyalkanoate
(PHA) fibres, which enhance the elasticity and mechan-
ical strength of the cements [7]. These fibres help to
distribute stress more evenly throughout the mate-
rial, reducing the likelihood of fracture. The incorpora-
tion of nanoparticles, such as graphene oxide or stron-
tium nitrate, has also been investigated as a means to
improve the mechanical properties of DCP cements.
Graphene oxide-reinforced DCP cements have demon-
strated enhanced mechanical properties and increased
adsorption capacity, which can contribute to better
overall performance in bone tissue regeneration [8].
Similarly, strontium nitrate doping has been shown
to significantly improve the compressive strength and
mechanical performance of DCP cements, making them
more suitable for load-bearing applications [9]. Opti-
mizing the particle size and distribution of the cement
components can also lead to improved packing den-
sity and enhanced mechanical properties [10,11]. Fur-
thermore, other chemical additives, such as citric acid
or sodium citrate, can modify the setting reaction and
crystal formation, resulting in stronger cements [12].

p-Dicalcium Silicate (5-C,Si), a calcium silicate com-
pound, has emerged as a promising additive for
biomedical applications, particularly in bone repair and
regeneration, due to its excellent mechanical proper-
ties and bioactivity [13]. Among the various techniques
used to prepare -C;Si, the sol-gel method offers sev-
eral advantages for producing bioactive cement com-
posites. This process allows for precise control over
composition and nanostructure through molecular-
level mixing of liquid precursors [14,15]. Key steps in
the sol-gel synthesis typically include preparing cal-
cium and silicon precursor solutions, hydrolysis and
condensation reactions to form a sol, gelation to cre-
ate a three-dimensional network, aging and drying to
remove solvents, and heat treatment to obtain the
final crystalline -C,Si phase. The method enables low-
temperature processing compared to traditional solid-
state reactions, helping maintain phase purity and
providing control over particle size, porosity, and sur-
face area, which are crucial for the cement'’s reactivity
and mechanical properties [14,15]. Common challenges
in sol-gel synthesis of calcium silicates include control-
ling hydrolysis and condensation rates, preventing pre-
mature calcium precipitation, optimizing drying con-
ditions, and achieving complete conversion to f-C,Si
during heat treatment. Researchers typically employ X-
ray diffraction, FTIR spectroscopy, and scanning elec-
tron microscopy to confirm the successful production
of -C,Si with the desired phase purity and structural
characteristics [14,16]. The sol-gel process contributes
to producing homogeneous, high-purity S-C3Si with
controlled nanostructure suitable for biomedical appli-
cations.

Studies have demonstrated that incorporating S-
C,Si into cement matrices can enhance the mechanical
properties of composite materials, improve compres-
sive strength, and promote cell viability and prolifera-
tio [13,17]. Incorporating S-C,Si into cement matrices
has been reported to improve compressive strength
and support better cell viability than pure cement
formulations. The incorporation of £-C;Si into DCP
cements aims to leverage the benefits of both mate-
rials, potentially creating a composite with enhanced
mechanical properties, improved bioactivity, and main-
tained biocompatibility [14]. Incorporating antibiotics
into calcium phosphate-based cements is a com-
mon strategy to enhance their antibacterial properties
[18,19]. While specific studies on f-C,Si/DCP compos-
ites loaded with antibiotics are limited, research on
similar calcium phosphate cements has shown that
antibiotic-loaded formulations can effectively inhibit
bacterial growth and reduce the risk of infection at the
implantation site.

A key aspect of the study’s originality is the formu-
lation of various #-C,Si/DCP cement composites with
different 5-C;3Si contents (20%, 30%, and 40%), which
demonstrated enhanced mechanical properties, partic-
ularly improved compressive strength with increasing
[-C,Si content. The investigation also provides novel
insights into the antibacterial activity of these compos-
ites against Staphylococcus aureus (S. aureus) and their
cytocompatibility using Osteogenic sarcoma (Saos-2)
cells, revealing that S-C,Si/DCP composites support
better cell viability compared to pure DCP cement. Fur-
thermore, the study identifies optimal pH conditions for
cell proliferation, contributing valuable knowledge to
the field of biomedical materials. By combining these
elements, the research offers a comprehensive under-
standing of the structural, mechanical, and biological
properties of these novel cement composites, paving
the way for their potential use in advanced biomedical
applications.

2. Materials and methods

Calcium nitrate tetrahydrate (Ca(NO3),-4H,0), diammo-
nium hydrogen phosphate ((NH4),HPO4), and tetraethyl
orthosilicate (TEQS, Si(OCyHs)4) were used as sources
of Ca®*, PO43t, and SiO,, respectively, to prepare /-
TCP/B-C,Si composite materials. Monocalcium phos-
phate monohydrate (MCPM, Ca(H,PO4) ;-H,O) was
used as a precursor to prepare DCP cements. Ammo-
nium hydroxide (NH4OH) was used in this study to
adjust the pH value. All materials were purchased from
Merck, Germany.

