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A B S T R A C T   

Osteosarcoma is the most common type of bone cancer. Despite therapeutic progress, survival rates for meta
static cases or that do not respond well to chemotherapy remain in the 30% range. In this sense, the use of 
nanotechnology to develop targeted and more effective therapies is a promising tool in the fight against cancer. 
Nanostructured hydroxyapatite, due to its biocompatibility and the wide possibility of functionalization, is an 
interesting material to design nanoplatforms for targeted drug delivery. These platforms have the potential to 
enable the use of natural substances in the fight against cancer, such as curcumin. Curcumin is a polyphenol with 
promising properties in treating various types of cancer, including osteosarcoma. In this work, hydroxyapatite (n- 
HA) nanorods synthesized by the hydrothermal method were investigated as a carrier for curcumin. For this, 
first-principle calculations based on the Density Functional Theory (DFT) were performed, in which the modi
fication of curcumin (CM) with the coupling agent (3-aminopropyl) triethoxysilane (APTES) was theoretically 
evaluated. Curcumin was incorporated in n-HA and the drug loading stability was evaluated by leaching test. 
Samples were characterized by a multi-techniques approach, including Fourier transform infrared spectroscopy 
(FTIR), UV–visible spectroscopy (UV–Vis), X-ray diffraction (XRD), X-ray fluorescence spectrometry (FRX), 
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), zeta potential analysis (ζ), X-ray 
photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM). The results show that n-HAs 
with a 90 nm average size were obtained and successful incorporation of curcumin in the nanostructure was 
achieved. Cell viability and the number of osteosarcoma cells were decreased by CMAP-HA treatment. 
Furthermore, the stability test suggests that hydroxyapatite nanoparticles present great potential for the trans
portation of curcumin in the bloodstream, crediting this system for biological performance evaluations aiming at 
the treatment of osteosarcomas. Keywords: nanostructures, curcumin, hydroxyapatite, osteosarcoma.   

1. introduction 

Osteosarcoma is the most common type of primary bone neoplasm 
that mainly affects metaphyseal regions of long bones in which malig
nant cells produce immature bone tissue. Although it can occur at any 

age, the incidence of this cancer is more frequent in children and ado
lescents [1–3]. Osteosarcoma is considered a rare type of cancer; its 
global incidence is 1–3 cases per million people annually on average 
[4–8]. The high mortality rate is associated with easily spreading of 
metastatic cells to distant sites [9]. Most osteosarcomas are highly 
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aggressive, about 20% of patients already have some type of detectable 
metastasis on imaging diagnosis, while approximately 90% of patients 
already have some metastatic lesion, mainly in the lungs, which are not 
yet detectable at the time of diagnosis [10]. 

Currently, the standard treatment used in osteosarcoma is based on 
the combination of surgery and systemic, neoadjuvant, and adjuvant 
multimodal chemotherapy [1–3]. Usually, treatments with chemo
therapy apply high doses of two or more drugs together, which generates 
several side effects and can cause damage to healthy tissues and other 
organs [11]. The surgical process aims at the total resection of the 
tumor, including a part of the surrounding healthy tissue. However, it is 
not always possible to perform limb-sparing surgery and in some cases, 
amputation may be the best option to prevent recurrence [1–3]. 
Radiotherapy is not a widely used strategy in the treatment of osteo
sarcoma, due to its low sensitivity to ionizing radiation [12]. It may be 
recommended in cases where complete surgical removal of the primary 
tumor is not possible or when it is not possible to obtain clean margins in 
surgery [5,11]. Before the mid-1970s, amputation was the treatment 
performed in most cases of osteosarcoma, and the 5-year relative sur
vival rate after diagnosis of the disease was approximately 20% [6,8]. 
With the introduction of neoadjuvant chemotherapy, there was an in
crease in the survival rate to about 70% in cases of localized osteosar
coma. However, for recurrent metastatic and chemoresistant cases, the 
survival rate remains in the range of 20% [13,14]. Despite the advances 
achieved with neoadjuvant chemotherapy and the various attempts with 
different chemotherapy regimens in recent decades, there has not been a 
significant improvement in the survival rate for those osteosarcoma 
cases that did not respond well to treatments [6,12,15]. Due to such 
difficulties, there is a real need for new treatment options that are more 
effective, capable of inhibiting the progression of the disease and the 
appearance of metastases, minimizing side effects, and improving the 
quality of life of patients. 

Over the years, several natural products have been used in the 
treatment of diseases or the development of new drugs [16]. Curcumin 
(CM), the main bioactive component of Turmeric Longa L, also known as 
turmeric, has been used for over 2000 years in the treatment of diseases 
[17,18]. Research and clinical trials carried out in recent decades have 
confirmed its anti-inflammatory, antioxidant, and anti-carcinogenic 
properties, as well as its potential therapeutic effect in the treatment 
of various types of cancer, including osteosarcoma [19]. 

The unique properties of CM enhance its ability to act on various 
signaling pathways, in addition to its ability to effectively eliminate 
reactive oxygen and nitrogen species and inhibit lipid peroxidation [20]. 
Studies regarding the biomedical mechanism of curcumin indicate that 
it exhibits an effect on the pathogenesis of osteosarcoma through 
different pathways. At the molecular level, curcumin not only inhibits 
cell proliferation and metastasis, but also induces apoptosis through the 
modulation of various pro-inflammatory factors, including for example 
growth factor receptors, inflammatory cytokines, transcription factors, 
enzymes, kinases, and adhesion molecules, among others [21]. CM has 
the ability to directly inhibit a wide group of proteins responsible for cell 
growth, proliferation, cell cycle control, migration, and inhibition of 
apoptosis [22]. In addition, it modulates many signaling pathways that 
are dependent on tyrosine kinases. This pleiotropic characteristic of CM 
is in line with current trends in oncology pharmacology, offering a lower 
risk of resistance, which is often observed in the use of standard tyrosine 
kinase inhibitors [22]. An in vivo study examined the cytotoxic effect of 
curcumin on seven osteosarcoma cell lines with varying degrees of 
metastatic potential. Curcumin inhibited the growth of all osteosarcoma 
cell lines in addition to inhibiting their migration [23]. Wang et al. [24] 
demonstrated that free curcumin and its encapsulated form in a mixed 
system of biopolymers were able to inhibit the proliferation, migration, 
and invasion of osteosarcoma cells. Furthermore, suggest that curcumin 
has the potential to be a new chemotherapeutic agent in the treatment of 
osteosarcoma. 

Despite the various advantages, the low bioavailability, low 

solubility, malabsorption by the organism, and instability in the physi
ological environment, represent a challenge in the use of natural prod
ucts as medicines. Thanks to advances in nanotechnology, improved 
nanostructures offer the unique possibility of transport, protection, and 
delivery of potential therapeutic molecules to specific targets [25]. 
Furthermore, researchers have directed efforts to design nanostructures 
composed of one or more components to synthesize a single nanosystem 
that offers enhanced multifunctional properties capable of aiding tumor 
treatment and supporting bone formation [26,27]. These systems can be 
used as nanocarriers allowing the delivery and controlled release of 
drugs to specific tumor sites, in addition to being able to assist in bone 
regeneration. This strategy minimizes damage to healthy cells, reduces 
side effects, and improves therapeutic efficacy [28–30]. There are 
currently a wide number of potential multifunctional nanomaterials 
being applied in biomedical research to provide more specific and 
effective treatment approaches. Among them, hydroxyapatite (HA), 
which is a calcium phosphate with a chemical composition similar to the 
chemical composition of the mineral phase of bone tissue, has been 
widely explored in biological research thanks to its biocompatibility and 
osteoconductivity [31]. 

