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 Osteoporosis is characterized by bone deterioration caused by high levels of 
reactive oxygen species (ROS), which inhibit osteoblast activity and lead to a 
decrease in bone density. Adding curcumin, a natural antioxidant, to calcium 
phosphate cement (CPC) enhances its function beyond simply increasing bone 
density. In this study, CPC was prepared from a β-tricalcium phosphate (β-TCP, 
β-Ca3(PO4)2) composite with curcumin. To enhance the interaction between 
β- TCP and curcumin, silicon dioxide (SiO2) was added. β-TCP was synthesized by 
the sol-gel method, with SiO2 content ranging from 1.6 to 8.3%. CPC preparation 
was carried out using a 2.5% Na2HPO4 solution. The release of curcumin in a 
Ringer’s lactate solution was studied in relation to the role of SiO2. The UV-Vis 
spectral intensity of the remaining Ringer’s lactate solution after soaking 
decreased as the SiO2 content increased. Results from a five-day soaking period 
showed that β-TCP did not transform into hydroxyapatite, but rather experienced 
a decrease in crystallinity and average crystal size from 96.175% to 25.524% and 
from 58.335 nm to 39.474 nm, respectively. Therefore, it can be predicted that CPC 
can maintain the presence of curcumin in a physiological environment. 

 

1. Introduction 

Bones are an essential component of the human 
body. They are primarily composed of minerals, such as 
calcium and phosphorus, as well as organic components, 
such as collagen [1]. Bones can become damaged with age 
[2]. Osteoporosis, a common bone condition among the 
elderly, is characterised by a decrease in bone density that 
leads to reduced bone strength and an increased risk of 
fractures. This decrease in bone density is caused by 
increased osteoclast activity relative to osteoblast activity 
[3]. Osteoclast and osteoblast activity is imbalanced due 
to oxidative stress resulting from high levels of reactive 
oxygen species (ROS) [4]. Osteoporosis-related fractures 
can be prevented using calcium phosphate cement (CPC) 
injections. This substance breaks down in the body to 
release calcium and phosphate ions, which stimulate the 
formation of new bone tissue [5]. 

One calcium phosphate compound developed for use 
as a bone cement is β-tricalcium phosphate (β-TCP, or β-
Ca3(PO4)2). It has a Ca/P molar ratio of 1.5 and a 

rhombohedral crystal structure [6]. This compound is 
biocompatible, osteoconductive, and biodegradable [7, 
8]. β-TCP can be synthesized using several methods, such 
as hydrothermal, microemulsion, and sol-gel. The 
sol- gel method is widely used because it can produce 
high-purity β-TCP, as demonstrated by [9]. 

In the treatment of osteoporosis, compounds with 
antioxidant properties are needed to reduce high levels of 
ROS. ROS are reactive oxygen species that consist of 
various molecules, one of which is superoxide (O2

−). 
Superoxide is a ROS because it has an unpaired electron, 
which makes it highly reactive. Antioxidant compounds 
can interact directly with ROS, reducing their levels [4]. 
Curcumin (C21H20O6) is a polyphenolic compound with 
antioxidant properties that can minimize the effects of 
oxidative stress [10]. To prepare CPC based on β-TCP and 
curcumin, a binder is required to connect the 
components, and SiO2 is suitable for this purpose [11]. The 
presence of SiO2 in calcium phosphate cement increases 
the surface’s electronegativity, thereby promoting new 
bone formation [12]. Hashimoto et al. have researched 
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β- TCP/SiO2 composites. The addition of SiO2 to these 
composites can increase their mechanical strength and 
density while reducing porosity. 

The amount of SiO2 incorporated into the composite 
is expected to influence the number of silanol (Si–OH) 
groups available to interact with both curcumin and 
β- TCP. These interactions may affect the release 
behavior of curcumin when the composite is exposed to 
physiological fluids. Curcumin release is thought to be 
regulated through hydrogen bonding and electrostatic 
interactions. Therefore, this study aimed to investigate 
the effect of SiO2 content on the release behavior of 
curcumin from β-TCP/SiO2/curcumin composites in 
Ringer’s lactate solution. β-TCP was synthesized via the 
sol–gel method using cetyltrimethylammonium bromide 
(CTAB) as a morphology-directing agent. Curcumin 
release was analyzed using UV–Vis spectrophotometry, 
while structural and morphological changes before and 
after immersion were characterized by Fourier-
transform infrared spectroscopy (FTIR), X-ray 
diffraction (XRD), and field-emission scanning electron 
microscopy coupled with energy-dispersive X-ray 
spectroscopy (FE-SEM/EDX). 