2.1. Synthesis of 3-TCP powder

The pB-TCP material was produced by microwave-
assisted wet precipitation [20]. For Solution (A), 42.51
grams of Ca(NO3);-4H,0 were dissolved in 200 mL of



distilled H,O. Solution (B) was prepared by dissolving
15.85 g (NH4)2HPO4 in 200 mL of distilled H,O. Solution
(B) was progressively added to Solution (A) while stir-
ring. NH4OH was added to adjust the solution’s pH to
7. After 30 minutes of stirring at room temperature, the
mixture was microwaved for 5 minutes at 800 watts in
a SAMSUNG MS23F301EAW microwave oven. The prod-
uct was then filtered and rinsed with distilled H,O. The
sample was dried overnight at 80°C in an oven. Finally,
the resulting white powder was heat-treated at 1000°C
for2 h.

2.2. Synthesis of 3-C>Si powder

S-CoSi was synthesized using the sol-gel technique
with a calcium-to-silicon (Ca/Si) molar ratio 1.4:1 [21].
The synthesis was initiated by dissolving 83.6 mL of
TEOS in a mixture of ethanol (314.6 mL) and distilled
water (45 mL). After 30 minutes of agitation, 0.5 mL
of acetic acid was added as a catalyst to initiate TEOS
hydrolysis. The solution was stirred at ambient temper-
ature overnight to ensure complete hydrolysis, followed
by adding 119.27 g of Ca(NO3),-4H,0. This mixture was
stirred at 60°C for 6 h and then left at room temperature
for 24 h to allow gelation. The resulting hydrogel was
dehydrated at 80°C for 48 h, followed by calcination at
800°C with a heating rate of 10°C/min for 3 h [14,21].

2.3. Synthesis of pure DCP and 3-C5,Si/DCP cement
composites

The pure phase of DCP cement was prepared by mixing
1.0 g of B-TCP and 0.5 g of MCPM powders in a mor-
tar. Precisely 0.8 mL of distilled H,O was then added
to the powder mixture and vigorously mixed until a
homogenous paste was achieved, which subsequently
self-hardened at room temperature. The S-C;Si/DCP
cement composites were prepared using a similar pro-
tocol. Various amounts of $-C,Si powder were com-
bined with f-TCP and MCPM powders. The mixture was
thoroughly blended, and a suitable amount of water
was added at a ratio of 0.8 mL per 1 gram of powder. Dif-
ferent f-C,Si/DCP cement composites were prepared,
as summarized in Table 1.

2.4. Microstructural characterizations

The phase purity of the synthesized materials was
determined using an X-ray diffractometer (XRD, Rigaku
Ultima IV). The scan angles ranged from 20° to 80°. Lat-
tice parameters and crystallinity were analyzed. Fourier
Transform Infrared Spectroscopy (FTIR, Bruker IFS66/S)
identified the functional group vibration modes in the
powdered samples. Particle morphology was exam-
ined with a Field Emission Scanning Electron Micro-
scope (FESEM, Quanta 400F), and the average particle
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Table 1. Various compositions of pure DCP and f-C;Si/DCP
cement composites.

Solid Phase (g) Liquid Phase (mL)

Sample ID p-TCP MCPM p-CSi H,0
Pure DCP 1.00 0.50 0.00 0.80
20% p-C,Si/DCP 1.00 0.50 0.30 0.95
30% S-C,Si/DCP 1.00 0.50 0.45 1.03
40% p-C,Si/DCP 1.00 0.50 0.60 1.10

size was measured using Imagel) software. Thermo-
gravimetric analysis (TGA, PerkinElmer Pyris 1) was
conducted in a nitrogen atmosphere from room tem-
perature to 950°C to evaluate the thermal stability of the
materials.

2.5. Compressive strength test

To prepare standardized cement paste samples, cylin-
drical moulds with internal dimensions of 6 mm diame-
ter and 12 mm height were utilized, in accordance with
ASTM F451-15 specifications. Following self-hardening
at lab temperature, the cement specimens were care-
fully extracted from the moulds. Compressive strength
testing was conducted using a Universal Instron test-
ing machine. The samples were subjected to a constant
crosshead speed of 4 mm/min until failure occurred.
To ensure reliability and statistical significance, the
tests were performed in triplicate for each cement
formulation.

2.6. Loading of antibiotic

Gentamicin sulphate (Merck, Germany) was used as an
antibiotic drug. Approximately 2 mg of the drug was
dissolved in 1 mL of distilled water to create a stock
solution. This drug solution was then used as the liquid
phase for the preparation of cement samples. The drug-
loaded cement samples were prepared for subsequent
evaluation of antibacterial properties and cell culture
analysis.