HA has wide use in biomedical materials, such as in the production of 
scaffolds for tissue engineering [32,33], in the coating of metallic im
plants [34,35], in drug delivery and controlled release systems [36–38] 
and in cancer therapy and diagnosis [39–41]. Izadi and colleagues [42] 
developed a magneto-responsive nanocomposite for chemotherapy de
livery. Magnetic particles were integrated into the mesoporous rod-like 
structures of HA, functionalized with folic acid, which were used for the 
transport of doxorubicin. The nanocomposite showed aqueous stability 
and high antitumor efficacy with a magnetically driven release. Ghosh 
et al. [43] successfully synthesized a nanocomposite of n-HA and poly
vinyl alcohol (PVA) polymer for doxorubicin delivery and release. The 
nanocarrier showed cytotoxicity for MG 63 cells, demonstrating to be a 
potential anticancer agent in the treatment of osteosarcoma. In an in 
vitro study, Wang et al. [44] demonstrated that the HA nanorods pro
duced were able to reduce cell viability and inhibit the migration and 
invasion of OS-732 osteosarcoma cells in healthy tissues. Furthermore, 
they also demonstrated the efficiency of HA nanorods in suppressing 
tumor growth in vivo through the downregulation of FAK/PI3K/AKT 
signaling. HA structures present high stability and flexibility, allowing 
some transition metal or lanthanide cations to be added as dopants in the 
apatite crystal lattice [40]. The doping of nano-sized HA with gadolin
ium as well as the combination with natural anticancer pharmaceutics, 
are research areas deserving further exploration aiming the use as a 
theranostic system to promote the diagnosis and treatment of cancer 
simultaneously [39,45,46]. On the other hand, much attention has been 
also focused on the synergistic effect of chemotherapeutic drug combi
nations with natural products such as curcumin hold great promise for 
enhancing their anticancer efficacy [47–49]. These data will constitute a 
hallmark and consolidate the next steps of development of those devices, 
which will include their use as nanotheranostic systems and in vivo 
applications. 

Despite there are currently a considerable number of scientific works 
describing the study of curcumin loaded hydroxyapatite nanosystems 
for the treatment of some diseases, the literature still lacks information 
on curcumin chemical modifications for improving its biological 
behavior and chemical interaction with hydroxyapatite nanocarrier, 
aiming desirable features for the treatment of osteosarcoma. 

Based on the above, the present work aims to obtain and characterize 
a nanostructured system consisting of hydroxyapatite nanorods with the 
potential for the transport of APTS-modified curcumin for the treatment 
of osteosarcoma. Different techniques were used to characterize the 
nanoparticles at each step of functionalization, and, together, they 
corroborate to identify the schematic chemical structures. Few pub
lished works describe the curcumin functionalization process by 
inserting amine groups in the CM structure so that it could interact with 
nb-HA. The use of APTES in the synthesis of organic-inorganic hybrid 
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materials acts as a coupling agent for several inorganic substrates. 
Furthermore, rare of them address the investigation of the structural and 
energetic properties of the reactions between these molecules using first- 
principle calculations based on density functional theory (DFT) together 
with XPS to explore the chemical interactions between CM-APTES and 
the HA surface. The proposed route of synthesis allows the production of 
a low-cost and easy-to-obtain nanostructure with good therapeutic po
tential and the possibility to stimulate bone-guided regeneration in the 
treated regions, offering multiple benefits. 

2. Materials and methods 

2.1. Materials 

Hexadecyltrimethylammonium bromide (CTAB - C14H42N.Br) 
(Sigma-Aldrich), calcium nitrate, Ca(NO3)2.4H2O, (Sigma-Aldrich), 
dipotassium monohydrogen phosphate, K2HPO4.3H2O, (Sigma- 
Aldrich), sodium hydroxide ammonium (NH3OH), curcumin (Sigma- 
Aldrich), 3-amino-propyltriethoxysilane - APTES (Sigma-Aldrich), ace
tic acid P.A. (Neon). 

2.2. Synthesis of hydroxyapatite nanorods 

The hydroxyapatite nanorods were prepared by the surfactant- 
assisted hydrothermal method [45]. The present method consisted of 
the preparation of two precursor solutions: (I) calcium and (II) phos
phate. The solution I was produced from the complete dissolution of 
CTAB in deionized water, to promote the direction of the network 
through the formation of micelles. Subsequently, the calcium nitrate was 
solubilized, to obtain a solution with a final concentration of calcium of 
0.167 M. The solution was kept under stirring at room temperature. 
Solution II was obtained by the complete solubilization of dipotassium 
monohydrogen phosphate, with a final phosphorus concentration of 0.1 
M. The pH of both solutions was corrected to 10 with the addition of 
ammonium hydroxide, and the solution I was added dropwise. The drop 
to solution II. At the end of the dripping, the suspension was stirred at 
room temperature for 14 h. The suspension obtained was then trans
ferred to the hydrothermal reactor and led to the hydrothermal treat
ment at a temperature of 100 ◦C for 10 h. After the hydrothermal 
treatment, the suspension was centrifuged, filtered, and washed with 
deionized water and ethanol. The filtered material remained in an oven 
at 60 ◦C for 24 h for drying, and then it was calcined for 6 h at 600 ◦C. 
The material obtained was identified as n-HA. 

2.3. Modification of curcumin with APTES 

The modification of CM with APTES was developed based on the 
work of Hamed et al. [50] with minor changes. The modification of CM 
with APTES was carried out from the complete solubilization of 1 mM of 
CM in 98% acetic acid with the subsequent addition of 4 mM of APTES. 
The mixture was stirred for 24 h at 75 ◦C in an inert atmosphere under a 
reflux system. After the end of the reaction, the mixture was dried in an 
oven at 60 ◦C for 24 h. The material was then suspended in deionized 
water and lyophilized to obtain the powder sample. The sample ob
tained in this process was identified as CMAP. 

2.4. Obtaining the nanostructures of n-HA and CMAP 

The incorporation of CMAP into n-HA was carried out directly by 
mixing CMAP and n-HA, with a mass ratio of 1:1 in 50 ml of deionized 
water. The mixture was kept under vigorous stirring for 24 h at 50 ◦C. 
The resulting orange powder was collected under vacuum filtration and 
washed with deionized water and excess ethanol to remove unreacted 
CMAP. Subsequently, the material was dried in an oven at 60 ◦C for 24 h. 
The obtained nanostructure was identified as CMAP-HA. 

2.5. DFT simulations 

First-principle calculations based on Density Functional Theory 
(DFT) [51,52] and TD-DFT [53] were performed on Amsterdam 
Modelling Suite (AMS) package [54]. The absorption calculations were 
performed using the hybrid B3LYP [55] exchange-correlation (xc) 
functional including 20% of Hartree-Fock (HF) exchange and the TZP 
basis set considering 50 excited states. The UV–Vis spectra were con
voluted with Gaussian functions having 60 nm of half-width at 
half-maximum (HWHM). Ethanol implicit solvation effects were carried 
out using the COSMO (Conductor-like Screening model) [56–59] 
considering the Allinger atomic radii [60]. The vibrational normal 
modes and frequencies were calculated using B3LYP/TZP in the gas 
phase to confirm an energy minimum and to analyse the Gibbs free 
energy of the proposed reactions. The variation of the Gibbs free energy 
(ΔG) of possible reactions leading to curcumin/APTES complexes is the 
difference between the calculated Gibbs energy of products (ΔGproducts) 
and reactants (ΔGreactants), that is, ΔG = ΔGproducts-ΔGreactants. All cal
culations were employed using Becke 3 (good) [61] for geometry opti
mization and UV–Vis spectra with an SCF convergence criterion of 10− 6, 
without symmetry constraints. 

2.6. Characterizations 

DFT calculations were used to investigate the energetic properties of 
the reactions between curcumin and APTES. The structural configura
tion of all molecules used in this study is described in the DFT investi
gation Results section. The crystalline phases of the sample were 
evaluated by X-ray diffraction (XRD - Rigaku Inc., Japan) with Cu Kα 
radiation (λ = 0.154 nm) in which data were collected from 10◦ to 80◦

