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Developing a bioactive scaffold with biocompatible material is a substantial approach to bone regeneration and functional healing. Hydroxyapatite (HAP) is the main component in bone formation as an inorganic component and regeneration due to its osteoconductive properties. In this study, we prepared a scaffold material composed of HAP and collagen (COL) cross-linked via carboxylic carbon quantum dots (CCQD) with a chrysin (CRN) molecule. CRN is a flavonoid that has been shown to encourage the bone development of bone marrow-derived mesenchymal stem cells. It is loaded for enhancing bone regeneration and HAP’s growth ability. XRD, FT-IR, SEM, and TEM analysis have characterized the prepared composites for their crystalline nature, functional behavior, and morphological evaluations. The HAP has retained its original crystalline lattice confirmed from XRD analysis in the prepared composites. The addition of CRN molecule has decreased the length of HAP rods from ∼932 nm to ∼459 nm, as confirmed by TEM images. The increased particle sizes have been observed for the prepared composites. It reaches the maximum at 938.0 nm for the final HAP/COL/CCQD/CRN composite, which was confirmed by particle size analysis. The in-vitro CRN release behavior shows that the CRN molecule has controlled release up to 23% for 48 h. The biocompatibility of prepared material was investigated and confirmed on human bone marrow-derived mesenchymal stem cells (hBMSCs). This examination has proven that the prepared material is good for bone cell regeneration. The material may apply for bone regeneration applications after in-vivo and clinical investigations.
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1 INTRODUCTION
Bone injuries from the damage of bone are initiated by various bone diseases like osteoporosis, osteoarthritis, osteosarcoma, and different inflammatory processes that characterize a substantial problem for people and the healthcare systems. The three factors, such as 1) the size of the defect, 2) the defect site’s stability, and 3) the bone quality of the patient, mainly represent the self-healing ability of bone along with other factors such as age and diabetes (Levingstone et al., 2019). There are several strategies, including the use of metal, ceramic, polymer-based implants, and synthetic bone materials like hydroxyapatite (HAP), β-tricalcium phosphate (β-TCP), and calcium phosphate-based cement utilized to treat various bone injuries (Jeong et al., 2019; Kim et al., 2020). However, whereas these choices are utilized universally in the orthopedic field, they are not devoid of problems, the best known of which is an infection and comprises pain and poorer bone re-forming abilities (Kręcisz et al., 2006; David and Nixon, 2020). To avoid these limitations, utilizing the bone regeneration approach would be ideal.
In this study, hydroxyapatite (HAP) bone renewing material facilitates higher bone renewing ability and involves higher resorption (Bharati et al., 2005; Prabakaran et al., 2021; Song et al., 2021). In 2021, Fu et al. reviewed the HAP-based polyester composites for bone regeneration applications (Fu et al., 2021). In the same year, Shi et al. reviewed the HAP-based materials for bone regeneration. They covered the Ions doped HAP, HAP/polymeric composites, surface modified HAP, and their polymeric composition (Shi et al., 2021). Despite the advantage of HAP in the bone healing process, HAP has not enlarged its reputation in the orthopedic field due to its brittleness and poor molding ability (Ingole et al., 2021). To overcome this issue, we have enhanced the mechanical strength of the HAP with collagen (COL) protein. In the organic phase of bone, COL is the most significant constituent, a force-sensitive protein with a diameter of 80–100 nm (Kamakura et al., 2006; Fratzl and Weinkamer, 2007; Thorpe et al., 2010). Antoniac et al. prepared the HAP-COL-based composite for bone healing purposes (Antoniac et al., 2021). Using the lyophilization technique, they prepared the two composites, such as 10% COL- 90% HAP composite and 10% COL- 80% HAP- 10% Mg composite using the lyophilization technique. They concluded that the established composite materials, consisting of COL with interconnected pore structure and nano-HAP and Mg particles adherent to the type 1 collagen fibrils, are better to serve as bone substitutes supporting bone healing and regeneration (Antoniac et al., 2021).
Due to the presence of cadmium and heavy indium metals, the quantum dots (QDs) (semiconductor nanocrystals smaller than the Bohr radius with noteworthy optical and electrical properties) produces some toxicity in medical applications (Luo et al., 2013; Ghorghi et al., 2020). The good photostability, biocompatibility, cellular uptake, and low toxicity nature of carbon quantum dots (CQDs) are used to replace QDs in biological detection and imaging applications (Rafienia et al., 2018). Currently, CQDs are extensively utilized in biosensors, biological capturing, and drug delivery systems (Lim et al., 2015). In 2020, Ghorghi et al. developed the electrospun nanofibers composed of captopril (CP)-loaded PCL-CQDs. They concluded that the scaffold containing CQDs and CP significantly increased the MG-63 human osteoblast-like cells’ proliferation and ALP activity in-vitro (Ghorghi et al., 2020).