2.7. In Vitro antibacterial activity

Broth microdilution method was used to determine
antimicrobial efficacy of drug-loaded cement samples
against selected bacterial strains [22]. Drug-loaded
cement extracts were prepared by following ISO 10993
standards for biomaterial testing with a recommended
concentration of 0.2 g/mL in sterilized Lysogeny broth
(LB) media. The extracts were incubated for 24 h at 37
°C, then sterilized by a 0.22 um pore-sized filter. The
serial dilutions (0.2, 0.1, 0.05, 0.025, 0.0125, and 0.00625
g/mL) were prepared from the extract with an initial 0.2
g/mL concentration in 96 well plates. Staphylococcus
aureus (S. aureus, gram-positive, ATCC 6538) was cul-
tured overnight at 37°C following the aseptic technique
requirements. For the optical density (OD) control, the
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overnight culture of S. aureus was sub-cultured, and
the OD600 values were measured hourly. 10 ul of S.
aureus samples (OD600 = 0.4) were inoculated in 96
well plates with the extracts. The OD600 measurements
were repeated at 0 h and 24 h with the microplate
reader.

2.8. In Vitro cell culture studies

The effect of drug-loaded cements on Osteogenic sar-
coma (Saos-2) cell line viability was evaluated using
Osteogenic sarcoma Deep Blue assay. Soas-2 cells were
cultured in Dulbecco’s MEM (DMEM; Merk Germany)
containing 10% heat-inactivated fetal bovine serum
(FBS) and 1% penicillin/streptomycin (Invitrogen, USA)
at 37°Cin a 5% CO; containing environment. The com-
pressed discs of the samples were UV sterilized, and
discs were placed in a 24 well plate containing DMEM
and incubated for 24 h. After the incubation, the media
was discarded, and 1 x 10% Saos-2 cells were seeded in
a 20 uL drop-on disc sample. After 2 h of incubation
for the cells to attach, the medium was completed to
100 uL to cover the disc surfaces, and the plate was
incubated at 37 °C. Deep Blue reagent was added to
each well to obtain a 10% final concentration, and the
plate was incubated for 4 h. After incubation, Deep Blue
reagent-containing media was transferred into a new
24-well plate for fluorescence measurement. Since the
deep blue reagent does not harm the cells, Saos-2 cells
continued to grow by adding the fresh medium after
removing the deep blue reagent-containing media. A
microplate reader (Varioskan Flash Spectral Scanning
Multimode Reader, Thermo Scientific) was used for
the 530-590 nm fluorescence measurement for excita-
tion and emission respectively. The measurements were
repeated on day 1, day 4, and day 7.

2.9. Statical analysis

Statistical analyses were conducted using IBM SPSS
Statistics version 22.0. To compare mean values between
groups and assess the statistical significance of observed
differences, one-way analyses of variance and post
hoc Tukey tests for multiple comparisons were per-
formed. Differences were considered statistically signif-
icant when the p-value was less than 0.05.

3. Results and discussion

3.1. Structural characterization of -TCP and
B-C2Si powders

Figure 1(a) illustrates the diffraction pattern seen in
S-TCP powder. The diffraction peaks seen in the syn-
thesized S-TCP were very similar to those seen in
the standard p-TCP phase (whitlockite phase, JCPDS
09-0169) [23]. The analysis detected no additional

calcium phosphate phases. In particular, the analysis
showed no clear peak at 32.196°. This meant that the
powder that was made was uniform and did not contain
the hydroxyapatite phase (HA, JCPDS 09-432). Figure 1
(b) represents the FTIR spectrum of f-TCP powder. The
peaks around 1040cm™" and 1090cm™~" correspond
to the asymmetric stretching vibrations of the PO43
(v3) group. These vibrations are typically strong and
are a characteristic feature of phosphate compounds.
The peak around 960cm™" is attributed to the sym-
metric stretching mode of the PO43* (01) group. The
peaks around 600cm™" and 560cm™" are associated
with the bending vibrations of the PO43* (v4) group.
This peak is due to the stretching vibrations of the car-
bonate groups, which may be present as impurities or
as a result of partial substitution in the crystal lattice of
S-TCP[24]. The presence of strong peaks corresponding
to the vz, v1, and vy vibrations of the phosphate groups
confirms the characteristic structure of B-TCP, which
is primarily composed of phosphate units. The peaks
around 1200cm~" and 900 cm~" are attributed to the
P,0,%~ groups, which are pyrophosphate groups, indi-
cating that some degree of substitution or secondary
phases might be present in the f-TCP sample [25]. The
peaks observed around 1723cm~"! indicate the pres-
ence of carbonate groups (C = O). This is common in
calcium phosphate materials, as they can easily incorpo-
rate carbonate ions from the environment [24]. Figure
1 (c) represents particles in the SEM image, and several
particles appear as thin, flat plates with sharp edges. The
particles do not have uniform shapes and sizes, indi-
cating a semi-spherical, irregular morphology typical of
S-TCP.The particles vary in size, with many appearing to
be in the range of a few micrometers. Some larger par-
ticles are approximately 10 pm in length, while smaller
fragments are less than 1 pm. The Ca/P ratio was also
determined to be 1.39, slightly lower than the desired
value of 1.5.