2. Experimental 

2.1. Materials 

The chemicals used in this study were calcium nitrate 
tetrahydrate (Ca(NO3)2·4H2O, Merck), potassium 
dihydrogen phosphate (KH2PO4, Merck), 
cetyltrimethylammonium bromide (CTAB, Sigma-
Aldrich), ammonium hydroxide (NH₄OH, 32%, Merck), 
curcumin (Merck), silicon dioxide (SiO2, Merck), 
disodium hydrogen phosphate (Na2HPO4, Merck), and 
Ringer’s lactate solution (Otsuka). 

2.2. Instruments 

The instruments used in this study included a Fourier 
Transform Infrared (FTIR) spectrometer (Bruker), an 
X- ray diffractometer (XRD, Rigaku), a Field Emission 
Scanning Electron Microscope equipped with Energy-
Dispersive X-ray Spectroscopy (FE-SEM/EDX, JSM-IT), 
and a UV–Vis spectrophotometer (Shimadzu). 

2.3. Experimental Procedures 

2.3.1. Synthesis of β-TCP 

Beta-TCP was synthesised using the sol-gel method. 
A calcium solution was prepared by dissolving 14.160 g of 
Ca(NO3)2·4H2O and 0.0164 g of CTAB in distilled water, 
yielding 50 mL of solution. Similarly, the phosphate 
solution was prepared by dissolving 6.804 g of KH2PO4 
and 0.0164 g of CTAB in distilled water, yielding a final 
volume of 50 mL. The calcium solution was then slowly 
added to the phosphate solution, stirred with a magnetic 
stirrer. Next, 15 mL of 32% ammonium hydroxide 
solution was added until the pH value exceeded 9. The 
solution was stirred for 1 hour, after which it was aged for 
48 hours. After aging, the precipitate was washed with 
distilled water until the pH reached neutrality. The 
precipitate was dried in an oven at 40°C for 48 hours. This 
was then calcined at 800°C for 30 minutes. Finally, the 
calcined powder was sieved using a 100-mesh sieve. 

Table 1. Sample codes and composite composition 

Sample 
code 

β-TCP 
(g) 

Curcumin 
(g) 

SiO2 
(g) 

SiO2 content 
(%) 

K1 2.80 0.15 0.05 1.6 

K2 2.75 0.15 0.10 3.3 

K3 2.70 0.15 0.15 5.0 

K4 2.65 0.15 0.20 6.6 

K5 2.60 0.15 0.25 8.3 

2.3.2. Preparation of β-TCP/SiO2/Curcumin 
Composites 

The composite was prepared using powdered 
components consisting of a mixture of β-TCP, SiO2, and 
curcumin, according to the composition shown in Table 1. 
A 2.5% Na2HPO4 solution was used as the liquid 
component. The powdered components were first 
homogenised using a spatula, and then mixed with the 
Na2HPO4 solution. The mixture was stirred with a spatula 
until a homogeneous paste formed. The volume of the 
2.5% Na2HPO4 solution required was recorded in order to 
determine the liquid-to-powder ratio. The paste was then 
placed in moulds measuring 0.5 cm in height and 1.5 cm 
in diameter, after which it was left to dry at room 
temperature. 

2.3.3. Curcumin Release Test 

The samples were immersed in 100 mL of Ringer’s 
lactate solution for five days. The release profile of 
curcumin from the composite was then tested using a 
UV- Vis spectrophotometer. 

2.3.4. Characterization of β-TCP and β-
TCP/SiO2/Curcumin Composites 

The success of the synthesis was assessed by 
identifying the diffraction peaks formed using XRD 
instruments to characterise the β-TCP. The 
β- TCP/SiO2/curcumin composite, which had been 
immersed in Ringer’s lactate solution, was characterised 
using FTIR, XRD, and FE-SEM/EDX instruments. These 
instruments were used to determine the structural and 
morphological changes that occurred in the composite 
after a 5-day immersion process. 

3. Results and Discussion 

The synthesis of β-TCP yielded a white powder with 
an average weight of 5.759 g. Figure 1 shows the XRD 
pattern of β-TCP, scanned over 2θ = 5–60°. The 
refinement results indicate the presence of β-TCP, 
represented by the blue line, and hydroxyapatite 
(Ca10(PO4)6(OH)2), represented by the green line. High-
intensity diffraction peaks appear at 2θ = 31.231°, 34.459°, 
and 27.936°. These correspond to the XRD patterns of the 
(0 2 10), (2 2 0), and (2 1 4) planes of β-TCP, respectively 
[13]. These peaks correspond to JCPDS data no. 09-0169 
for β-TCP. The synthesised β-TCP consists of 97.8% 
β- TCP and 2.2% hydroxyapatite (HA). Given this 
composition, the product can be said 97.8% pure β-TCP. 
It has a crystallinity of 96% and an average crystal size of 
58 nm. 
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Figure 1. XRD diffractogram of synthesised β-TCP, 
including refinement result 