Several foodstuffs, including mushrooms, honey, and plants such as passiflora, consist of a 5,7-dihydroxyflavone, one dietary bioactive flavone commonly named chrysin (CRN). CRN has anti-inflammatory, anti-cancer, anti-diabetic, antioxidant, hepatoprotective, and anti-microbial properties (Reddy Kasala et al., 2015). In addition, it blocks the creation of osteoclast cells, and through the extracellular signal-regulated kinase (ERK/MAPK) signaling pathway, it encourages osteoblast formation and osteogenic differentiation (Zeng et al., 2013). The canonical extracellular signal-regulated kinase (ERK) MAPKs have two isoforms, ERK1 (MAPK3) and ERK2 (MAPK1), both of which are highly expressed in osteoblast-lineage cells. ERK1 and ERK2 MAPKs are activated by MAP2K MEK1 (MAP2K1) and MEK2 (MAP2K2) through phosphorylation of activation loop residues Thr202/Tyr204 and Thr185/Tyr187, respectively. Moreover, Jung-Min Kim et al., 2019 have demonstrated that ERK activation in osteoprogenitors is required for osteoblast differentiation and bone formation via control of osteoblast master regulators, including RUNX2, ATF4, and β-catenin (Min Kim et al., 2019). In 2018, Menon et al. fabricated the chitosan (CS)/carboxymethyl cellulose (CMC)/nano HAP composite to incorporate CRN molecule in various concentrations. They evaluated that the release of CRN molecule from the scaffold promotes the proliferation of mouse mesenchymal stem cells (mMSCs) and differentiation into osteoblasts, which would be enhanced by chrysin due to the osteoblast differentiation transcription factor Runx2 down-regulation (Haritha Menon et al., 2018). In 2021, Prabakaran et al. developed the mineral substituted HAP/CRN composite loaded with garlic ginger paste extract and gentamycin anti-biotics. They proved the non-toxic nature of the CRN molecule in MG-63 cells in-vitro (Prabakaran and Rajan, 2021).
Based on these analyses, we have developed the HAP/COL/CCQDs composite loaded with CRN molecule. The above-mentioned previous studies highly recommend the promising ability of these corresponding individual components to cure bone injuries without any infections. However, no elaborated studies are available to combine these components as composites. Thus, to enlarge the HAP/COL/CCQDs/CRN composite applications and promote their importance as a bone-regenerating material, we assessed the impact of this composite on the bone healing process.
2 EXPERIMENTAL SECTION
2.1 Materials
All the chemicals required to prepare the desired bone regenerative composite were obtained from commercial sources and sued as such as received without further purification. Calcium Acetate Monohydrate Ca(CH3CO2)2.H2O, Citric Acid Anhydrous, and N-hydroxysuccinimide were purchased from SRL, India. Sodium Phosphate Monobasic Dihydrate NaH2PO4.2H2O was obtained from RANKEM, India. 1-(3-Dimethylaminopropyl)-3-ethyl carbodiimide hydrochloride (EDC) was received from CDH, India. Chrysin was purchased from Sigma-Aldrich, India. Double distilled water was used in the whole experiment.
2.2 Preparation of hydroxyapatite (HAP)
HAP was prepared from the direct precipitation method following the previous literature with slight modifications. Initially, 250 ml of 0.02M Ca and P solutions were separately prepared by dissolving the precursors Ca(CH3CO2)2.H2O and NaH2PO4.2H2O in water, respectively. Then, the 250 ml of 0.02M Ca solution was slowly added to 250 ml of 0.02M NaH2PO4.2H2O solution for 1 h via burette. The mixture solution was stirred at 400 rpm at 65°C for 4 h under a magnetic stirrer. The formed white precipitate was filtered, then dried at 60°C in an oven and crushed with mortar to get the fine HAP particles. The pH of 5.5 was maintained throughout the reaction (Ma, 2019).
2.3 Preparation of HAP/COL composite
COL was dissolved in water and adjusted to 3% of the final pH of 7.4. HAP powder was mixed with 3% collagen, with 77% of the weight percentage of HAP in the HAP/COL composite. Then, the HAP/COL mixture was lyophilized at −40°C. The collected HAP/COL composite was then subjected to de hydrothermal treatment under a hot air oven at 150°C for 24 h to get the pure form of HAP/COL composite (Kamakura et al., 2006; Kawai et al., 2009).
2.4 Preparation of carboxylic carbon quantum dot (CCQD)
By direct pyrolyzing of Citric acid (CA), a Carboxylic Carbon Quantum Dot (CCQD) was prepared. Shortly, 3 g CA was heated to 200°C in a furnace for 2 h. While heating the CA in the furnace, first, CA was undergone a liquefaction process. The color change of the CA liquid from colorless to orange indicates the materialization of CCQD. Then, the obtained CCQD sample was dialyzed in a 1,000 Da molecular weight dialysis bag in DD water for 3 days to get the pure form of the product. Finally, the products were lyophilized at −40°C and stored in a dryer until further use (Sun and Wu, 2018).
2.5 Preparation of HAP/COL/CCQD composite
At first, the CCQD (1.5 g) was needed to activate by using 100 mg EDC and 50 mg of NHS for 2 h. Then 100 mg of HAP/COL was added to this activated CCQD (60 mg) solution and stirred for 24 h under a magnetic stirrer at room temperature (RT). Then the reaction mixture was lyophilized and dried to get the HAP/COL/CCQD composite (Heydari et al., 2017).