Figure 2 (a) represents the XRD pattern of S-C,Si
powder that was prepared using the sol-gel method.
The observed patterns correspond to the confirmed
diffraction data for B-C,Si (PDF#33-0302). Contami-
nants like calcium oxide (CaO) and silicon dioxide (SiO3)
were absent from the powders generated. The synthe-
sized C;Si exhibited significant crystallinity, as shown
by the sharp and narrow diffraction peaks. Figure 2 (b)
represents the FTIR spectrum of $-C,Si structure. Two
peaks located at ~3400cm™" and ~ 1600 cm™" which
could be attributed to the O-H stretching and bend-
ing vibrations of water molecules, respectively. These
peaks indicate that the sample contains water, likely as
adsorbed moisture or structural water. Another peak
was detected at ~ 1450cm™". This peak corresponds
to the asymmetric stretching vibration of the carbonate
ion (CO3D27). This peak suggests that the sample may
contain some carbonate impurities or has undergone
carbonation.
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Figure 1. (a) XRD pattern, (b) FTIR spectrum and (c) FESEM image of S-TCP powders.

Furthermore, big peaks were observedat ~ 1000 cm™
and ~500cm™". These peaks are characteristic of the
stretching and bending vibrations of the silicate tetra-
hedra (Si04%™). The strong peak around 1000cm™" is
typically associated with the Si-O stretching vibrations,
while the peak around 500cm™" is due to the Si-O
bending vibrations. The f-C,Si specific peaks around
~900-1100cm™". This region shows multiple peaks
that are characteristic of 5-C,Si. These peaks arise from
the complex vibrational modes of the silicate frame-
work in the 5-C,Si structure. Figure 2(c) represents the
SEM image of f-C;Si, showing a rough, porous surface
with irregular shapes and textures. This morphology is
typical of f-C;Si, which can contribute to its reactiv-
ity in cementitious applications. The particles appear
in the micrometer range, consistent with the scale bar
provided. The image reveals a high degree of porosity,
which is common for -C,Si and can affect its hydration
properties and strength development in cement.

3.2. Microstructure and biological properties of
pure DCP and 3-C,Si/DCP cement composites

Figure 3 presents the XRD patterns of pure DCP and S-
C,Si/DCP cements self-hardened at room temperature.

1

The XRD peaks revealed the highest levels of inten-
sity at 26 values of 20.95°, 29.2°, 30.6°, 34.1°, and 34.3°.
The prepared pure DCP agreed well with the brushite
phase (JCPDS 09-0077). With the incorporation of f-
C,Si into DCP cements, alterations in the intensity and
morphology of the peaks were apparent. The addi-
tion of 20% p-C;Si reduces peak intensity compared
to pure DCP, suggesting a decrease in crystallinity [26].
With 30% f-C,Si, the peaks become broader and less
intense, indicating reduced crystallinity and smaller par-
ticle size. At 40% f-C5Si, the peaks are even broader
and less intense, confirming the trend of decreasing
crystallinity and particle size with increasing -C,Si con-
tent [27]. The diffraction peaks shift to the left (lower
26 angles) with increasing f-C;Si content. This effect
could be attributed to the leaching of silicon (Si) from
S-C5Si and its subsequent incorporation into the DCP
structure, causing a left shift in the diffraction pattern.
The observed shift could be due to the replacement of
phosphate ions by silicate ions within the crystal lattice.
The silicate ion (0.39 A) has a larger ionic radius com-
pared to the phosphate ion (0.35 A). Consequently, at
high concentrations, the substitution of phosphate ions
in DCP by silicate ions would be expected to further
increase the lattice parameters, resulting in a left shift of
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Figure 2. (a) XRD pattern, (b) FTIR spectrum and (c) FESEM image of -C,Si powders.

the diffraction peaks [28,29]. The decrease in peak inten-
sity and increase in peak broadening with higher f-C,Si
content suggests that the crystallinity of the composite
materials decreases as more f-C,Siis added. The broad-
ening of the peaks indicates a reduction in particle size,
consistent with the formation of smaller crystallites or
more amorphous material. The XRD patterns provide
clear evidence that the addition of -C,Si to DCP affects
the crystallinity, particle size, and lattice parameters of
the resulting composite materials.

