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Abstract

:

Calcium-containing organic–inorganic nanocomposites play an essential role in developing bioactive bone biomaterials. Ideally, bone substitute materials should mimic the organic–inorganic composition of bone. In this study, the roles of calcium chloride (CaCl2) and calcium ethoxide (Ca(OEt)2) were evaluated for the development of sol-gel-derived organic–inorganic biomaterials composed of gelatin, bioactive glass (BG) and multiwall carbon nanotubes (MWCNTs) to create nanocomposites that mimic the elemental composition of bone. Nanocomposites composed of either CaCl2 or Ca(OEt)2 were chemically different but presented uniform elemental distribution. The role of calcium sources in the matrix of the nanocomposites played a major role in the swelling and degradation properties of biomaterials as a function of time, as well as the resulting porous properties of the nanocomposites. Regardless of the calcium source type, biomineralization in simulated body fluid and favorable cell attachment were promoted on the nanocomposites. 10T1/2 cell viability studies using standard media (DMEM with 5% FBS) and conditioned media showed that Ca(OEt)2-based nanocomposites seemed more favorable biomaterials. Collectively, our study demonstrated that CaCl2 and Ca(OEt)2 could be used to prepare sol-gel-derived gelatin–BG–MWCNT nanocomposites, which have the potential to function as bone biomaterials.
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1. Introduction


Biomaterials that mimic the structural composition of bone tissue are desired for the repair or regeneration of fractures and defects. Native bone is composed of a complex hierarchical structure comprising collagen as the main organic component and hydroxycarbonate apatite as the inorganic component [1,2,3]. The selection of appropriate materials for the preparation of organic–inorganic nanocomposites that simulate the composition of bone is crucial.



Bioactive glasses (BG) are ideal for use as an inorganic component for the preparation of bone biomaterials since they readily bond to bone and stimulate both osteoconduction and osteoinduction [4,5]. BGs are amorphous, silicate-based materials that are based on a covalent random network of corner-sharing silica tetrahedra containing Si-O-Si bridging bonds [6]. The original BG (46.1% SiO2, 24.4% Na2O, 26.9% CaO, and 2.6% P2O5, in mol%), 45S5 Bioglass®, was developed by Hench and his colleagues [7]. Bioglass® was first produced through melt-quenching processing which involved melting the oxide components in platinum crucibles at a temperature of 1370 °C, followed by pouring into a preheated mold or pouring the melt into water to quench, creating a powder or frit [7,8]. One of the potential ways bone bonds to BG is through the formation of a hydroxycarbonate apatite (HCA) layer on the surface of the glasses in contact with body fluid, similar to the apatite in bone, that would facilitate the formation of a strong bond through the plausible interaction of collagen fibrils from the host bone and the HCA nodules forming on the glass [7]. This process occurs through the release of soluble ionic species from the glass to form a high-surface-area hydrated silica and polycrystalline HCA bilayer on the glass surface [8].



BG can also be synthesized via the sol-gel process. Sol-gel-derived BGs are produced through the hydrolysis of alkoxide precursors to form a colloidal silica sol [9]. Metal alkoxides, such as tetraethyl orthosilicate (TEOS,) are commonly used as silica precursors due to their ability to readily react with water [10]. In addition, triethyl phosphate (TEP) and calcium salts are used to incorporate phosphate and calcium into the sol-gel system, respectively [10]. A gel is formed by polycondensation of the silica species in the sol, forming a network of silica (Si-O-Si bridging bonds) that subsequently goes through a heat treatment to remove the condensation by-products and remove the nitrates in cases where calcium nitrate salt is used, due to the cytotoxic nature of nitrate [6,9]. In addition, different drying techniques of wet gels result in porous structured materials known as aerogels and xerogels [9]. Aerogels are low-density gels that are produced by the removal of liquid from the interconnected pore network as a gas phase under supercritical drying; whereas xerogels, generically called gels, are the resulting product from drying at or near ambient conditions by thermal evaporation [9,11].



The advantage of sol-gel-derived over melt-quenching-derived BGs is the generation of different gel products, such as aerogels and gels that can be characterized for their applications as potential bioactive bone biomaterials [12,13]. In addition, the formation of an HCA layer on the surfaces of glasses and bondage to bone can be achieved with compositions of 90 mol% silica, whereas osteoconduction and osteoinduction property is achieved at a silica content of 60 mol% or less in melt-derived BGs [14]. The increased bioactivity of sol-gel-derived BGs is due to its enhanced surface area as a result of its nanoporous network, compared to the dense melt-derived BGs, causing an increased rate of dissolution of the soluble ionic species of the BG composition [15,16]. In addition, the incorporation of an organic component is more viable in the sol-gel process since it does not necessarily require high-temperature treatment, as would occur in the melt-derived BGs.