2.6 Preparation of chrysin (CRN) loaded HAP/COL/CCQD composite
For the CRN-loaded HAP/COL/CCQD composite, the 20 mg of CRN was dissolved in water: ethanol mixture of a 1:0.5 ratio. Then, this solution was added to 100 mg of the above prepared HAP/COL/CCQD composite under stirring conditions for 24 h, and the final product was lyophilized at −40°C to get the pure product. The formation of the composite was given in Scheme 1.
[image: Scheme 1]SCHEME 1 | Mechanism of HAP/COL/CCQD/CRN composite formation. The CRN molecule is attached to the HAP/COL/CCQD composite via hydrogen bonding.
2.7 Physicochemical characterizations
2.7.1 Fourier transform infra-red (FT-IR) analysis
The composite’s and individual components’ functional groups and their interactions with each other were evaluated by Fourier Transform Infra-Red (FT-IR) spectroscopy obtained from IRTRACER-100, Shimadzu. The spectra were acquired within the scanning range of 4,000–400 cm−1 after preparing the samples with a KBr pellet.
2.7.2 X-ray diffraction (XRD) analysis
X-ray diffraction (XRD) instrument (Bruker ECO D8 Advance model) was utilized to evaluate the phase characteristics and crystallinity of the prepared composites. The scanning process was performed by running the instrument with Cu anode at 40 kV and 25 mA scanning angle from 10° to 99° and scanning rate (2θ) of 10.
2.7.3 Scanning electron microscope (SEM) analysis
The surface morphology of the prepared composites was examined by the Scanning electron microscope (SEM) equipped with Energy Dispersive X-ray (EDX) (VEGA3 TESCAN). The samples were dispersed in water at 27°C, and it was coated on the glass plate, and then dried at RT for SEM scanning analysis.
2.7.4 Transmission electron microscope (TEM) analysis
The microstructure of all prepared composites was investigated with High-Resolution Transmission Electron Microscope (HR-TEM) instrument (FEI Technai G220 S- TWIN TEM). The samples prepared for SEM analysis were also used to take TEM morphology by coating the dispersed samples on the Cu grid. ImageJ software (V 1.8.0) estimated the average diameter of the composites.
2.7.5 Particle size analysis
An instrument from Nanoplus Particulate systems was utilized for diameter distribution and cumulant particle size measurements. All the samples were dispersed in water and analyzed at 25°C.
2.7.6 Drug entrapment efficiency, loading capacity, and release analysis
To calculate the CRN drug entrapment efficiency and loading capacity from HAP/COL/CCQD/CRN composite. 20 mg of HAP/COL/CCQD/CRN composite were dissolved in 15 ml of ethanol solution and subjected to vortex for 30 min. Then, the solution obtained was centrifuged at 3,000 rpm for 15 min. The absorption intensity of CRN was measured using UV-vis spectroscopy at the λmax value of 270 nm. The entrapment efficiency and loading capacity were calculated from the following Equations 1, 2, respectively.
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The CRN drug released from the HAP/COL/CCQD/CRN carrier (25 mg) at pH 7.4 for 50 h was calculated using the dialysis method in 50 ml of PBS solution under stirring conditions. At the predetermined time interval, 2 ml of the CRN-released PBS medium was replaced with a freshly prepared PBS solution. The concentration of CRN release was analyzed by UV-Vis spectroscopy at 270 nm. The release percentage was calculated from the following Equation 3.
[image: image]
2.8 Biological Characterizations
2.8.1 hBMSCs culture
hBMSCs were acquired from ATCC and cultivated in the knock-out medium (from Sigma) containing Fetal Bovine Serum (FBS -10%), fungicide (0.1%), antibiotics (100 μg/ml of streptomycin, and 100 U/mL of penicillin) and accompanied with fibroblast GF-basic (2 ng/ml) (bFGF-Peprotech, United States). Then the cultured cells were saved in a humidified incubator at 37°C under 5% CO2 flow.
2.8.2 Cytocompatibility evaluation by MTT assay
MTT assay was utilized here to estimate the cell attachment and proliferation quantitatively. All the experimental samples were sterilized with 75% alcohol, followed by PBS washing three times and overnight soaking in DMEM/F12 (50/50) medium comprising FBS (10%) before cell seeding. hBMSCs were fixed as control cells in the absence of any composites. Then, hBMSCs were seeded in 24-well plates at a density of 1 × 104 cells per well for the cell attachment and proliferation assay. The MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] solution (2 ml) added samples (75 μg/ml) were then nurtured under a humidified atmosphere of 5% CO2 for 4 h at 37°C. The cell viability was calculated on the spectrophotometric microplate at the optical density (OD) value of 570 nm. Cell morphology was viewed under optical microscopy at 40 μm for 1, 3, 7, and 14 days of experimental periods. For cell viability, three replicated values were averaged.
2.8.3 Cytotoxicity evaluation by luminescence assay
ATP luminescent assay was utilized here to estimate cell proliferation. hBMSCs were treated with various composites for 24 h, and after treatment, the cells were harvested and mixed with equal volumes on ATP buffer reagent and incubated in the dark for 15 min hBMSCs were used as control cells in the absence of any composites. After incubation, the luminescence signals were measured using an ELISA plate reader (Perkin-Elmer, Victor).