Figure 4 represents the FTIR spectra of DCP com-
bined with different fractions of £-C,Si. Three peaks
at 1213cm~', 1128cm™', and 1058cm™' can be
seen, which could be attributed to P = O stretching.
Another three peaks located at 986cm™', 873cm™!,
and 789 cm™" are assigned to P-O-P stretching. Addi-
tionally, three peaks detected at 656 cm~', 574cm™",
and 519cm™" are due to P-O stretching. Besides the
phosphate peaks, a peak was observed at 1649cm™",
attributed to O-H bending belonging to the H,O
molecule. The presence of water molecules indicates
that the structure of the cement is in the brushite phase
(CaHPO4-2H,0), which is in good agreement with the
XRD results (Figure 3). With the incorporation of 20%
S-C,Si into DCP, the peak areas of P-O-P and P = O

stretching increased, and the peaks became broader,
possibly due to overlapping with the SiO4*~ stretching
group. Another peak was also detected at 1370cm™"',
attributed to CO3 527 stretching, suggesting carbonate
contamination or formation. With increasing amounts
of B-C,Si to 30% and 40%, similar peaks to the 20%
[-C,Si/DCP sample were observed but with increased
intensity. This indicates a higher concentration of sili-
cate and carbonate groups, showing a higher incorpo-
ration of -C;Si into the DCP matrix. The characteristic
P = O, P-O-P, and P-O peaks of DCP are present in all
samples but show variations in intensity and position
due to the doping effect. The changes in the phosphate-
related peaks reflect the structural modifications in the
DCP due to the incorporation of -C;Si.

Figure 5 depicts the microstructure of pure DCP
cement and f-C;Si/DCP composite cement. The FESEM
analysis revealed distinct characteristics of the particles
in each material. Pure DCP particles exhibited a non-
symmetrical plate-like structure, with average widths
ranging from micro to nanometre dimensions. Varia-
tions in plate diameters were attributed to differing
agglomeration levels. In contrast, adding 20% S-C,Si
resulted in a highly cross-linked structure. This mod-
ification was characterized by the development of a
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Figure 4. FTIR patterns of pure DCP and S-C;Si / DCP cement
composites.

fibrous surface on the cement particles and the pres-
ence of minor pore formations. As the proportion of
S-C,Si increased to 40%, the microstructure showed a
notable shift. Plate-like particles became more promi-
nent and exhibited a slightly spherical shape, indicative
of a more homogeneous distribution within the cement
matrix. These findings show that £-C,Si changes the
microstructural properties of the cement and empha-
sizes its role in changing the shape and distribution of
the particles.

The thermal stability of pure DCP cement and S-
C,Si/DCP cement composites is illustrated in Figure
6. Three distinct stages of weight loss in pure DCP
cement occur within the temperature ranges of 30-
190°C, 190-450°C, and 450-700°C. The initial stage,
from 30 to 190°C, primarily involves the removal of
residual moisture and the H,O molecules from DCP

(brushite, CaHPO4-2H,0) cement, converting it to the
monetite phase (CaHPO4) [30]. In the subsequent stage,
between 190 and 450°C, the decomposition of CaHPO,
occurs, eliminating water molecules and forming cal-
cium pyrophosphate (y-CayP,07) (Eq. 1) [31,32], as
described by the equation:

2CaHPO4 — CayP,07 + H>O 4]

The third stage, occurring between 450 and 700°C,
involves further transformations. Calcium pyrophos-
phate may transform into other phases as the tem-
perature increases. At temperatures around 600°C,
y-CayP,07 probably transformed to f-Ca;P,07 [33].
Above 700°C, there is negligible further weight reduc-
tion, indicating that the samples stabilize after calci-
nation beyond this temperature threshold, consistent
with observations at 800°C. Incorporating f-C;Si into
the cement mixture resulted in a lower rate of weight
loss. Additionally, all samples exhibited thermal sta-
bility at temperatures of 700°C and higher. Notably,
the TGA curve for the 20% pS-C,Si/DCP sample dis-
played elevated humidity levels. The respective weight
loss percentages for pure DCP, 20% f-C,Si/DCP, 30%
S-C,Si/DCP, and 40% S-C,Si/DCP were 21.2%, 17.4%,
11.6%, and 15.9%.