 

Figure 2. CPC preparation: powder components (a), paste 
(b), and CPC molding (c) 

The synthesised β-TCP was then used as the main 
ingredient in preparing CPC. This was achieved by 
combining powdered components, consisting of β-TCP, 
curcumin, and SiO2, with a liquid component in the form 
of a 2.5% Na2HPO4 solution (Figure 2a). The powder and 
liquid components were mixed and stirred with a spatula. 
The required volume of liquid component varies: 2.5 mL 
of a 2.5% Na2HPO4 solution was required for samples K1 
and K2, 2.7 mL for sample K3, 2.9 mL for sample K4, and 
2.8 mL for sample K5. It can be said that the required 
volume of the liquid component tends to increase as the 
amount of SiO2 used increases. The mixing process 
continued until a homogeneous paste was formed (Figure 
2b). This paste was then moulded into a mould with 
dimensions of 0.5 cm in height and 1.5 cm in diameter and 
was then left to dry at room temperature (Figure 2c). 
Figure 3 shows the appearance of the samples after 
drying, with a CPC weight ranging from 0.9 to 1 g. 

The dried CPC was then immersed in 100 mL of 
Ringer’s lactate solution for five days. Because its 
composition and pH resemble human body fluids, 
Ringer’s lactate is a relevant medium for evaluating CPC 
behavior [14]. Composites of β-TCP/SiO2/curcumin with 
varying SiO2 content (1.6–8.3%) were immersed in 100 
mL of Ringer’s lactate solution for five days. Visual 
observation showed CPC formation after immersion, and 
higher SiO2 content reduced sample disintegration 
(Figure 4a). The Ringer’s lactate solution turned from 
clear to yellowish, indicating curcumin release (Figure 
4b). A similar behavior has been reported for 
hydroxyapatite/SiO2/curcumin composites in Ringer’s 
lactate solution [15]. 

Curcumin release begins with water diffusion from 
Ringer’s lactate into the CPC, weakening interactions 
between β-TCP and curcumin mediated by silanol (Si–

OH) groups in SiO2. Continued water diffusion then causes 
the CPC to disintegrate. It was found that the 
disintegration decreased as the SiO2 content increased. 
This is evident from the UV-Vis absorbance values 
measured in the Ringer’s lactate solution after soaking. 
As the SiO2 concentration increased, the absorbance at 
200–600 nm tended to decrease (Figure 5). Curcumin’s 
resistance to leaching from CPC is attributed to its 
bonding with silanol groups. All samples exhibited a peak 
at 212 nm. This differs from the absorption value of pure 
curcumin at pH 7.4, which is 420 nm [16]. The observed 
peaks result from the interaction between curcumin, 
β- TCP and SiO2, as well as the Ringer’s lactate solution. 
Additionally, an n → π* electronic transition from the 
diketone group in curcumin can produce a peak at a 
wavelength of around 200 nm [17]. 

 

Figure 3. The appearance of dried CPC for samples K1 (a), 
K2 (b), K3 (c), K4 (d), and K5 (e) 

 

Figure 4. CPC after immersion in Ringer’s lactate 
solution (a) and the remaining Ringer’s lactate solution 

after immersion (b) 

 

Figure 5. UV-Vis spectra of the Ringer’s lactate solution 
remaining after soaking 
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Figure 6. FTIR spectra of CPC after immersion in 
Ringer’s lactate solution 

 

Figure 7. Deconvolution of the PO4
3− peak 

CPC samples that had been soaked in a Ringer’s 
lactate solution were characterised using an FTIR 
instrument (Figure 6). This was done to determine the 
structural changes that occurred after soaking. The 
spectra of all samples exhibited a consistent pattern, 
revealing the presence of β-TCP, SiO2, and curcumin. The 
stretching and bending vibrations of the PO4

3− group 
appeared at wavenumbers of 604, 554, and 1038 cm−1 [11]. 
The presence of curcumin can be demonstrated by the 
O– H stretching vibration at a wavenumber of 3449 cm−1 
[15]; C–C stretching vibrations at 1626 cm−1; C–O 
stretching vibrations at 1279 cm−1 [16]; and C=O 
vibrations at a wavenumber of 1510 cm−1 [18]. The Si-O-Si 
vibration overlaps with the PO₄³⁻ peak. This causes the 
PO4

3− peak to broaden. Figure 7 shows the deconvoluted 
PO4

3− peak, in which the PO4
3− stretching vibration 

appears at a wavenumber of 1056 cm−1 and the Si-O-Si 
vibration at 1121 cm−1. The shift in the wavenumbers of the 
Si-O-Si and PO4

3− vibrations from 1103 and 1042 cm−1 to 
1121 and 1056 cm−1, respectively, occurs due to 
interactions between silica, β-TCP, and curcumin [15]. 