2.8.4 Osteogenic differentiation by gene expression studies
Cell phenotype was examined by analyzing mRNA levels using real-time polymerase chain reaction (RT-PCR). The specimens were subjected to PBS washing three times after culturing the specimens for 14 days, and then they were put off in cold TRIzol Reagent (1 ml). The total RNA of each sample was extracted and again put off in RNase-free water (50 μL) using the standard TRIzol protocol (Okamura et al., 2020). Following the protocol, the cDNA was created and stored at -20°C until further analysis. A power SYBR green RT-PCR kit protocol was followed to analyze the PCR quantitatively, and the experiments were conducted in triplicate (n = 3). Osteocalcin (OCN), runt-related transcription factor (RUNx), and vascular endothelial growth factor (VEGF) genes were utilized as osteogenesis markers. The untreated cells were set as control. The sequences of the primers used are listed in Table 1.
TABLE 1 | The forward and reverse sequences of the primers.
[image: Table 1]2.9 Statistical analysis
The triplicated experiments were averaged and statistically compared with one way ANOVA tool built-in origin pro 8.5. p < 0.05 was considered a statistically significant value between the groups.
3 RESULTS AND DISCUSSION
3.1 Fourier Transform Infra-Red (FT-IR) analysis
The functional groups present in all prepared composites were evaluated using FT-IR analysis, and the results are shown in Figures 1A, B. Figure 1Aa stands for the FT-IR spectrum of pure HAP ceramic. The peaks that appeared here are well-matched with the previous report (Gheisari et al., 2015). The broad peak centered at 3,450 cm−1 with the range between 3,700 cm−1 to 3,200 cm−1 is due to crystalline H-O-H of HAP ceramic. The presence of the small amount of CO32- group was confirmed by the appearance of the absorption band at 1,643 cm−1. HAP’s phosphate (PO43-) groups allocated at 1,029 cm−1, 601 cm−1, and 563 cm−1. In addition, the P-OH stretching mode of vibration was confirmed at the region of 862 cm−1. Thus, Figure 1Aa confirms the formation of HAP ceramic with good functionality. The HAP/COL composite formation was confirmed and produced in Figure 1Ab. The representative peaks of collagen were found along with HAP functional groups. Various absorptions at 1647 cm-1, 1,530 cm-1, 1460 cm-1, and 1,195 cm-1 correspond to amide I- C=O, amide II- N-H stretching, C-N deformation, and amide III-N-H stretching, respectively. Moreover, CH2 symmetric stretching and–OH bands were observed at 2,929 cm−1 and 3,700 cm−1 to 3,200 cm−1, respectively. Hydrogen bonding is the probable interaction between collagen’s oxygen and nitrogen atoms and hydroxyapatite’s hydrogen. Hydrogen bonds occur between the hydrogen atom in collagen and the oxygen atom in hydroxyapatite (Mendes et al., 2012; Siswanto et al., 2020). The HAP’s phosphate groups were appeared at 1,116 cm−1, 1,026 cm−1, 601 cm−1, 559 cm−1. The vibration band at 858 cm−1 represents the P-OH stretching of HPO42-. The slight deviation of peaks from their original region corresponding to COL and HAP functionality may be due to the molecular interaction between COL and HAP compounds, which confirms the formation of HAP/COL composite. The prepared CCQD has functional groups (Figure 1Ba) similar to that reported in previous literature by Kurdekar et al., in 2016 (Kurdekar et al., 2016). In HAP/COL/CCQD composite (Figure 1Ac), the presence of CCQD was confirmed by the characteristic peaks that appeared at 3,450 cm-1, 1,637 cm-1, and 1,080 cm-1 in the carboxylic group, C=O stretching and C−O stretching vibrations of CCQD, respectively. In addition, the peaks at 1560 cm−1, 2,350 cm−1, 1,394 cm−1, and 661 cm−1 have also appeared, corresponding to vibration bands of N-H, C≡N (amino groups’), stretching, and bending vibrations C=C and = C-H, respectively (Kurdekar et al., 2016; Sun and Wu, 2018). Here, the absorbance peak at 3,450 cm−1 corresponding to carboxylic–OH appeared more sharply than previous composites due to interaction with other components’ –OH group. Along with these CCQD functional groups, the HAP and COL functional groups present with slight deviation indicating the formation of HAP/COL/CCQD composite with good interactions. The functional vibrations of pure CRN molecules are shown in Figure 1Bb. The terminal–OH functional group of CRN has appeared at 3,408 cm−1. The C–H stretching of -CH group appeared at 2,715 cm−1 and 2,627 cm−1. The C=O stretching gave the sharp band at 1653 cm−1. The successive bands within the region of 1500 cm−1 to 1370 cm−1 are attributed to the C–C–C stretching and C–CO–C bending of the aromatic group. C–O stretch has appeared at 1165 cm−1. The CRN molecule FT-IR results agree with those of Sulaiman et al. report (Sulaiman et al., 2018). In the composite, less difference has occurred between the pure CRN and CRN in HAP/COL/CCQD composite. As shown in Figure 1Ad, the characteristic peaks of HAP, COL, CCQD, and CRN components appeared slightly from their original position, representing the successful physical interaction of CRN and HAP, thus finally confirming the CRN-loaded HAP/COL/CCQD composite formation.