The thermal stability of the prepared cement com-
posites is clearly improved with the incorporation of
S-C,Si. This can be attributed to f-C,Si having a sta-
ble crystal structure that remains intact at high tem-
peratures. This stability is crucial for maintaining the
integrity of the cement matrix when exposed to thermal
stress [34]. Additionally, when £-C,Si hydrates, it forms
calcium silicate hydrate (C-S-H), which contributes to
the mechanical strength and thermal stability of the



8 A.Z. ALSHEMARY ET AL.

2 | det HV mag |spot| WD —2um
M |ETD | 30.00 kV| 50000 x| 3.5 [13.2 mm METU CENTRAL LAB

HV mag |spot| WD
ETD [30.00 0000x| 3.0 [10.2mm

2pm
METU CENTRAL LAB

mag | spot| \
0.00 kV[(50000x 3.0 [11.2mm

det HV
44 PM | ET!

L

det H mag |spot| WD
PM ETD|3 000 x| 3.0 [10.2 mm
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Figure 6. Thermal stability of pure DCP cement and f-C,Si/
DCP composite cement.

cement. The hydration process and the resulting prod-
ucts are less susceptible to thermal degradation, main-
taining the structural integrity of the cement under high
temperatures [14,35].

Figure 7 displays the compressive stress of the pre-
pared cement samples. The pure DCP bone cement

12
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Figure 7. Compressive strengths of pure DCP and -C,Si/DCP
cement composites. *40% f-C,Si/DCP was significantly higher
than the other group.

exhibited a compressive stress of approximately 0.78
MPa. The compressive stress for DCP is the lowest
among all samples, indicating that pure DCP has the
least compressive strength. Adding 20% f-C,Si to DCP



slightly increases the compressive stress compared
to pure DCP, but the increase is minimal, with the
compressive stress reaching approximately 0.92 MPa.
This represents a small improvement in compressive
strength. The compressive stress significantly increases
to approximately 3.44 MPs with 30% $-C,Si, indicating
a substantial improvement in compressive stress. The
40% f3-C,Si/DCP sample shows the highest compressive
stress, reaching approximately 10.22 MPa, demonstrat-
ing that increasing the f-C;Si content further enhances
the compressive stress. A clear trend shows that as
the percentage of 5-C,Si in the composite increases,
the compressive stress also increases. This suggests
that -C,Si significantly contributes to the compressive
strength of the composite [36]. The data suggests that
incorporating -C;Si into DCP can enhance its mechan-
ical properties, particularly its compressive stress. This
could be beneficial for applications requiring materials
with high compressive stress. When £-C;,Si hydrates, it
forms calcium silicate hydrate (C-S-H) (Eqg.2) [34], which
significantly contributes to the mechanical strength of
cement. The C-S-H produced from S-C,Si hydration
is morphologically and compositionally similar to that
from other clinker phases, featuring a needle-like or fib-
rillar structure crucial for mechanical interlocking [37].
As the primary binding phase, C-S-H reacts with water
to create a dense, cohesive microstructure, enhanc-
ing the load-bearing capacity of the cement [38,39].
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Furthermore, Its mechanical properties, including ten-
sile strength and Young's modulus, enable it to resist
various stresses, thereby improving the durability and
robustness of the cement [40].

B — Ca3Si04 + 2H,0 — Ca(OH); + Ca0-Si0; - H,0
(2)

Figure 8 shows how gentamicin-loaded pure DCP
cement and B-C2Si/DCP composite cements affect the

growth of S. aureus. It shows that the amount of bac-
terial growth inhibition changes a lot depending on
the type of cement and how much of it is used. At
higher concentrations, the pure DCP cement sample
demonstrates remarkable antibacterial properties, min-
imizing bacterial growth most effectively at a concen-
tration of 0.2 g/mL. Several factors contribute to this
superior performance: a lower degree of crystallinity
in DCP cements, which leads to higher degradation
rates and increased gentamicin release; a unique nano-
flake-like or layered particle structure that facilitates
antibiotic release; and lower mechanical properties
that potentially result in higher degradation rates [41]
and consequently increased drug release [42]. In con-
trast, the §-C,Si/DCP composite cements show varying
degrees of bacterial growth inhibition. The addition of
20% f-C,Si exhibits the lowest antibacterials proper-
ties among all tested samples, with peak growth at 0.2
g/mL concentration (approximately 0.45 + 0.008 abs),

Bacteria growth (abs)

-
=

0.2 g/mL 0.1 g/mL 0.05g/mL [ ]0.025 g/mL
0.0125 g/mL B229 0.00625 g/mL EEE]