(2θ) with a size of 0.4◦/min step to perform Rietveld refinement using 
FullProf Suite adopting the Crystallography Information File number 
16742 from ICSD (Inorganic Crystal Structure Database). The mor
phologies of the synthesized materials were evaluated by the images 
obtained by transmission electron microscopy using the Tecnai G2-12 – 
Spirit Biotwin FEI - 120 kV equipment from the Microscopy Center of the 
Federal University of Minas Gerais (UFMG). The samples were dispersed 
in ethanol and sonicated for 10 min in an ultrasound bath. After 
decanting for 10 min, a drop of the suspension was deposited on a 200 
mesh carbon-coated copper support grid. Fourier Transform Infrared 
Spectroscopy (FTIR) was performed to investigate the functional groups 
characteristic of the synthesized samples. Infrared spectra in the wave
length range of 4000 - 400 cm− 1 were obtained by the Nicolet 6700 
spectrophotometer (Thermo Scientific, USA), with a resolution of 4 
cm− 1 to 64 scans.min− 1, with samples prepared in pellets of potassium 
bromide (KBr). Thermogravimetric analysis (TGA) was performed on a 
DTG-60H analyzer (Shimadzu, Japan) at 25–800 ◦C with a heating rate 
of 10 ◦C min− 1. Measurements were performed in a nitrogen atmosphere 
with a flow rate of 100 ml min− 1. Differential Scanning Calorimetry 
(DSC) was used to assess the interaction of MC with APTES. The analysis 
was performed on the DSC 60 equipment (Shimadzu, Japan). The test 
was carried out in hermetically sealed aluminium sample holders, with a 
heating rate of 10 ◦C.min− 1 in the temperature range of 25 ◦C to 450 ◦C, 
with an N2 flow of 100 ml min− 1. The UV–Visible Spectroscopy (UV-VIS) 
technique was used to identify curcumin in the CMAP-HA sample. For 
the test, the samples were dispersed in 70% ethanol solution (v/v) with 
the aid of an ultrasound bath for 10 min. The assay was performed on the 
UV-2550 spectrophotometer (Shimadzu, Japan). Zeta potential analysis 
was performed using the Nanozetasizer Zs equipment (Malvern In
struments, United Kingdom). The measurements were carried out at a 
temperature of 25 ◦C. For analysis, samples were dispersed in Milli-Q® 
water at a concentration of 0.05 mg ml− 1 in a tip ultrasound with an 
energy of 10 kJ. The investigation of the surface chemical composition 
of the samples was performed by X-ray Photoelectron Spectroscopy 
(XPS). Measurements were conducted using monochromatic Al Kα X-ray 
(E = 1486.6 eV) radiation and a Phoibos 150 electron energy analyzer 
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(Specs GmbH) in ultra-high vacuum equipment. To prevent eventual 
charge effects, the binding energy scales were corrected, taking the C 1s 
peak (at 284.6 eV) as a reference. The analyses were carried out with the 
samples deposited on conductive tape on a stainless-steel sample holder. 

2.7. Cells and cell culture 

U2OS cells from the primary malignant bone tumor and primary 
human fibroblasts (HDFa) were obtained from (ATCC, Manassas, VA, 
and Life Technologies, Inc.). The cells were cultured at 37 ◦C in 5% CO2 
in Dulbecco’s modified Eagle’s medium; DMEM (Life Technologies, Inc.) 
containing 10% fetal bovine serum, 1 mm sodium pyruvate, 100 units. 
ml− 1 penicillin, and 100 μg ml− 1 streptomycin (Life Technologies, Inc.). 

2.8. Cell viability and cell proliferation assays 

Cell viability was measured using MTT (3- (4,5-dimethylthiazol-2- 
yl)-2,5-diphenyl tetrazolium bromide) and cell proliferation assay 
investigated the n-HA and curcumin nanorods biocompatibility [62,63]. 
For the MTT assay, U2OS and HDFa cells were seeded (2.0 × 104 
cells/well) on 96 well plates. After 24 h incubation (37 ◦C, 95% hu
midity, and 5% CO2), cells were treated with the materials in four 
concentrations (5, 10, 50, and 100 μg ml− 1). Experiments were per
formed in triplicate, including 3 blank and 3 non-treated control wells. 
After another 24 h incubation, the medium was removed and washed 
with phosphate-buffered saline (PBS). Next, 10 μl of MTT solution (5 mg 
ml− 1) and 90 μl of DMEM were added per well. The plates were incu
bated for 3 h until the formazan crystallization and the formazan salts 
were dissolved with sodium dodecyl sulfate-10% HCl solution. The 

Fig. 1. Micrograph of a) n-HA, b) CMAP-HA samples, and c) Distribution of the size range of hydroxyapatite nanorods.  

Fig. 2. a) Diffractogram of the n-HA sample; b) Rietveld refinement of the synthesized n-HA sample compared to the hydroxyapatite standard; c) Schematic of the 
synthesized nb-HA unit cell obtained from the Rietveld refinement; d) Diffractogram of CM, CMAP, n-HA, and CMAP-HA samples; e) photo showing the difference in 
dispersibility of CM and CMAP samples in water. 
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absorbance was measured at 570 nm using a Multiskan GO microplate 
reader (Thermo Scientific, USA). The absorbance from blank wells was 
subtracted from each measurement and the cell viability was calculated 
as a function of the control group absorbance. 

For cell counting, U2OS and HDFa cells were seeded (1.0 × 105 
cells/well) on 24 well plates. After 24 h of incubation, cells were treated 
with materials in the following concentrations 10, 50, and 100 μg ml− 1. 
Next cells were incubated for 20 min with Calcein red-orange AM (2.5 
μM/well) and 1.0 μM/well of Hoechst 33342 (Thermo Scientific, USA). 
The images were taken at random representative areas of each well 
using an inverted fluorescence microscope EVOS-FL (Thermo Scientific, 
USA); 10 images per group. Experiments were performed in triplicate 
with 3 positive controls. The viable cell counting to access cell prolif
eration was performed using the ImageJ software (https://imagej.nih. 
gov/ij/). 

2.9. Statistical analysis 

Results are presented as mean ± SEM. Data were analyzed using 
GraphPad Prism 9 and Microsoft Excel. Differences between experi
mental groups were assessed for significance using a One-way anova 
analysis of variance. Statistical significance was defined as p < 0.05. 

3. Results and discussions 

3.1. Transmission electron microscopy - TEM 

The morphological characterization of the nanoparticles was per
formed by the TEM technique and the images obtained are shown in 
Fig. 1 (a) for n-HA and (b) for CMAP-HA. 

It could be observed that both samples have the shape of nanorods of 
non-uniform sizes. In the image (b), referring to the CMAP-HA sample, it 
was not possible to observe any significant changes that could be asso
ciated with the presence of CMAP. 

The size distribution (Fig. 1c) of particulate hydroxyapatite nanorods 
ranged from 30 to 140 nm with an average value of 90.2 nm, and a size 
concentration centered around 70–80 nm, very close to the average 
presented. All measurements were performed using the Quantikov 
Analyzer software [64]. 

3.2. X-ray diffraction (XRD) 

The crystalline phases present on hydroxyapatite nanoparticles (n- 
HA) were investigated through an x-ray diffraction technique (Fig. 2a). 
The diffractogram of the synthesized sample was compared with the file 

9–432 of the PDF (Powder Diffraction File) database of the International 
Center for Diffraction Data (ICDD), revealing only the crystalline phase 
of hydroxyapatite with a hexagonal arrangement and space group P63/ 
m, with no other crystalline or amorphous phases identified within the 
limit of detection of the technique. The characteristic peaks at Bragg 
angles of approximately 32◦, 33◦, and 34◦ (2θ) can be attributed to the 
reflections of the planes (211), (300), and (202) respectively, according 
to the literature [46]. 

The lattice parameters of the hydroxyapatite structure were inves
tigated by performing the Rietveld refinement method, and the results 
are presented in Table 1 and Fig. 2b which show good agreement with 
the reference values (ICSD16742). The discrete increments in parameter 
C and in the unit cell volume, as well as the short contractions in the unit 
cell a and b dimensions, can be a result of a carbonate substitution at 
phosphate sites. According to Madupalli et al. [65], these observations 
are characteristic changes of type B carbonated hydroxyapatite. The n- 
HA had a Ca/P ratio of 1.62, confirmed by X-ray fluorescence spec
troscopy (Table S1, Supporting Information), which is close to the value 
of stoichiometric hydroxyapatite, which is 1.67 [66]. This difference can 
be explained by calcium deficiency, possibly caused by the replacement 
of phosphate ions with carbonate ions [67]. These findings will be 
further discussed in the FTIR section. Fig. 2c shows the synthesized n-HA 
unit cell, obtained from the Rietveld refinement. 

According to Fig. 2d, CM exhibited characteristic XRD peaks at 
12.28◦, 14.6◦, 17.36◦, 18.22◦, 21.28◦, 23.42◦, 25.68◦ and 29.06◦ Bragg 
angles revealing the crystalline profile of this molecule in agreement 
with the literature [55], while the CMAP diffractogram exhibited a 
diffuse halo approximately from 18◦ to 30◦ 2θ range that is character
istic of short-range periodicity or amorphous phases such as silicates 
[68]. This change may indicate the presence of APTES that generally 
forms amorphous structures. However, as the presence of CM peaks still 
exists, this suggests that only a small portion of APTES interacted with 
CM but still may be responsible for the improvement in the CM water 
dispersibility as shown in the photographs inserted in Fig. 2e. These 
photographs show the differences in dispersion in water of the CM and 
CMAP samples, both with the same concentration. Comparing the dif
fractogram of the CMAP-HA sample with those of the CMAP and n-HA 
samples, it is possible to observe the presence of the characteristic peaks 
of hydroxyapatite and discreet signs of the CMAP peaks. This low in
tensity of CMPA peaks may be related to the small amount of CMAP 
present in the CMAP-HA sample, which is mainly constituted by n-HA. 