[image: Figure 1]FIGURE 1 | FT-IR spectra of (A) (a) HAP ceramic, (b) HAP/COL composite, (c) HAP/COL/CCQD composite, and (d) HAP/COL/CCQD/CRN composite (B) (a) Pure CCQD and (b) Pure CRN molecules.
3.2 Phase analysis
After the composite formation, the X-ray diffraction analyses of HAP ceramic, HAP/COL composite, HAP/COL/CCQD composite, and HAP/COL/CCQD/CRN composite were carried out. The results are given in Figure 2. In addition to the FT-IR spectrum, HAP ceramic formation was confirmed by analyzing its phase nature by the XRD instrument. The XRD patterns of HAP (JCPDS 73–1731) have been shown in Figure 2A. According to this pattern, the entire characteristic peaks of HAP at the two theta values and their corresponding planes of 11.6° (100), 22.6° (200), 24.2° (111), 26° (201), 27° (002), 29.2° (102), 31.6° (112), 33.5° (211), 35° (300), 36.4° (202), 38° (212), 40.6° (130), 42.8° (302), 44.3° (113), 46.4° (400), 47.6° (401), 50.42° (213) and 53° (410) were observed which denotes the formation of pure HAP with well crystalline nature (You et al., 2019). The higher intensity of the 100 plan is due to the cutting planes being close to the hydroxyl column ((100) a/b type) or between the phosphate-rich layers ((100) c/c type) or Ca1 ion redistributed type ((100) d/e type) (Pan et al., 2007). After the COL addition with HAP ceramic and the formation of HAP/COL composite, it did not affect the crystallinity of the HAP ceramic. The observed patterns are well crystalline, with the disappearance of some peaks due to COL interaction (Figure 2B). After the CCQD addition, it slightly affects the crystallinity of the HAP ceramic, evidenced by the broadened peaks of HAP ceramic in Figure 2C. It may be due to the amorphous nature of the carbon dots (Puvvada et al., 2012). Two new sharp peaks at the two theta of 12.7° and 17.7° appeared in Figure 2D for the HAP/COL/CCQD/CHN composite due to the presence of CHN molecule on the composite (Prabakaran and Rajan, 2021).
[image: Figure 2]FIGURE 2 | XRD patterns of (A) HAP ceramic, (B) HAP/COL composite, (C) HAP/COL/CCQD composite, and (D) HAP/COL/CCQD/CRN composite.
Moreover, the average crystallite sizes of HAP ceramic were calculated in its pure form and its composite form using the Debye Scherrer equation. The observed crystallite sizes of HAP in HAP ceramic, HAP/COL, HAP/COL/CCQD, and HAP/COL/CCQD/CHN composites were calculated as ∼ 8.6 nm, ∼ 7.4 nm, ∼ 6.9 nm, and ∼6.6 nm, respectively. Adding extra organic compounds into HAP ceramic has influenced the crystal growth of HAP and decreased its crystallite size. It may be due to various functional groups in COL and CCQD compounds interacting with HAP ceramic and affecting its crystal growth. But the addition of the CHN molecule on the HAP/COL/CCQD composite did not alter the crystal growth of HAP. It remained crystallite like in HAP/COL/CCQD composite and did not vary hugely.
3.3 Morphology by SEM analysis
The morphology of prepared composites was evaluated and presented in Figure 3. The rod-like HAP was formed, as evidenced by Figure 3A. The rod-like morphology occurred due to the growth of HAP crystals along the straight and forward direction with a rod length of ∼7.4 µm. The experiment’s temperature and chosen pH did not affect this HAP crystal growth. Moreover, the growth of HAP crystals was favored by the absence of external moieties.
[image: Figure 3]FIGURE 3 | SEM and EDX analysis of (A and A′) HAP ceramic (B and B′) HAP/COL composite, (C and C′) HAP/COL/CCQD composite, and (D and D′) HAP/COL/CCQD/CRN composite.
In contrast, adding any organic materials such as COL, CCQD, and CRN has completely changed the rod morphology of HAP. In HAP/COL composite, as shown in Figure 3B, the spherical and interconnected fibrils network (denoted by arrows) was obtained. It may be due to the presence of COL fibrils, their interaction with HAP ceramic, and their influence on the growth of HAP crystals. Kaji et al. confirmed this interconnecting fibril structure of COL in 2017 (Kajii et al., 2017). The addition of CCQD in the HAP/COL composite also affected the spherical nature of the HAP/COL composite. But the interconnected fibrils were also presented without any changes (Figure 3C). But the addition of CRN molecule on the HAP/COL/CCQD composite produced the compact arrangement morphology containing some fingers-like rods of CRN molecules in Figure 3D (Prabakaran and Rajan, 2021). Moreover, the composite formation was confirmed by an analysis of elements present in the particular composite by EDX measurements, and the results were presented in Figures 3A’–D’. In HAP ceramic, the atomic weight percentage of Ca and P is 40.70 and 6.00, respectively. Likely, the atomic weight percentage of Ca and P in HAP/COL composite, HAP/COL/CCQD composite, and HAP/COL/CCQD/CRN composite is calculated as 36.61 and 3.40, 23.46 and 0.11, and 10.62 and 0.35, respectively. These data indicate the presence of Ca and P minerals in all the composites appropriately. Moreover, the atomic ratio of Ca and P was also decreased when adding external organic material to form the composite, decreasing the atomic weight percentage of Ca and P ions in the composite (Predoi et al., 2019).