A PCEZEINC

)

e R

|,V

DCP

20% B-CoSi/DCP 30% B-C,»Si/IDCP 40% B-CoSi/DCP

Sampel ID

Figure 8. Effect of pure DCP and -C,Si/DCP composite cement loaded with gentamicin on S. aureus growth. PC: Positive Control,
and NC: Negative Control. *PC was significantly higher than 0.2 g/mL, 0.1 g/mL, 0.05 g/mL, 0.025 g/mL, and 0.0125 g/mL of DCP. **PC
was significantly lower than 0.2, 0.1, 0.05, 0.025, 0.0125, and 0.00625 g/mL of 20% S-C,Si/DCP. ***PC was significantly lower than
0.0125 and 0.00625 g/mL of 40% 3-C;Si/DCP. ****PC was significantly higher than 0.2, 0.1, and 0.05 g/mL of 40% f3-C,Si/DCP.
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while other concentrations also show significant bacte-
rial growth around 0.4 abs. Incorporating 30% f-C3Si
into DCP demonstrates antibacterial properties com-
pared to the 20% sample, with the highest growth
observed at 0.05 g/mL concentration (slightly above
0.34+0.016 abs), and other concentrations showing
growth between 0.25 abs and 0.35 abs. The 40% -
C,Si/DCP sample displays intermediate antibacterial
properties, with the 0.0125 g/mL concentration show-
ing the highest growth (around 0.354+0.019 abs) and
a significant drop in growth at the 0.1 g/mL con-
centration compared to the 0.2 g/mL concentration.
The reduced antibacterial efficacy of 5-C,Si/DCP com-
posites, particularly the 20% sample, may be due
to lower gentamicin leaching rates, which could be
attributed to the presence of silicate groups in f-
C,Si that form strong hydrogen bonds with the drug
molecules, thereby reducing drug release from the
cement structure. The group with the highest concen-
tration of B-C,Si, 40% f-C,Si, has also shown dose-
dependent antibacterial activity and achieved antibac-
terial activity at 0.2, 0.1, and 0.05 g/mL extract con-
centrations. The release of Ca and Si ions from the
cement groups can further increase the antibacterial
activity of Gentamicin. Previous studies also mentioned
the possible contribution of Ca ion release to antibac-
terial activity since releasing Ca ions can raise the pH,
in turn killing bacteria [43]. The study of Zhang et al.
has shown that $-C,Si cement itself can also induce
an inhibition zone on Enterococcus faecalis (E. faecalis)
bacteria [44].

Additionally, osmotic pressure created by released
ions has been reported to contribute to antibacte-
rial activity [21]. Calcium silicate-based materials have
also been reported to develop bacteriostatic effects
on various bacteria strains [45]. In this study, increas-
ing concentrations of 5-C;Si in the cement could have
contributed to antibacterial activity in the 40% S-C,Si
cement group with elevated pH and created ion con-
centrations.

Gentamicin demonstrates strong antibacterial
efficacy against S. aureus via several potential mech-
anisms. Its principal mode of action targets the 30S
ribosomal subunit, interfering with protein synthesis
by inducing genetic code misinterpretation and halting
translation. This interference results in the generation
of defective, mistranslated proteins prone to misfold-
ing and aggregation, eventually causing bacterial cell
death [46]. Furthermore, gentamicin compromises the
integrity of bacterial cell membranes, enhancing its bac-
tericidal properties [47].

Figure 9 illustrates the fluorescence intensity (mea-
sured at 530/590 nm) over time (1, 4, and 7 days) for dif-
ferent cement compositions. The compositions tested
include pure DCP cement and S-C,Si/DCP composite
cements with varying percentages (20%, 30%, and 40%)
of $-C,S, all loaded with 2 mg/mL of gentamicin. On
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Figure 9. Effect of pure DCP cement and $-C;Si/DCP compos-
ite cements loaded with gentamicin antibiotic on the cell viabil-
ity of Saos-2 cells. *Cell growth on DCP was significantly higher
than on PC. **Cell growth on 30% $-C2Si/DCP was significantly
higher than on PC. ***Cell growth on all samples was signifi-
cantly higher than on PC. ****Cell growth on 20% £-C2Si/DCP
was significantly higher than on PC.

day 1, 30% S-C,Si/DCP composite shows the highest
fluorescence intensity (Highest cell viability), while the
pure DCP cement exhibits slightly lower fluorescence
than pure DCP. The 20% and 40% S-C,Si/DCP compos-
ites display similar fluorescence intensities, both higher
than the control group. By day 4, all samples showed
an increase in cell viability compared to day 1, with the
30% p-C,Si/DCP composite demonstrating the highest
cell viability. The 20% f-C,Si/DCP and 40% f-C,Si/DCP
composites have no significant difference in intensities
but are significantly higher than the control group. On
day 7, the cell viability was significantly increased for all
samples compared to Day 4. The 20% f-C,Si/DCP com-
posite shows the highest cell viability, while the 30%
S-C,Si/DCP and 40% f-C,Si/DCP are higher than pure
DCP. Overall, the figure demonstrates that 5-C,Si/DCP
composite cements support better growth of Saos-2
cells compared to pure DCP cement, with the 20% /-
C,Si/DCP composition being the most effective in pro-
moting cell viability.