BGs are, however, brittle and require the incorporation of a polymer to induce toughness. The addition of biodegradable synthetic polymers, such as poly(ester amide) (PEA) [17], poly(caprolactone)(PCL) [2,18], poly(lactic-co-glycolic acid) (PLGA) [19], and polydimexylsiloxane (PDMS) [20], into BGs, have been extensively studied for bone tissue engineering [21]. Preparation of monolithic silica/polydimexylsiloxane/calcium phosphate composites (70%Si20%PDMS10%CaP and 60%Si20%PDMS20%CaP) have been prepared via the sol-gel process combined with a micro-molding technique at room temperature [20]. The bioactive properties of monolithic composites were assessed for their role as filling scaffolds in bone surgery with possible drug loading [20]. Results showed an increase in surface mineralization on 70%Si20%PDMS10%CaP composites which could potentially be used as a bone-filling material, whereas 60%Si20%PDMS20%CaP composites showed delayed initial mineralization with potential use as a drug-release material that bonds to bone [20].



Among the polymers that can be incorporated into the BG system, synthetic polymers offer increased mechanical strength compared to natural polymers. However, natural polymers are preferred because they possess macromolecules that the biological environment recognizes and metabolizes [22]. Hybrid xerogels composed of silica (SiO2)/chitosan (CS) and SiO2/CS/tricalcium phosphate (TCP) have been developed to evaluate the effects of washing treatments using either ethanol or water on the textural and bioactive properties for their potential application in bone regeneration [23]. Gels washed in ethanol resulted in an increased surface area, pore volume, and pore size compared to gels washed in water. In addition, xerogels containing TCP presented a higher ability to form hydroxyapatite on hybrids, promoting the adhesion of cells and proliferation of osteoblasts [23].



Selection of a natural polymer that better mimics the organic component of bone would, however, be beneficial for developing bone biomaterials. Due to the possible antigenic responses from collagen [24], gelatin, the hydrolyzed form of type I collagen, could be a suitable polymer. The application of gelatin to develop bone biomaterials is relatively cheap, readily available, and can easily be dispersed in aqueous solutions [25,26]. Gelatins are polymers of a mixture of amino acid moieties joined by peptide bonds ranging from 15,000 and 400,000 Da in molecular weight [27]. The primary structure of gelatin is composed of more than twenty amino acids in different proportions in such a way that their molecules are composed of repeating sequences of glycine-X-Y triplets, where X and Y describe the positions of proline and hydroxyproline, respectively [27]. Moreover, interactions between cells and the ECM are regulated by an arginine-glycine-aspartic acid (RGD) sequence present within the gelatin structure, which also functions as a specific integrin recognition site that promotes cell adhesion, preventing cells from apoptosis as well as accelerating tissue regeneration and therefore, functioning as a biomimetic peptide [27,28]. Furthermore, gelatin is able to molecularly interact with functional groups of organic and inorganic components that can be tailored to present specific physical properties necessary for the development of bioactive bone biomaterials. In the development of a tissue-engineered biomaterial for bone repair via a sol-gel process, gelatin has been used as a toughening polymer since BGs are brittle and cannot be implanted in mechanically stressed bone sites [29]. Gelatin by itself would also be too weak to support a bone scaffold. Therefore, the development of a nanocomposite material where BG and gelatin act as the inorganic and organic components, respectively, would potentially improve the bioactivity while serving as a bone scaffold template for the body to repair and regenerate itself [25]. Therefore, combining both gelatin and BG would create a nanocomposite that mimics the hierarchical organic–inorganic structure of bone.



The development of organic–inorganic nanocomposites should possess bioactive features that would enhance their applications as bone biomaterials. Calcium is fundamental to the bioactivity of sol-gel tertiary BGs and a key component of osteogenesis [30,31]. Calcium nitrate has been conventionally used as a calcium source to prepare BGs; however, its use has some disadvantages. The heterogeneity caused by calcium-rich regions and thermal treatments (>400 °C) to incorporate calcium ions into the silicate glass network are some of the drawbacks [32,33,34,35]. However, its major limitation comes from its incompatibility to incorporate a polymer component for the preparation of organic–inorganic nanocomposites at room temperature because of the high-temperature treatment needed to thermally decompose the nitrate [1,36].