3.4 TEM analysis
Along with SEM observation, the TEM micrograph of HAP/COL/CCQD and HAP/COL/CCQD/CRN composites also reveal the corresponding surface morphologies. Figure 4A stands for surface ultrastructure morphology of HAP/COL/CCQD composite. A fibril structure of triple spirals with ∼1.8 μm length (Straight line along with HAP rods) was observed for the collagen molecule in HAP rods. In TEM, crosswise with an average length of ∼439 nm and a straight line structure inside the HAP rod is the characteristic collagen fiber, produced by interconnected paralleling of collagen fibrils (indicated by red arrows). The presence of CCQD has appeared as smaller dots beside the HAP rods.
[image: Figure 4]FIGURE 4 | TEM morphology of (A) HAP/COL/CCQD composite (B) HAP/COL/CCQD/CRN composite, and the SAED pattern of (C) HAP/COL/CCQD composite, (D) HAP/COL/CCQD/CRN composite.
On the other hand, the CRN added composite in Figure 4B shows slightly distorted morphology compared with HAP/COL/CCQD composite. The collagen fibrils are completely distorted, and the HAP rods are retained within the composite. The CRN addition was shaped by the compact arrangement of the composite containing some fingers-like rods of the combination of the HAP rods and CRN molecule in Figure 4B. The average length of HAP rods in HAP/COL/CCQD composite was calculated as ∼932 nm. In contrast, the average length of HAP rods in HAP/COL/CCQD/CRN composite was found as ∼459 nm. This decreased length of the HAP rods and the complete disappearance of collagen fibrils in the HAP/COL/CCQD/CRN composite may be due to the interaction of the CRN molecule with the HAP composite. Thus, the addition of CRN molecules could affect the morphology structure and growth of the HAP rods, as shown in the XRD results, which were confirmed. Their SAED pattern is given in Figures 4C, D both show the crystalline nature of the composites. The CRN addition does not affect the crystalline nature of the composite due to its crystalline nature, as discussed in the XRD section.
3.5 Particle size analysis
The influence of various components on the physical growth of the various composites, including HAP ceramic, HAP/COL, HAP/COL/CCQD, and HAP/COL/CCQD/CRN, was analyzed in a particle size measurement. It was recognized by an increase in particle size for the composites prepared with various components due to various chemical interactions between the members in the composite. The cumulant particle sizes were observed as 558.2 nm, 591.8 nm, 563.1 nm, 631.0 nm, and 938.0 nm corresponding to pure HAP, pure CCQD, HAP/COL composite, HAP/COL/CCQD composite, and HAP/COL/CCQD/CRN composite, respectively. The ionic interactions between the HAP and CCQD have increased the particle size of the composite. Similarly, the hydrogen bonding interaction between the HAP/COL/CCQD and CRN molecule has also increased the particle size of the composite. The detailed chemical reaction is discussed in Scheme 1. The lesser particle size within this range (>1 µm) may give a superior homogeneity of the distribution of particles, and superior bonding between the individual components of the composite, and it could increase the density of the composite (Oh et al., 1998; Pramono et al., 2022). Therefore, it is a critical factor that defines the composite’s quality. Because of these different particle sizes, the composite aggregates, rather than individual crystallites, might be acting differently in chemical and biochemical reactions (Barabás et al., 2013). Figure 5 describes the particle size distribution curves of the composites. It should be noted that the particle size of the final HAP/COL/CCQD/CRN composite is significantly greater than pure HAP ceramic. The less aggregated smaller particles in “crystal fusion” via the drying process in a strong crystal-crystal interaction process easily interact with other components. This crystal fusion process may increase the final composite’s particle size containing various individual components (Iafisco et al., 2010).
[image: Figure 5]FIGURE 5 | Particle size distribution curve of (A) pure HAP ceramic, (B) pure CCQD, (C) HAP/COL composite, (D) HAP/COL/CCQD composite, (E) HAP/COL/CCQD/CRN composite and (F) bar diagram represents the cumulant particle size of all composites including (I) pure HAP ceramic (II) pure CCQD, (III) HAP/COL composite (IV) HAP/COL/CCQD composite, and (IV) HAP/COL/CCQD/CRN composite.
3.6 Drug entrapment efficiency, loading capacity, and in-vitro release profile
The drug entrapment efficiency and loading capacity CRN from HAP/COL/CCQD composite carrier. CRN’s entrapment and loading capacity is 65.17%, and 56.24% was attained, as shown in Figure 6A. The entrapment efficiency of CRN was maximum achieved on HAP/COL/CCQD for 24 h via physical interaction and π-π stacking interaction of CRN, CCQDs, and HAP. The resultant absorbance peaks of CRN drug were decreased after 1 h. Only very low-intensity absorbance peaks have appeared, showing that CRN drugs were loaded efficiently on the HAP/COL/CCQD composite.