3.3. Zeta potential - ζ 

Zeta potential plays an essential role in understanding the state of 
particle surface properties. It not only determines the stability of the 
particles used in studying surface charges anchored in nanoparticles but 
also defines the possible interaction of nanoparticles with different types 
of plasma membranes [69]. Table 2 presents the values of the zeta po
tential measurements of the n-HA, CMAP, and CMAP-HA samples. 

The negative surface charge of the n-HA sample is attributed to the 
presence of OH− groups, which ionize to O− 2 and H+ in aqueous 
dispersion at neutral pH. On the other hand, the results showed that 
CMAP presented a high positive charge zeta potential thanks to the 
presence of the NH3

+ group, due to the protonation of the amine group 
present in APTES. This positive charge suggests more excellent stability, 
since suspensions with zeta potential values greater than +30.0 mV and 
less than − 30 mV are considered stable [70]. The CMAP-HA sample 
showed a reduction in the zeta potential value when compared to the 
CMAP. This result can be attributed to the presence of n-HA, which 
contributes a negative charge due to the presence of the ionizable hy
droxy (OH− ) group. 

The changes in the zeta potential values of the samples are a strong 
indication of a successful surface modification, indicating that the pro
posed reactions with CM and APTES took place and that the final 
molecule was successfully incorporated into the HA nanoparticles. 

Table 1 
Crystallographic structural parameters a, b, c, and unit cell volume (V) of the n- 
HA synthesized sample.  

Sample V (Å3) ±
SD 

a (Å) ± SD b (Å) ± SD c (Å) ± SD 

Standard 
(ICSD 
16742) 

530.1390 9.43200 9.43200 6.88100 

n-HA 530.5433 
(±0.049) 

9.42950 
(±0.48.10− 3) 

9,42950 
(±0.48.10− 3) 

6.88990 
(±0.39.10− 3)  

Table 2 
Zeta potential measurements of n-HA, CMAP, and CMAP-HA 
samples.  

Samples Zeta Potential (mv) ±SD 

n-HA − 18.47 ± 2.38 
CMAP +38.48 ± 1.91 
CMAP-HA +15.3 ± 0.77  
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Several articles report that positively charged nanoparticles are more 
easily uptake by the cells than the other nanoparticles due to the 
attractive interaction between positively charged nanoparticles and the 
negative cell membranes [71–73]. However, some authors consider this 
interaction privileged, due to the favorable electrostatic interaction, a 
reductionist theory for not taking into account other characteristics of 
the nanoparticle in a biological medium, in particular the corona protein 
[74,75]. The formation of the corona protein occurs when the nano
particle is introduced into a biological medium, where it is quickly 
covered by proteins that adsorb on its surface. This so-called protein 
crown changes the original physicochemical characteristics of the 
nanoparticle and generates a new interface that defines the “biological 
identity” of the nanoparticle [74,75]. In addition, studies reveal that 
nanoparticles with a negative surface charge show greater cellular 
internalization in cancer cells [76]. In another work, Naqshbandi and 
Rahman [77] reported that the negative zeta potential favours the fix
ation and proliferation of bone cells by increasing the adsorption of Ca2+

ions since the binding of such cells is dependent on the adsorption of ions 

Ca2+. 

3.4. Fourier transform infrared spectroscopy - FTIR 

The chemical analysis performed through the FTIR technique evi
denced the main characteristic transmittance bands of hydroxyapatite 
vibrational modes on the spectrum of the n-HA sample (Fig. 3), as pre
viously reported in the literature [45,46,78]. The bands at 3572 cm− 1 

and 632 cm− 1 correspond, respectively, to axial and angular symmet
rical deformations of hydroxyl groups in hydroxyapatite structure, while 
the wideband from 3500 to 3000 cm− 1 is attributed to the vibrational 
mode of hydroxyl groups from water adsorbed in the crystal lattice [79, 
80]. The bands assigned to the vibrational modes of phosphate groups 
are observed at 1091, 1031, 962, 601, 565, and 474 cm− 1. The main 
signal of the phosphate group appears in the triple degenerate domain, 
located at 1091 cm− 1 and 1031 cm− 1, which represents the vibration of 
asymmetric axial deformation of the P–O bond of the (PO4)− 3 group. The 
non-degenerate band at 962 cm− 1 is attributed to symmetrical axial 

Fig. 3. FTIR spectra of a) n-HA sample b) CM, APTES, and CMAP; c) Deconvolution of the FTIR spectra of the CM and CMAP samples; d) Comparative analysis of 
FTIR spectra of CMAP and CMAP-HA samples. 
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deformation of the P–O bond [70,81,82]. The triple degenerate vibra
tional mode associated with symmetrical angular deformation of the 
P–O–P bond is located at 601 cm− 1 and 565 cm− 1. The small band at 
474 cm− 1 is attributed to the doubly degenerate vibrational mode of the 
asymmetric angular deformation of the P–O–P bond [83,84]. In addi
tion, the doubly degenerate vibrational mode of the symmetric axial 
deformation of (CO3)− 2 is observed at 1448 and 1415 cm− 1, as well as 
the carbonate vibrational mode of the out of plane angular deformation 
at 877 cm− 1 [85]. According to Madupalli et al. [65], the presence of 
these bands suggests the obtaining of type B carbonated HA, in which 
the carbonate replaced phosphate groups at anionic sites in the hy
droxyapatite structure. This substitution likely occurred due to the ab
sorption of atmospheric CO2 during the synthesis or after the end of the 
calcination process, since the cooling is not carried out in an inert at
mosphere [45,46]. Also, according to the authors, the carbonate present 
in the mineral phase of bone tissue is, for the most part, type B, which 
increases the chemical similarity of the synthesized HA with the bio
logical one. 

Fig. 3b shows the CM, APTES, and CMAP spectra for comparison 
purposes. Detailed identification of the functional groups in the FTIR 
spectra of the CM and APTES is presented in the Supporting Information, 
Fig. S1. It was possible to observe the change in the shape and position of 
some bands of the CMAP spectrum. These changes may indicate the 
interaction of the CM with APTES. To determine these changes, the 
deconvolution of the CM and CMAP spectrum was performed in the 
region from 1700 to 1300 cm− 1 and shown in Fig. 3c, and in Table S2 the 

values of both the displacement of the bands and their respective areas 
are listed. 

Practically all CMAP bands were shifted to higher or lower wave
numbers compared to CM values. In particular, attention is drawn to the 
CM bands located at 1588, 1528, and 1456 cm− 1, which are not present 
in the CMAP spectrum. These bands are attributed to the axial defor
mation of the C––O and C––C bonds from the aromatic ring [86]. In 
addition, the band at 1652 cm− 1 is also highlighted, present only in the 
CMAP spectrum. According to Oliveira et al. [87], this band can be 
attributed to the axial deformation of the C––C bond of the aromatic 
ring. Because of all these observations, it is possible to consider that 
these changes related to the vibrations of the C––C bond of the aromatic 
ring are the result of the interaction with APTES. In theory, the hydrogen 
bond of the silanol group of APTES with the oxygen of the phenol group 
of curcumin would cause a deformation in the aromatic ring, generating 
changes in the vibrations of its structure, which would justify the 
emergence of this new band. However, the disappearance of bands at 
1588, 1528, and 1456 cm− 1 could also be related to the deformation 
caused in the ring. In addition, all bands had their area (A%) changed. In 
particular, the band located at 1567 cm− 1 in the CM sample, which 
underwent a small shift to 1564 cm− 1 in the spectrum of the CMAP 
sample, had an increase of more than 42%. This significant increase may 
be related to the overlapping of the vibrational modes of the C––O bonds 
and the amine group. 

In the spectrum of CMAP-HA, Fig. 3d, it is possible to observe the 
main bands of the phosphate group from n-HA. In addition, it is also 
possible to observe the presence of characteristic CMAP bands. Gener
ally, the bands are related to the vibrational modes of the C––O, C––C 
bonds of the aromatic ring and alkene, and the C–O bond of the phenol 
group. The existence of these bands confirms the presence of the CMAP 
molecule in the hydroxyapatite nanorods. It is also possible to verify the 
presence of the band located at 3571 cm− 1 attributed to the free hy
droxyl of n-HA, which can be considered an indication that not all hy
droxyls interacted with the amine group of CMAP. The concomitant 
presence of the band at 3413 cm− 1 confirms this hypothesis since it is 
attributed to intermolecular hydrogen bonding. 