Different calcium sources that can be used at lower temperatures are required for the synthesis of sol-gel-derived organic–inorganic nanocomposites. The use of calcium chloride (CaCl2), an alternative calcium salt, or calcium ethoxide (Ca(OEt)2), a calcium alkoxide, has been previously reported for the development of nanocomposite bone biomaterials [1,2,18]. A study has also investigated the effects of various calcium sources, such as calcium methoxyethoxide (CME), calcium nitrate and CaCl2, on the properties of sol-gel-derived two-component (SiO2-CaO)-based BGs and found that CME was a more suitable calcium source for its potential application in nanocomposite synthesis [30]. A separate study also evaluated the effects and properties of binary (SiO2-CaO) BGs composed of the above-mentioned calcium sources, including Ca(OEt)2, and assessed their biocompatibilities in a chitosan-BG composite model [37]. Their findings showed that Ca(OEt)2 was the preferred calcium source, showing higher calcium incorporation into the silicate network, homogeneity, bioactivity and biocompatibility [37]. Another study has additionally compared the incorporation of calcium ions from Ca(OEt)2, calcium hydroxide, CaCl2, calcium citrate and calcium acetate into the silicate network of binary BGs [31]. Calcium hydroxide was selected as an alternative to calcium alkoxides for the synthesis and characterizations of polycaprolactone-BG nanocomposite scaffolds synthesized at room temperature [31]. These studies have made possible the understanding of the role and function of calcium sources in the silicate BG network and their application as a biomaterial that mimics the composition of bone.



Furthermore, the addition of carbon-based conductive materials has also been incorporated into organic–inorganic compositions as a new generation of biomaterials that provide additional functionality for bone substitutes, namely conductivity [28,38]. Bone possesses natural conductive properties [39,40], and the addition of a conductive element into an organic–inorganic bone substitute could better mimic the natural electrical conductivity of bone, providing advantages at the physiological and mechanical levels [41,42]. Most importantly, carbon-based conductive materials could deliver electrical signals within a bone biomaterial through the application of electrical stimulation for the maturation of osteoblasts and to induce the repair and regeneration of bone defects [43,44]. Therefore, uniform distribution of a conductive component into organic–inorganic nanocomposites without affecting the overall properties of the synthesized bone biomaterials is beneficial for electrical stimulation future studies.



Herein, we report the effects of CaCl2 and Ca(OEt)2 as calcium sources to develop an efficient approach that incorporates gelatin, sol-gel-derived tertiary BG, and uniformly dispersed multiwall carbon nanotubes (MWCNTs) to create bone nanocomposites that mimic the organic–inorganic composition of bone with an electrically conductive element. Incorporation of distributed MWCNT into gelatin-BG nanocomposites was possible and could allow the study of potential future exploration of exogenous electrical stimulation on the maturation of osteoblasts. The main objective of this study was to compare the physicochemical properties of CaCl2- and Ca(OEt)2-based nanocomposites, as well as their elemental distribution within the gelatin-BG-MWCNT biomaterials. In addition, the swelling, degradation behavior and porosity of the nanocomposites were evaluated. Finally, we explored the in vitro bioactive properties of nanocomposites and their suitability to support cell attachment and spreading. Our data showed that gelatin–BG–MWCNT nanocomposites containing CaCl2 or Ca(OEt)2 possessed different physicochemical properties due to the fate of their calcium ions in the silicate glass network of the biomaterial. Although Ca(OEt)2-based nanocomposites were most likely to have more advantageous properties in bone-repairing applications, both CaCl2- and Ca(OEt)2-based gelatin–BG–MWCNT nanocomposites have the potential to function as bone-repair biomaterials.




2. Materials and Methods


2.1. Materials


Gelatin type A (porcine skin), Pluronic F-127, multiwall carbon nanotube (MWCNT, >98% carbon basis, O.D. × L 6–13 nm × 2.5–20 μm), tetraethyl orthosilicate (TEOS, 98%), triethyl phosphate (TEP, 99.8%), and anhydrous calcium chloride were purchased from Sigma–Aldrich (Milwaukee, WI, USA). Calcium ethoxide was obtained from Gelest Inc. (Morrisville, PA, USA). Dulbecco’s Modified Eagle’s Medium (DMEM), Hanks’ Balanced Salt Solution (HBSS), Fetal Bovine Serum (FBS), and penicillin/streptomycin (pen/strep) were acquired from Thermo Fisher (Whitby, ON, Canada). Alexa Fluor® 488 phalloidin and 4′6-diamidino-2-phenylindole (DAPI) were purchased from Life Technologies (Burlington, ON, Canada). Mouse embryo multipotent mesenchymal progenitor cells (C3H/10T1/2 cells) were obtained from ATCC (Manassas, VA, USA).