[image: Figure 6]FIGURE 6 | (A) Drug loading capacity and entrapment efficiency of HAP/COL/CCQD/CRN composite (B) In vitro drug release profile of HAP/COL/CCQD/CRN composite and (C) cumulative releasing profile of CRN drug from HAP/COL/CCQD/CRN composite.
The in-vitro discharge outline of any drug delivery system is one of the most vital physicochemical features for forecasting their in-vivo performance, connecting it to the structure of the formed carrier, and planning preparations of the composite with the anticipated possessions. In the current work, continuous release of the CRN from the HAP/COL/CCQD/CRN composite was the highest percentage in the HAP/COL/CCQD/CRN formulation, which suggested enhanced entrapment of CRN with that composite formulation. Figure 6 shows the discharge performance of the CRN drug in PBS medium at the pH of 7.4 from the HAP/COL/CCQD/CRN composite. The maximum CRN, i.e., ∼23%, was released from the composite for 50 h (Figure 6C). In this case, no burst release was observed for the first few hours. Only the controlled slow-release was obtained. This strongly shows CRN molecule’s loading on HAP/COL/CCQD carrier. Thus, the present research achieved the prolonged release of CRN and slower release kinetics when HAP/COL/CCQD/CRN composite formulation was used. This may be connected to constructing a tougher complex due to the surplus electrostatic interaction of the HAP/COL/CCQD composite with hydroxyl groups on the CRN molecule.
This releasing percentage was significantly lower than the releasing percentage of CRN drug from the β-cyclodextrin (β-CD)-based nanosponge (NS) polymers formulation developed by Mahalingam et al., in 2017. They evaluated that the CRN releasing behavior from the β-CD-NS formulation was about 59% for 36 h. In our case, we have obtained only the ∼23% of CRN release from the composite for 48 h. This result indicates that the interaction between the CRN and HAP/COL/CCQD composite is stronger than the interaction between the CRN and NS polymer that was prepared by Mahalingam et al. (Mahalingam et al., 2017). Shima et al., in 2020, CHR (chrysin) discharge from electrospun PCL/GEL fibers with various CHR contents was reported. In pH 7.4 at 37°C, CHR was released from electrospun fibers at 5% and 15% (wt:wt%) for 24 h and continued by low drug discharge was determined via 2 weeks. After 2 weeks, almost 92% and 78% of CHR were discharged from 5% to 15% (wt:wt%) CHR-loaded fibers (Sadeghi-Soureh et al., 2020). Further, cumulative drug release profiles represent Figure 6C the maximum amount of drug release was observed at pH-7.4 in 23.11%, in alkaline pH conditions, the free hydrophilic groups of HAP/COL/CCQD/CRN composite help to the formation of hydrogen bond with a water molecule and allow the fast discharge inside the affected tissues and sustainably release of CRN drugs molecule.
3.7 Specific surface area and pore size distribution
In order to get the effect of CRN molecule on the surface area and pore size distribution of both HAP/COL/CCQD and HAP/COL/CCQD/CRN composites, the BET analysis was carried out using N2 gas adsorption, and the results were compared. It has been identified that the surface area increases as the loading of CRN molecule in HAP/COL/CCQD composite. It was calculated that the surface area, pore diameter, and pore volume of HAP/COL/CCQD composite are 2.720 m2/g, 0.004 cc/g, and 3.400 nm, respectively. The CRN-loaded composite exhibits 9.209 m2/g, 0.009 cc/g, and 2.247 nm for the surface area, pore diameter, and pore volume. Figures 7A, B shows that type-III isotherm with hysteresis loop was observed for both HAP/COL/CCQD and HAP/COL/CCQD/CRN composites. It is supposed that the addition of external molecules on the surface of the composite generates atomic-scale heterogeneity and unevenness, which might have produced increases in the surface area and decreases in pore volume, as discussed by Ain et al. (Ul Ain et al., 2020). At the same time, both composites exhibit mesoporous nature because the maximum pores are cumulated within the range of 2–20 nm (Figures 7C, D). A large surface area with a high pore volume, a tunable mesoporous structure, high mechanical and chemical stability, and biocompatibility for biomedical applications (Purbia and Paria, 2015; Shaikh et al., 2016).
[image: Figure 7]FIGURE 7 | (A) N2 adsorption and desorption isotherm of HAP/COL/CCQD composite, (B) N2 adsorption and desorption isotherm of CRN loaded HAP/COL/CCQD composite, (C) Pore size distribution curve of HAP/COL/CCQD composite and (D) Pore size distribution curve of CRN loaded HAP/COL/CCQD composite.