3.5. DFT simulation 

DFT calculations on possible curcumin/APTES complexes may shed 
light on questions regarding the atomic structures of the obtained 

Fig. 4. Curcumin (CM)/APTES complexes. Product1: an APTES fragment interacting with CM via hydrogen bonds. Product2: an APTES fragment replaces a hydroxyl 
group. Product 3: two APTES fragments replace a hydroxyl group. Product 4: two APTES fragments replace two hydroxyl groups, and an APTES fragment binds via 
hydrogen bonds. 

Table 3 
Proposed reactions and the variation of Gibbs free energy. CM and APTES are 
abbreviations for curcumin (C21H20O6) and (3-Aminopropyl) triethoxysilane 
(C9H23NO3Si), respectively. Product 1, Product 2, Product 3, and Product 4 are 
the CM/APTES complexes shown in Fig. 4.  

Reaction ΔG (eV) 

CM + APTES ⟶ Product 1 + 3C2H4 0.11 
CM + APTES ⟶ Product 1 + C6H6 + 3H2 − 0.42 
CM + APTES ⟶ Product 2 + 3C2H4 + H2O 0.17 
CM + APTES ⟶ Product 2 + C6H6 + 3H2 + H2O − 0.36 
CM + 2 APTES ⟶ Product 3 + 6C2H4 + 3H2O − 0.16 
CM + 2 APTES ⟶ Product 3 + 2C6H6 + 2H2O + 6H2 − 1.22 
CM + 4 APTES ⟶ Product 4 + 12C2H4 + 3H2O 0.11 
CM + 4 APTES ⟶ Product 4 + 4C6H6 + 3H2O + 12H2 − 2.01  

J.P.N. Marinho et al.                                                                                                                                                                                                                           



Ceramics International 49 (2023) 19932–19949

19939

Fig. 5. Theoretical absorption spectra for 50 excited states obtained from a full TDDFT/B3LYP-TZP/Ethanol.  

Table 4 
Orbital Energies and HOMO-LUMO (H-L) gap (eV) calculated with DFT. Optical gap (eV and nm), the state responsible for the first absorption band, oscillator strength 
(fosc), and main orbitals in the electronic transition calculated with full TDDFT.  

Products HOMO (eV) LUMO (eV) H-L gap (eV) Optical gap (eV) Absorption (nm) State fosc Orbitals 

Product1 − 6.01 − 2.43 3.58 3.10 399.62 1st 1.07 HOMO-LUMO+1 (15%) 
HOMO-1-LUMO (82%) 

Product2 − 5.99 − 2.51 3.48 3.00 412.92 1st 0.63 HOMO-LUMO (96%) 
Product3 − 5.99 − 2.57 2.97 2.97 417.20 1st 0.56 HOMO-LUMO (97%) 
Product4 − 6.33 − 2.55 3.61 3.10 399.37 1st 0.65 HOMO-LUMO (92%) 
CM − 5.97 − 2.51 3.46 2.96 418.84 1st 0.81 HOMO-LUMO (97%)  

Fig. 6. Main molecular orbital plots for Product 4. (a) HOMO, (b) LUMO, and (c) Difference density for the first excited state. The colour difference on the frontier 
orbitals means different signs, and in the excited state, it shows that the electron goes from red to blue. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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compounds. Based on the experimental results presented, we propose 
curcumin/APTES complexes in which APTES molecules bind to curcu
min keto configuration via hydrogen bonds or replace one or both hy
droxyl functional groups of the curcumin molecule, Fig. 4. The variation 
of the Gibbs free energy of possible reactions leading to those structures 
indicates whether curcumin/APTES complexes form spontaneously 
from APTES and curcumin molecules in a carboxylic acid environment. 
Table 3 shows the proposed reactions and the variations of the Gibbs free 
energy (ΔG) between reactants and products. For each curcumin/APTES 
complex (Product 1, Product 2, Product 3, and Product 4), it was 
considered two reactions that differ in the products formed. One can see 
in Table 3 that almost all the proposed reactions are spontaneous 
(negative values of ΔG indicate spontaneous reactions). The overall 
trend is that ΔG decreases as the number of APTES fragment binding to 
the curcumin molecule increase, indicating that the structure Product 4, 
shown in Fig. 4, is the most energetically favorable to occur among the 
proposed ones. 

In order to explore the theoretical photophysical properties, we 
performed calculations based on DFT and TDDFT formalism to deter
mine UV–Vis spectra (see Methodology). The absorption spectra calcu
lated with the COSMO solvation model for the four curcumin/APTES 
complexes (Product1,2,3,4) in comparison with curcumin are presented 
in Fig. 5. The HOMO (Highest Occupied Molecular Orbital) and LUMO 
(Lowest Unoccupied Molecular Orbital) energies, the optical gap, 
oscillator strength (fosc), and the orbitals involved in the first absorption 
peak are presented in Table 4. First, the CM theoretical spectrum shows 
absorption at 418 nm in great agreement with the experiments, in Fig. 7 
[88–91]. This first peak has a contribution of 97% HOMO (π)-LUMO (π*) 
transition, as we can see in Fig. S2 and Table 4. The optimized molecular 
structure of curcumin in the keto configuration exhibits a bend of 
approximately 111.1◦. LUMO Orbital is mainly located in the middle of 
the bend with bonding orbitals, while the feruloyl group has 

antibonding orbitals. HOMO orbital is mostly composed of bonding 
orbitals (See Fig. S2) [89]. In comparison with the experimental spectra 
presented in Fig. 7, the complex curcumin/APTES (CMAP) has a similar 
absorption spectrum compared with CM with an additional band in 
smaller wavelengths. Furthermore, the CMAP spectrum shows a small 
shift concerning the CM spectrum for the band between 400 and 500 nm. 
The theoretically proposed complex also presents a similar behavior. 
The spectra of the Product1 and Product4 complexes have a shift of the 
order of 19 nm with respect to the CM, while Product 2 and 3 have a shift 
of less than 6.0 nm. Product1 has the largest shift compared with CM, 
with the (HOMO-1/LUMO) transition being the most important contri
bution to the transition to the first excited state. Fig. S3, in the Supple
mentary Information, presents the main molecular orbitals (MO) of 
these transitions. Product 2, Product 3 (both in Fig. S4), and Product 4 
(Fig. 6) have an absorption mostly HOMO to LUMO for the transition to 
the first excited state. Because the complexes conserve much of the CM 
geometry, the molecular orbitals involved in electronic transitions in the 
first excited state are similar. In the Product 2 and Product 3 complexes, 
because of the replacement with the APTES fragment, the HOMO orbital 
is concentrated only on the unaltered side. It is interesting to note the 
small changes in the values of HOMO and LUMO energies and the H-L 
gap presented in Table 4. It is possible to see that both the substitution of 
the hydroxyl group by the APTES fragment and its interaction via 
hydrogen bonds do not considerably alter these values. The same hap
pens when we observe the optical gap calculated via TDDFT. This may 
probably be the reason why, in Fig. 7, there is no considerable shift in 
the CMAP spectrum concerning the CM. 

Since the functionalization process of HA nanoparticles with curcu
min/APTES carried on a slightly acidic medium, an interaction between 
protonated amine groups from APTES moiety of the functionalizing 
molecule and the hydroxyapatite unit cell can occur from substitution in 
hydroxyl sites (Scheme 1), as suggested by Cipreste and colleagues when 

Fig. 7. –UV-Vis spectra of a) CM and CMAP samples, and b) CMAP and CMAP-HA samples.  

Scheme 1. Possible curcumin/APTES interaction with hydroxyapatite unit cell through substitution of HA hydroxyls for protonated amine group from APTES moiety 
of curcumin/APTES molecule. 
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these authors studied the functionalization of hydroxyapatite nano
particles with aminated folic acid [39]. 

3.6. UV–Vis spectroscopy 

In order to verify the presence of CM in the samples of CMAP-HA and 
CMAP-HA nanocomposites, the UV-VIS assay was performed, and the 
results are shown in Fig. 7. 

According to the literature, CM absorbs in the visible region with a 
maximum ranging from 410 to 430 nm, due to the excitation of the π→π* 
transition electron [17,18]. The CMAP sample showed a maximum ab
sorption band at 430 nm, presenting a second band with significant 
intensity at 230, and two much smaller ones at 310 nm and 263 nm, 
Fig. 7a. In addition, CMAP disperses much better in water than pure CM. 
Fig. 2e presents the photo showing the difference in the dispersibility 
between the CM and CMAP samples. 

The above observations reveal that the CMAP spectrum is distinct 
only in a part of the CM spectrum. This indicates that a chemical 
interaction between APTES and CM may have occurred. However, the 

existence of the band at 430 nm indicates that there is still pure CM. This 
indicates that part of the CM did not interact with APTES; however, the 
amount that interacted was enough to improve its dispersibility in 
water. 