After 7 days of incubation, all 5-C;,Si-bearing groups
showed improved cell viability compared to DCP
cement. The release of bioactive ions has been reported
to improve both viability, proliferation, and osteogenic
activity, while p-C,Si-based cements have been shown
to improve bioactivity [44]. The release of Ca and Si
bioactive ions induces bioactivity and increases cell
viability when bone cells interact with S-C,Si-based
cements [48]. After 7 days of incubation, bioactive ion
release from all samples supported higher cell viability.
As observed in various studies, the microstructural sta-
bility of 5-C2Si-based cements also contributes to their



Table 2. The pH changes during the incubation period.

Immersion Time

Sample ID 1d 4 Days 7 Days
DCP 6 6 6
20% p-C,Si/DCP 8 8 8
30% S-C,Si/DCP 7 7 7
40% B-C,Si/DCP 8 8 8
Positive Control 8 8 8
Negative Control 8 8 8

improved bioactivity. The denser surface microstruc-
tures and the presence of biomimetic apatite re-
mineralization on the Si-rich granule surfaces further
enhance the integration with bone tissues [49].

The data suggest that pH levels significantly impact
cell viability (Table 2). The pure DCP cement, with a pH
of 6, supports the least cell growth. The 20% and 40%
S-C5Si/DCP composites with a pH of 8 support better
cell viability than pure DCP. This indicates that a slightly
alkaline environment (pH 7-8) is more conducive to
Saos-2 cell growth compared to a more neutral or lit-
tle acidic environment. Therefore, the pH level plays a
crucial role in cell viability, with a pH of 7-8 being opti-
mal for promoting cell proliferation in these cement
compositions.

The data suggest that pH levels significantly impact
cell viability. Pure DCP cement, with a pH of 6, likely
supports less cell growth compared to composites with
higher pH. The 20% and 40% pS-C,Si/DCP compos-
ites with a higher pH may support better cell viabil-
ity than pure DCP. This indicates that a slightly alka-
line environment (pH 7-8) is generally more conducive
to osteoblast-like cell growth than a more acidic envi-
ronment [50,51]. However, the optimal pH range for
cell proliferation can vary depending on the specific
cell type and culture conditions. Studies have shown
that cell growth is typically optimal in a pH range of
7.38-7.87 [52,53]. Cell growth tends to decline more
gradually on the acidic side of this optimal range. How-
ever, extreme acidic (pH 6.0) or alkaline (pH 9.2) condi-
tions can retard cellular growth and induce cell death
[54]. Different cell types may also respond differently
to pH changes [51]. Therefore, while pH plays a crucial
role in cell viability, the optimal range can vary based
on specific cell types and experimental conditions.

Conclusion

This study comprehensively investigated the syn-
thesis, characterization, and biological evaluation of
p-Dicalcium Silicate (#-C,Si) and Dicalcium Phosphate
(DCP)-based cements, revealing their potential for
biomedical applications. The -C,Si was synthesized via
the sol-gel method, while g-Tricalcium Phosphate (5-
TCP) was produced using microwave-assisted wet pre-
cipitation. Various £-C;Si/DCP cement composites with
different $-C3Si contents (20%, 30%, and 40%) were
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formulated and analyzed. Key findings include struc-
tural and mechanical properties, antibacterial activity,
cytotoxicity, and cell viability. The phase purity and
structural properties of the synthesized materials were
confirmed through XRD, FTIR, and FESEM analyses.
The compressive strength of the composites signifi-
cantly improved with increasing f-C3Si content, with
the 40% f3-C,Si/DCP composite exhibiting the highest
compressive stress of approximately 10.22 MPa. In vitro
antibacterial activity against Staphylococcus aureus (S.
aureus) demonstrated that pure DCP cement loaded
with gentamicin had superior antibacterial properties,
particularly at a 0.2 g/mL concentration. However, the
S-C,Si/DCP composites exhibited varying degrees of
bacterial growth inhibition, with the 20% f-C,Si/DCP
sample showing the lowest bacterial growth inhibi-
tion. Cytotoxicity studies using the Osteogenic sarcoma
(Saos-2) cell line revealed that the -C,Si/DCP compos-
ites supported better cell viability compared to pure
DCP cement, with the 20% f-C,Si/DCP composition
being the most effective in promoting cell growth. The
optimal pH for cell proliferation was 7-8, as observed in
the -C,Si/DCP composite. These findings suggest that
[-C,Si/DCP composites, particularly those with higher
S-C,Si content, hold promise for biomedical applica-
tions due to their enhanced mechanical properties, ade-
quate antibacterial activity, and favourable cytocom-
patibility. Future research should focus on optimizing
the composition and further evaluating the long-term
biological performance of these composites in vivo to
validate their potential for clinical applications.
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