3.8 Biological characterizations
3.8.1 Cell viability, cytotoxicity and morphology
The attachment and proliferation of hBMSCs were examined to estimate whether the prepared composites fulfilled the necessity in bone tissue engineering and how the additional organic compounds in the composite play a role in cellular metabolism. An effect of HAP, HAP/COL, HAP/COL/CCQD, and HAP/COL/CCQD/CRN on the metabolic activity of the hBMSCs was evaluated in terms of MTT and luminescence assays 14 days of post culturing period and given in Figure 8. All composites exhibit good support to the hBMSCs growth. There was no significant difference observed in the MTT assay between the control (blank untreated cells) and HAP, HAP/COL, and HAP/COL/CCQD composites treated cells (Figure 8A). But after the treatment of cells with HAP/COL/CCQD/CRN composite, it has enhanced the viability of the cells and reached a maximum up to 96%, which is slightly higher than the other composites such as HAP (87.6%), HAP/COL (92.6%) and HAP/COL/CCQD (93.2%). None of the composites shows similar viability results to control cells. Adding organic compounds such as COL, CCQD, and CRN molecules did not affect the growth of hBMSCs and induced a positive effect on the proliferation of hBMSCs. Moreover, the cytotoxicity of the HAP/COL/CCQD/CRN composite on the hBMSCs is nearly equal to control cells (Figure 8B). On the other hand, the other composites, such as HAP, HAP/COL, and HAP/COL/CCQD, have induced some cytotoxicity effects than HAP/COL/CCQD/CRN and control cells. These results prove the cytocompatibility nature of the prepared composites.
[image: Figure 8]FIGURE 8 | (A,B) Viability and cytotoxicity nature of the hBMSCs after treated with (a) pure HAP ceramic (b) HAP/COL composite, (c) HAP/COL/CCQD composite, and (d) HAP/COL/CCQD/CRN composite 14 days of post culturing period. *p < 0.05 comparison of the experimented group with the control cells.
In addition, the cytocompatibility nature of the composite was also well evidenced by the optical microscopic morphology of hBMSCs obtained at 1, 3, 7, and 14 days of post-treatment with prepared composites (Figure 9). Other than the control cells, the cells were attached compactly and covered the surface of culture dishes in all other experimented groups. In particular, the composites at 14 days post-culture period exhibit more cells in a tightly bounded manner than other treatment days observed. The final composite containing CRN molecule shows more prolonged spindle-shaped cells than other composites at 7 and 14 days of culture. This may be due to the initial attachment of cells that could interact with the surface of the composite, and the presence of various compounds in the composites can allow cells to attach to the composite. This is the basis for the cell viability of the experimental composite, as discussed by Genasan Krishnamurithy in 2019 (Krishnamurithy et al., 2019).
[image: Figure 9]FIGURE 9 | Optical microscopic images of hBMSCs after being treated with prepared composites at different treatment days.
3.8.2 Osteogenic differentiation by relative gene expressions
To assess the differentiation manners of hBMSCs on the composite with diverse compounds, relative genes expression like RUNx2, OCN, and VEGF measurements are indispensable. OCN is a characteristic indicator of the bio-mineralization behavior of bone and developed osteoblasts. As shown in Figure 10, adding organic molecules such as COL, CCQD, and CRN does not negatively affect the gene expression levels. Moreover, hBMSCs exhibit higher OCN expression levels than the control group on all composites. In addition, on the 14th day, the cells on the composite’s surface containing CRN molecules showed significantly higher OCN expression levels. In addition, like OCN expression results, the other genes, such as RUNx2 and VEGF expressions, showed significantly higher upregulated when the expression on the CRN-containing composite. Other composites such as HAP, HAP/COL, and HAP/COL/CCQD show relatively downregulated expression of all genes, including OCN, RUNx2, and VEGF, compared with HAP/COL/CCQD/CRN composite. These upregulated gene expressions for CRN-containing composite may be due to the CRN molecule’s ERK/MAPK activation. The fundamental molecular mechanism shows that ERK1/2 is responsible for the inductive effects of chrysin (Zeng et al., 2013), making the CRN molecule an osteogenic molecule for treating bone diseases, including osteoporosis. Prominent expression of OCN, RUNx2, and VEGF in cells seeded in the HAP/COL/CCQD/CRN composite specifies that this scaffold is appropriate for the osteogenic induction and quick osteogenic differentiation of seeded hBMS cells (Genasan et al., 2021).
[image: Figure 10]FIGURE 10 | Relative gene expression behavior of hBMSCs after treatment with (A) pure HAP ceramic (B) HAP/COL composite, (C) HAP/COL/CCQD composite, and (D) HAP/COL/CCQD/CRN composite 14 days of post culturing period. *p < 0.05 comparison of the experimented group with the control groups.
4 CONCLUSION
In this examination, composites with bioactive compounds were prepared using the chemical precipitation technique controlled by the solvent removal method. The surface of HAP scaffolds was utilized to examine the combining effects of bioactive compounds on the morphology, crystal growth, adhesion, and viable behavior of hBMSCs. The results displayed that HAP scaffolds with COL/CCQD/CRN compounds were more positive for the spread of cells than other individual composites. In addition, the CRN molecule on the composite hastened the surface area of the HAP/COL/CCQD composite and gifted the composite with a better ability to express and upregulated bone cells, as proved by the MTT assay and osteoblasts cells’ gene expression. The composite made up of HAP/COL/CCQD/CRN compounds exhibited significantly higher cell proliferation rate and gene expression rate among other composites, showing the cytocompatibility nature of the CRN molecule combined with HAP ceramic. This CRN-containing composite is more promising for skeletal tissue engineering than other composites that do not contain CRN molecules. More detailed preclinical examinations on the composite’s degradation and in vivo bone tissue development continue to recognize the translational probable of this composite.
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