Fig. 7b shows the spectra of CMAP and CMAP-HA. The spectrum of 
the CMAP-HA sample showed maximum absorbance at 445 nm, con
firming the presence of CMAP in the HA nanoparticles. The main dif
ferences observed were the widening and displacement of the bands. 
The broadening of the bands may have occurred due to the presence of 
hydroxyapatite, resulting in a non-uniform dispersion with particles of 
different sizes, causing light scattering. Furthermore, it is also possible to 
observe that the bands at 310 nm and 230 nm disappeared, possibly due 
to the broadening of the band with a shift to 274 nm. 

3.7. Thermal analysis (TG and DSC) 

The thermal stability of nanocomposites and n-HA were evaluated by 
thermogravimetric analysis, and the results are shown in Table 5 and 
Fig. 8. 

In Fig. 8a, in the DTG curve, it is possible to observe that the 
degradation of CM occurs in two steps and starts at approximately 120 
◦C and extends to 330 ◦C. The second stage goes up to 800 ◦C without 
completely degrading the CM, leaving a residue corresponding to 9.2% 
by mass. The mass losses in the respective stages were 22.90% in the first 
stage and 67.90% in the second stage. In a study carried out by Chen 
et al. [92], they suggest that step I of CM degradation is due to the 
decomposition of the substituent groups of curcumin and step II due to 
the decomposition of the two benzene rings of CM. curcumin. 

APTES shows rapid degradation in a single step, around 150 ◦C, 

Table 5 
Analysis of mass loss of CM, APTES, and CMAP samples.  

Temperature Range (◦C) Weight loss (%) 

CM APTES CMAP n-HA CMAP-HA 

25–150 0.35 86.74 13.00 0.52 1.13 
150–250 0.68 13.26 13.90 0.97 0.94 
250–500 58.59 0 19.00 0.56 5.84 
500–800 31.90 0 21.60 0.02 1.45  

Fig. 8. a) Thermogravimetric curve of the CM, APTES, CMAP, nb-HA, and CMAP-HA samples; b) DSC curves of CM, APTES, and CMAP samples.  
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confirmed by the derivative of the thermogravimetry curve. The CMAP, 
in turn, has a profile more similar to the CM, with slower rates and steps 
that start at lower temperature ranges. The mass loss related to the first 
stage is close to that of the CM, however the second is approximately 
20% lower. In addition, the percentage of residue is higher, which may 
indicate that the material is more stable and only degrades completely at 
higher temperatures. 

Analyzing the mass losses by TG, the degradation of CM occurs 
slowly up to a temperature of 250 ◦C. In contrast, APTES degrades 
completely up to a temperature of 250 ◦C. Unlike CM and APTES, CMAP 
showed an almost proportional loss of mass until the temperature of 250 
◦C. However, its mass loss in the range of 25–150 ◦C is higher when 
compared to CM and much lower when compared to APTES. In the range 
of 250–500 ◦C, where the greatest mass loss of CM occurs, CMAP pre
sents a mass loss of less than half of the mass loss of CM. This mass loss 
profile suggests greater CM stability with APTES due to a possible 
interaction between the two and can be considered an indication of the 
effectiveness of the functionalization. 

It is possible to observe a small mass loss of the n-HA sample 
compared to the CMAP-HA sample. As n-HA is a ceramic material, high 

Fig. 9. Mass loss of CMAP-HA samples to the stability test carried out in 
SBF solution. 

Fig. 10. (a) XPS survey spectra for samples CM, CMAP, and CMAP-HA High-resolution XPS spectra of (b) O 1s, for CM, CMAP, and CMAP-HA samples; (c) N 1s for 
the CMAP sample; and (d) C 1s for the CM, CMAP, and CMAP-HA samples. 

Table 6 
Surface chemical composition measured by XPS.  

Sample Electronic Level Binding energy (eV) AT (%) 

CM O 1s 532.6 20.2 
C 1s 284.6 79.8 

CMAP O 1s 531.6 22.9 
C 1s 284.6 57.4 
N 1s 399.6 8.2 
Si 2p 102.6 11.6 

CMAP-HA O 1s 529.9 31.1 
C 1s 284.4 50.5 
N 1s 397.4 0.8 
F 1s 687.4 1.0 
Ca 2p 348.4 7.5 
P 2p 132.4 6.7 
Si 2p 101.4 2.4  
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thermal stability with low mass loss was already expected, due to the 
intrinsic characteristics of the material. Mass loss occurs in a single step 
at a slow rate. In the range of 25–150 ◦C, the mass loss can be attributed 
to the loss of interstitial water in the hydroxyapatite crystals. However, 
the sample continues to show a small loss of mass up to 500 ◦C, when the 
loss of mass stabilizes. This mass loss may probably be related to the 
removal of some possible residue from the surfactant used in the syn
thesis of n-HA. 

The degradation of CMAP-HA occurs in two steps at slow rates. The 
first starts at room temperature and goes up to approximately 226 ◦C, 
presenting a mass loss of 1.99%, The second presents a mass loss of 7.5% 
starting at 226 ◦C–726 ◦C. Comparing the thermal profile of CMAP with 
that of CMAP-HA, it is possible to perceive a similarity between the 
degradation steps. Both samples start the second step of degradation at a 
temperature of around 220 ◦C. However, the percentages of mass loss of 
CMAP-HA are much lower compared to CMAP. This is due to the pres
ence of n-HA, which has high thermal stability. 

Considering the small percentage of mass lost by n-HA, about 7.5% of 
the mass of CMAP was incorporated into the hydroxyapatite nanorods. 
However, it is not possible to determine the individual percentage of CM 
and APTES, but the interactions between these moieties and the 

materials’ surface were systematically evaluated using X-ray photo
electron spectroscopy, as discussed in the section below. 

The thermal analysis was also used to infer the degree of function
alization of CM and APTES anchored in the HA materials. The curves 
obtained through the DSC analysis of curcumin, APTES, and CMAP are 
shown in Fig. 8b. The curcumin DSC curve showed a sharp endothermic 
peak at 177.4 ◦C which corresponds to the melting point of curcumin. 
APTES shows an intense endothermic peak at 137.3 ◦C, and two smaller 
peaks at 147.7 ◦C and 155.2 ◦C. The CMAP sample showed a peak at 
177.5 ◦C which corresponds to the melting temperature of the curcumin 
crystals. The existence of this peak indicates the presence of free cur
cumin that did not react with APTES, being present only as a physical 
mixture. The peak at 167.4 ◦C does not correspond to any APTES or 
curcumin peak, which indicates the formation of a new compound. 
Changes in exothermic and endothermic peaks are usually associated 
with interactions between compounds [93,94]. Therefore, this is further 
evidence that the modification of curcumin with APTES allowed the 
anchoring of curcumin to hydroxyapatite nanorods. 

Fig. 11. Cell proliferation and cell viability assays on 
U2OS cells treated with HA. The cells were treated 
with n-HA using the following concentrations 10, 50, 
and 100 μg ml− 1. a) Cells were incubated with Cal
cein red-orange AM (in red) and Hoechst (in blue) to 
evaluate the cell viability and the number of cells, 
respectively. Then, cells were counted for each group 
using nuclear staining. b) The graph shows the 
number of cells/mm2 from 10 images per group. 
Scale = 400 μm. Next, an MTT assay was used to 
evaluate the cell viability. c) The graph shows the 
normalized MTT data as a percentage of the control 
group (CT) from the cells treated with 5, 10, 50, and 
100 μg ml− 1 of n-HA. Cells treated with Triton-X 100 
were used as a positive control for cell viability. ns =
non-significant. **p < 0,01. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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3.8. Hydroxyapatite-CMAP interaction stability assay 

Thermogravimetric analysis was performed to investigate the sta
bility of the interaction between aminated curcumin and hydroxyapatite 
nanorods. The test was evaluated by incubating the samples in simulated 
body fluid (SBF) at pH 7.4, under agitation, and at a temperature of 37 
◦C for different times of 2, 24, and 48 h. After each incubation time, the 
suspensions were filtered and dried in an oven for 24 h at 60 ◦C and the 
powders were investigated by TGA. The results are shown in Fig. 9. 

As expected, after the incorporation of CMAP, there was an increase 
in mass loss of 23% before incubation, referring to the organic phase 
incorporated in the nanorods. After the incubation process, it was 
observed that the mass losses were lower than the reference sample 
(CMAP-HA -23%). As these samples were not previously washed, these 
small differences may be due to the excess of CMAP weakly adsorbed on 
the nanorods. In addition, it was not possible to observe a significant 
difference between the mass losses of the samples incubated in different 
periods of time. After 48 h of incubation, only 4.04% of CMAP was 
released during the stability test, and 18.98% of CMAP remained 
bounded in the hydroxyapatite nanorods, indicating that the function
alization process resulted in a material with stable interactions between 
the components. 