An XRD analysis was performed on sample K1 after it 
had been immersed in a Ringer’s lactate solution, in order 
to determine any changes in diffraction patterns, 
crystallinity, and crystal size (Figure 8). Several peaks 
characteristic of curcumin appeared at 2θ = 10–25° [19]. 
The characteristic peaks of β-TCP can clearly be seen in 

the diffractogram at 2θ = 27.820°, 31.111°, and 34.373°. The 
2θ values of β-TCP in sample K1 shifted slightly towards 
smaller values after soaking. Sample K1’s crystallinity 
decreased to 26%, compared to 96% for β-TCP. The 
average crystal size of sample K1 was 39 nm, which is 
smaller than the 58 nm average for β-TCP. The decrease 
in crystallinity and crystal size was caused by water 
diffusing from the Ringer’s lactate solution into the CPC. 

FE-SEM/EDX analysis was performed on sample K1 
to determine its morphology and the distribution of its 
constituent elements following a 5-day immersion in 
Ringer’s lactate solution. Figure 9 shows FE-SEM images 
of sample K1 at magnifications of 5,000, 10,000, 25,000, 
and 50,000 times. At 5,000× magnification, clumps with 
surfaces made up of small particles become visible. 
Increasing the magnification to 10,000× reveals an 
uneven surface and the presence of voids. At 25,000× 
magnification, three particle sizes are visible: large, 
medium, and small. At 50,000× magnification, the shape 
and size of the particles can be confirmed: irregularly 
shaped particles smaller than 100 nm agglomerate to 
form larger particles. This agglomeration creates 
interparticle spaces, resulting in voids. CPC with these 
characteristics is highly desirable because the voids allow 
bone cells to proliferate and enable bone remodelling [20, 
21, 22]. 

 

Figure 8. XRD diffractogram of sample K1 

 

Figure 9. FE-SEM images of sample K1 at magnifications 
of 5,000× (a), 10,000× (b), 25,000× (c), and 50,000× (d) 
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Figure 10. Elemental mapping of sample K1; mapping 
area (a), Ca (b), P (c), (O) (d), C (e), and combination of 

elements (f) 

Table 2. Element composition of the surface of sample K1 

Element % 

O 51.52 ± 0.64 

Ca 24.65 ± 0.38 

P 15.76 ± 0.23 

C 8.08 ± 0.19 

Ca/P 1.56 

Figure 10a shows the elemental mapping of the 
surface of the K1 sample. Mapping was performed for the 
elements calcium (Ca), phosphorus (P), oxygen (O), and 
carbon (C) (Figures 10b–10e). The results showed that the 
surface of sample K1 is dominated by Ca, P, and O, which 
indicates the presence of β-TCP. The presence of 
curcumin is represented by the elements C and O, which 
are located separately. This suggests that the composite is 
not homogeneous, possibly because the non-polar nature 
of curcumin leads it to interact indirectly with the calcium 
phosphate surface via the silanol groups on SiO2. The 
results of the combined element mapping are shown in 
Figure 10f. The Ca- and P-rich surface of CPC ensures that 
the superior properties of β-TCP are maintained while it 
remains in the physiological environment. 

Table 2 shows the percentage of elements on the 
surface of sample K1. The element O dominates the 
surface because oxygen is present in β-TCP, SiO2, and 
curcumin. By ignoring the existence of silicon (Si), the 
number of oxygen atoms = 51.52 %, Ca = 24.65 %, P = 
15.76 %, and C = 8.08 %. This composition yields a Ca/P 
molar ratio of 1.56, close to the β-TCP value of 1.5. It can 
be concluded that immersing the CPC in Ringer’s lactate 
solution for five days did not result in the transformation 
of β-TCP into hydroxyapatite. 

4. Conclusion 

The sol-gel synthesis method produced β-TCP with 
a purity of 97.8%. CPC was formed through the 
interaction between β-TCP and curcumin, mediated by 
the silanol (OH) group. As the SiO2 content increased, the 
amount of curcumin released into the Ringer’s lactate 
solution decreased. After five days of immersion, β-TCP 
did not transform into hydroxyapatite but exhibited a 
decrease in crystallinity from 96.175% to 25.524% and a 
reduction in crystallite size from 58.335 nm to 39.474 nm 

as a result of water diffusion into the composite. These 
findings suggest that the β-TCP/SiO2/curcumin 
composite has the potential to sustain the presence of 
curcumin under physiological conditions. Further studies 
are required to evaluate the antioxidant activity and 
stability of released curcumin following immersion in 
Ringer’s lactate solution. 
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