The average mass loss of samples incubated in SBF was 19.57%. This 
result shows that there is no significant detachment of CMAP from the 
hydroxyapatite nanorods, as no significant variations in mass losses 
were observed as a function of incubation time. This indicates a strong 
interaction of CMAP with hydroxyapatite nanorods. Furthermore, as the 
sample was not washed with ethanol, this may be an indication that, 
even with excess CMAP, the nanostructure has the potential to prevent 
the release of curcumin. 

3.9. X-ray photoelectron spectroscopy – XPS 

The chemical analysis of the surface of the different samples was 
carried out by XPS. The XPS survey spectra of the CM, CMAP, and 
CMAP-HA samples are shown in Fig. 10a. For sample CM, only elements 
present in the chemical structure of CM are detected. In the CMAP 
spectrum, in addition to carbon and oxygen peaks, it may be observed 
peaks at the energies of 102.6 eV, corresponding to the Si 2s, which is 
attributed to silane groups of APTES, and at 399.6 eV, corresponding to 
N 1s, indicating a successful functionalization step. The survey spectrum 
of CMAP-HA showed more additional peaks, corresponding to P, and Ca, 
derived from the phosphate group of hydroxyapatites, suggesting that 
the hydroxyapatite is integrated into the structure of the sample. The 

Fig. 12. Cell proliferation and cell viability assays on 
HDFa cells treated with n-HA. The cells were treated 
with n-HA using the following concentrations 10, 50, 
and 100 μg ml− 1. a) Cells were incubated with Cal
cein red-orange AM (in red) and Hoechst (in blue) to 
evaluate the cell viability and the number of cells, 
respectively. Then, cells were counted for each group 
using nuclear staining. b) The graph shows the 
number of cells/mm2 from 10 images per group. 
Scale = 400 μm. Next, an MTT assay was used to 
evaluate the cell viability. c) The graph shows the 
normalized MTT data as a percentage of the control 
group (CT) from the cells treated with 5, 10, 50, and 
100 μg ml− 1 of n-HA. Cells treated with Triton-X 100 
were used as a positive control for cell viability. ns =
non-significant. ****p < 0,0001. (For interpretation 
of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   
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small F peak (1s) identified at 687.4 eV is probably resulted of some 
contamination of the hydroxyapatite, due to its ease of undergoing 
cationic and anionic substitutions. The chemical compositions, as ob
tained by XPS, and shown in Table 6, reflect the surface chemical 
modifications in the successive functionalization steps. 

To investigate in more details the functionalization process, for the 3 
samples high-resolution XPS spectra of C 1s, N 1s, and O 1s peaks were 
acquired. These peaks were adjusted with a sum of components that are 
associated with different species (different chemical bonds) present on 
the surface of the samples, as shown in Fig. 10(b–d), and discussed 
below. Fig. 10b shows the high-resolution XPS spectra of O s1 for the 
CM, CMAP, and CMAP-HA samples. For CM, it is possible to observe 
three components in the O 1s, with binding energies of 531.2 eV, 
533.3 eV, and 536.3 eV, corresponding to C––O, C–OH and OH species 
of the phenol group, respectively. The O 1s spectrum of the CMAP 
sample, on the other hand, shows a principal component at 533.3 eV 
[95], attributed to Si–OH, which indicates that the Si–O bonds of 
APTES are dominant. During hydrolysis, the Si–O of APTES is 
converted into –OH groups, creating a good coupling agent between 

curcumin and hydroxyapatite molecules [96]. This suggests that the 
surface of the sample is likely covered by APTES molecules. 

The deconvolution of the O 1s peak (Fig. 10 b) is questionable for the 
CMAP-HA sample since it is difficult to distinguish between O–C bonds 
and hydroxyapatite nanorod components, due to the strong super
position of binding energy values in this region. Assuming, as expected, 
that HA binds to the amine in CMAP-HA, the O 1s spectrum can be 
equipped with components belonging only to n-HA. Thus, it is possible 
to observe components with binding energies in 533.7 eV of P–O, in 
533.0 eV, and in 532.0 eV of O–P–O bonds, referring to species of the 
phosphate group, and also a component at 529.9 eV, associated with 
O–Ca bonds [40]. This proposition indicates that HA is covering the 
surface of the sample. 

The N 1s high-resolution spectrum of the CMAP sample is shown in 
Fig. 10c. The dominant peak is an amine, at 399.4 eV, and some pro
tonated amine (at 400.8 eV) is present, indicating that in the function
alization of CMAPTES interacts with the oxygens of the CM chain, 
leaving the amine group free [96]. Another fact that supports this idea is 
the big reduction N 1s peak observed in the broad XPS spectrum of the 

Fig. 13. Cell proliferation and cell viability assays on 
U2OS cells treated with CMAP-HA. The cells were 
treated with CMAP-HA using the following concen
trations 10, 50, and 100 μg ml− 1. a) Cells were 
incubated with Calcein red-orange AM (in red) and 
Hoechst (in blue) to evaluate the cell viability and the 
number of cells, respectively. Then, cells were coun
ted for each group using nuclear staining. b) The 
graph shows the number of cells/mm2 from 10 im
ages per group. Scale = 400 μm. Next, an MTT assay 
was used to evaluate the cell viability. c) The graph 
shows the normalized MTT data as a percentage of 
the control group (CT) from the cells treated with 5, 
10, 50, and 100 μg ml− 1 of CMAP-HA. Cells treated 
with Triton-X 100 were used as a positive control for 
cell viability. ns = non-significant. *p < 0,05, **p <
0,01, ****p < 0,0001. (For interpretation of the ref
erences to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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CMAP- HA sample (see Fig. 10c), which may indicate that the amine 
bounds to HA. Unfortunately, the N 1s signal is so small for the 
CMAP-HA sample that a reasonable fit of this peak was not possible. 

Another possibility that may justify this result is that the amount of 
CMAP bound to n-HA may be very small, as discussed in the TG and XRD 
results. As in the filtering process after the functionalization, the CMAP- 
HA sample was washed with excess ethanol, and all the CMAP that was 
not bound was removed, significantly reducing the intensity of the ni
trogen peak in the sample. This result corroborates the DSC analysis, 
indicating that only a part of the CM was functionalized. 

In the C 1s spectrum for sample CM (Fig. 10d), the component at 
284.6 eV corresponds to the C–C and C––C sp2 bonds, and the compo
nents at 285.3, 286.4, and 287.2 eV are related to the C–C sp3, C–O, and 
C= O species, respectively [95]. For the CMAP sample, it is possible to 
observe the emergence of two new components in the C 1sE, changing 
the peak profile. The component at 285.7 eV is attributed to the C–N 
bonds of the amine group present in APTES, and the second one at 288.3 
eV can be attributed to COOH species originated from some residual 
acetic acid used in the functionalization process. In the C 1s spectrum of 
the CMAP-HA sample (Fig. 10d), it is possible to observe the appearance 
of a new component, at 289.9 eV, that can be attributed to the carbonate 

ion present in the HA, as previously suggested from the analysis of the 
FTIR results, which may have been originated by the decomposition of 
CTAB, and the reaction of C with O2 during the calcination process [40]. 
If compared to the CMAP spectrum, it is also noticeable a reduction in 
the intensity of the C–C sp3 and C–C, C––C sp2 components, and an 
increase in the intensity of the C–N and C––O components. This increase 
may be related to some interaction of CMAP with HA. 

The chemical analyses performed in this work combining XPS, FTIR, 
and DSC results and the stability assay, are in good agreement with the 
DFT predictions, showing that curcumin molecule can be chemically 
modified by APTES moiety to increase solubility and strongly bind to 
hydroxyapatite nanoparticles, aiming at a stable nanosystem designed 
for cancer treatments. 

3.10. Cell proliferation and cell viability assays 

Curcumin has been demonstrated to have anti-neoplastic properties 
and cell proliferation inhibition in tumoural cells [23,24]. It is described 
that the viability of human osteosarcoma cells U2OS was reduced upon 
curcumin treatment [97]. Cell counting and MTT assays were performed 
to evaluate the potential of CMAP-HA as a new candidate for 

Fig. 14. Cell proliferation and cell viability assays on 
HDFa cells treated with CMAP-HA. The cells were 
treated with CMAP-HA using the following concen
trations 10, 50, and 100 μg ml− 1. a) Cells were 
incubated with Calcein red-orange AM (in red) and 
Hoechst (in blue) to evaluate the cell viability and the 
number of cells, respectively. Then, cells were coun
ted for each group using nuclear staining. b) The 
graph shows the number of cells/mm2 from 10 im
ages per group. Scale = 400 μm. Next, an MTT assay 
was used to evaluate the cell viability. c) The graph 
shows the normalized MTT data as a percentage of 
the control group (CT) from the cells treated with 5, 
10, 50, and 100 μg ml− 1 of CMAP-HA. Cells treated 
with Triton-X 100 were used as a positive control for 
cell viability. ns = non-significant. *p < 0,05, ****p 
< 0,0001. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   
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osteosarcoma therapy. The n-HA and CMAP-HA nanomaterials were 
tested using the following concentrations 5, 10, 50, and 100 μg ml− 1. 
The n-HA treatment did not affect U2OS and HDFa proliferation (Fig. 11 
a-b and 12 a-b) and cell viability (Figs. 11c and 12 c). However, the U20S 
cells treated with 100 μg ml− 1 of CMAP-HA showed a reduction in the 
number of cells treated with 50 and 100 μg ml− 1 respectively, p < 0,05 
(Fig. 13a–b) and decreased cell viability, p < 0,01 (Fig. 13c). The pri
mary fibroblasts showed no difference between CMAP-HA treated 
groups and showed a decrease in the number of cells only with 100 μg 
ml− 1 (Fig. 14 a-b), p < 0,05. As a positive control, it was used 0,5% 
Triton X-100. These results demonstrated that CMAP-HA has a potential 
anti-neoplastic effect on osteosarcoma cells. Curcumin is also reported 
to have a dual impact by suppressing osteosarcoma development while 
repairing bone abnormalities [97]. Taken altogether, the combination of 
CM with HA could be an exceptional option for osteosarcoma therapy. 

4. Conclusion 

Based on the results obtained, it is possible to state that hydroxy
apatite nanorods were successfully synthesized. The FTIR results indi
cated the obtaining of carbonated hydroxyapatite. The presence of any 
other crystalline phase in the sample was not observed, which indicates 
the obtaining of suitable nanohydroxyapatite for the desired applica
tion. The images obtained by the transmission microscope confirmed the 
rod-shaped morphology of nanohydroxyapatite. The synthesized nano
rods presented pores throughout their structure, due to the surfactant 
leaving in the calcination step. The thermal stability of n-HA was 
confirmed by TG and DSC characterization techniques. Considering all 
the limitations of curcumin, such as low solubility, low stability, and 
photodegradation among other difficulties, the functionalization of 
curcumin with APTES proved to be a simple and viable method. The 
overall DFT predictions show that curcumin molecules can be chemi
cally modified by APTES moiety considering ΔG values as the energet
ically favorable to occur among the proposed ones. The results showed 
no evidence that curcumin was degraded during the process. Changes in 
its structure allowed its incorporation into hydroxyapatite nanorods. 
Cell viability and the number of osteosarcoma cells were decreased by 
CMAP-HA treatment. The combination of CM with HA could be a 
promising candidate for osteosarcoma treatment. In general, the syn
thesized nanostructure presented suitable characteristics for carrying 
out further biological assays in vitro and later for initial assays in vivo, 
thus allowing for evaluating its potential for osteosarcoma therapy. 
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[91] D. Jacquemin, V. Wathelet, E.A. Perpète, C. Adamo, Extensive TD-DFT benchmark: 
singlet-excited states of organic molecules, J. Chem. Theor. Comput. 5 (2009) 
2420–2435, https://doi.org/10.1021/ct900298e. 

[92] Z. Chen, Y. Xia, S. Liao, Y. Huang, Y. Li, Y. He, Z. Tong, B. Li, Thermal degradation 
kinetics study of curcumin with nonlinear methods, Food Chem. 155 (2014) 81–86, 
https://doi.org/10.1016/j.foodchem.2014.01.034. 

[93] R. Govindaraju, R. Karki, J. Chandrashekarappa, M. Santhanam, A.K.K. Shankar, 
H.K. Joshi, G. Divakar, Enhanced water dispersibility of curcumin encapsulated in 
alginate-polysorbate 80 nano particles and bioavailability in healthy human 
volunteers, Pharm. Nanotechnol. 7 (2019) 39–56, https://doi.org/10.2174/ 
2211738507666190122121242. 

[94] R.S. Nair, A. Morris, N. Billa, C.O. Leong, An evaluation of curcumin-encapsulated 
chitosan nanoparticles for transdermal delivery, AAPS PharmSciTech 20 (2019) 
1–13, https://doi.org/10.1208/s12249-018-1279-6. 

[95] P. Khandelwal, A. Alam, A. Choksi, S. Chattopadhyay, P. Poddar, Retention of 
anticancer activity of curcumin after conjugation with fluorescent gold quantum 
clusters: an in vitro and in vivo xenograft study, ACS Omega 3 (2018) 4776–4785, 
https://doi.org/10.1021/acsomega.8b00113. 

[96] I. Berktas, A.N. Ghafar, P. Fontana, A. Caputcu, Y. Menceloglu, B.S. Okan, Facile 
synthesis of graphene from waste tire/silica hybrid additives and optimization 
study for the fabrication of thermally enhanced cement grouts, Molecules 25 
(2020) 886, https://doi.org/10.3390/molecules25040886. 

[97] F. Zahedipour, M. Bolourinezhad, Y. Teng, A. Sahebkar, The multifaceted 
therapeutic mechanisms of curcumin in osteosarcoma: state-of-the-art, JAMA 
Oncol. 2021 (2021), https://doi.org/10.1155/2021/3006853. 

J.P.N. Marinho et al.                                                                                                                                                                                                                           

https://doi.org/10.1016/j.mtcomm.2020.101692
https://doi.org/10.1016/j.procbio.2021.12.007
https://doi.org/10.1016/j.procbio.2021.12.007
https://doi.org/10.1016/j.ceramint.2021.12.013
https://doi.org/10.1016/j.surfin.2021.101185
https://doi.org/10.1016/j.jddst.2020.101963
https://doi.org/10.1016/j.jddst.2020.101963
https://doi.org/10.1016/j.matpr.2021.05.059
https://doi.org/10.1016/B978-0-12-816137-1.00023-4
https://doi.org/10.1039/c9tb01204d
https://doi.org/10.1016/j.saa.2012.08.033
https://doi.org/10.1016/j.colsurfb.2021.111938
https://doi.org/10.1016/j.colsurfb.2021.111938
https://doi.org/10.1080/21870764.2020.1749373
https://doi.org/10.1080/21870764.2020.1749373
https://doi.org/10.1002/qua.20469
https://doi.org/10.1590/S1517-707620160003.0072
https://doi.org/10.1590/S1517-707620160003.0072
http://refhub.elsevier.com/S0272-8842(23)00699-5/sref88
http://refhub.elsevier.com/S0272-8842(23)00699-5/sref88
https://doi.org/10.1016/j.solener.2021.06.051
https://doi.org/10.1021/ct301107m
https://doi.org/10.1021/ct900298e
https://doi.org/10.1016/j.foodchem.2014.01.034
https://doi.org/10.2174/2211738507666190122121242
https://doi.org/10.2174/2211738507666190122121242
https://doi.org/10.1208/s12249-018-1279-6
https://doi.org/10.1021/acsomega.8b00113
https://doi.org/10.3390/molecules25040886
https://doi.org/10.1155/2021/3006853

	Nanostructured system based on hydroxyapatite and curcumin: A promising candidate for osteosarcoma therapy
	1 introduction
	2 Materials and methods
	2.1 Materials
	2.2 Synthesis of hydroxyapatite nanorods
	2.3 Modification of curcumin with APTES
	2.4 Obtaining the nanostructures of n-HA and CMAP
	2.5 DFT simulations
	2.6 Characterizations
	2.7 Cells and cell culture
	2.8 Cell viability and cell proliferation assays
	2.9 Statistical analysis

	3 Results and discussions
	3.1 Transmission electron microscopy - TEM
	3.2 X-ray diffraction (XRD)
	3.3 Zeta potential - ζ
	3.4 Fourier transform infrared spectroscopy - FTIR
	3.5 DFT simulation
	3.6 UV–Vis spectroscopy
	3.7 Thermal analysis (TG and DSC)
	3.8 Hydroxyapatite-CMAP interaction stability assay
	3.9 X-ray photoelectron spectroscopy – XPS
	3.10 Cell proliferation and cell viability assays

	4 Conclusion
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