2.2. Preparation of Sol-Gel Derived Gelatin-BG-MWCNT Nanocomposites Using Calcium Chloride and Calcium Ethoxide


To prepare gelatin–BG–MWCNT nanocomposites based on calcium chloride (CaCl2), 20 mg/mL of MWCNT was dispersed in Pluronic F-127 (PF-127) solution, which was previously dissolved in water at a high temperature to a concentration of 20 mg/mL, followed by sonication for 2 h at 50 °C and stored at RT until further use. Gelatin type A (porcine skin) was dissolved in water at a concentration of 10% w/v. Meanwhile, BG was prepared by sol-gel process from TEOS, TEP, and CaCl2 by adding water and a catalytic amount of 1M HCl for 30 min at room temperature. To prepare 100 mg of BG, 248 µL TEOS, 22 µL TEP and 49 mg of CaCl2 were used. The mole ratio of water/TEOS was kept at 4:1, while 1M HCl was added at a volume ratio (water/HCl) of 3 to catalyze the TEOS hydrolysis. Viscous gelatin solution was added dropwise to the tertiary glass precursors solution, followed by MWCNT (1 wt.%). Hydrolysis and polycondensation of TEOS were carried out in situ while the sol–gelatin–MWCNT mixture was vigorously stirred at 40 °C until it became a gel. BG had a final molar composition of 70% SiO2, 26% CaCl2, and 4% P2O5, and the organic–inorganic ratio was maintained at 50 wt.%. Aging of gels was carried out at 55 °C for one day, followed by drying under vacuum for one day at 60 °C. The final product was then ground to a fine powder. Table 1 presents the nomenclature of the samples.



To prepare gelatin–BG–MWCNT nanocomposites based on calcium ethoxide (Ca(OEt)2), PF-127 was used to prepare MWCNT stock dispersions (20 mg/mL PF-127 and 20 mg/mL MWCNT). Dispersions were sonicated for 1 h at 50 °C and stored at RT until further use. Gelatin type A (porcine skin) was dissolved in water at a concentration of 10% w/v. A total of 1 wt.% MWCNT was added to the gelatin solution, followed by sonication at 50 °C for 30 min. BG (100 mg) was prepared by a sol-gel process [1,45], which consisted of hydrolyzing TEOS (248 µL) and TEP (22 µL) with a catalytic amount of 1M HCl under vigorous stirring at RT. Calcium ethoxide was dissolved separately in 2-ethoxyethanol (54 mg/mL). The hydrolyzed BG precursors were added dropwise to the gelatin–MWCNT mix, followed by calcium ethoxide. BG had a final molar composition of 70% SiO2, 26% CaO, and 4% P2O5, and the organic–inorganic ratio was maintained at 50 wt.%. Biomaterials were aged for one day at RT, followed by drying under vacuum at 40 °C. Fine powder was obtained from the final product by grinding with a pestle and mortar. Sample nomenclatures are presented in Table 1.




2.3. Characterization of Nanocomposites


2.3.1. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)


Dried and powdered nanocomposites were used for FTIR spectroscopy, which was conducted using a Thermo Scientific™ Nicolet™ Summit FTIR Spectrometer with the Everest ATR Accessory in the transmission mode at a resolution of 4 cm−1 and sample scans of 24 in the range of 4000–500 cm−1.




2.3.2. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX) Analysis


Nanocomposite disks were prepared to visualize the surface morphology and elemental distribution of their chemical composition through SEM and EDX, respectively. Briefly, 70 mg of dried gelatin–BG–MWCNT were compress-molded at 121 °C with a pressure of 145 psi for 50 min to obtain nanocomposite disk samples of 6 mm diameter and 1.5 mm height. Disks were sputter-coated with gold/palladium (K550X, sputter coater, Emitech Ltd., Ashford, UK), and SEM coupled to EDX was performed by using a Zeiss 1540XB FIB/SEM instrument with an accelerating voltage of 5 kV (Carl Zeiss: Oberkochen, Germany).




2.3.3. Swelling Behavior of CaCl2- and Ca(OEt)2-Based Nanocomposites


Evaluation of the swelling behavior of nanocomposite disks (n = 3) was performed in PBS for 6 days at 37 °C. The weights of the samples were recorded before (W0) and after incubation in PBS after 1, 3, and 6 days of incubation (Wt). The swelling ratio of samples was calculated according to Equation (1):


  S w e l l i n g   R a t i o     %   =     W   t   −   W   0       W   0       × 100  



(1)








2.3.4. In Vitro Biodegradability of CaCl2- and Ca(OEt)2-Based Nanocomposites


The weight loss percentages of nanocomposite disks (n = 3) were determined by measuring the initial weight of the samples (W0) and subsequently incubating in PBS at 37 °C. At 1, 3, and 6 days of incubation, the samples were washed with deionized water and dried under vacuum at RT. The final weights of the dried samples were recorded (Wf) and were used to calculate the weight loss percentages of each sample, as presented in Equation (2).


  W e i g h t   l o s s     %   =     W   0   −   W   f       W   0       ×   100  



(2)








2.3.5. Micro-CT imaging of CaCl2- and Ca(OEt)2-Based Nanocomposites Post-Degradation


The morphology of nanocomposite disks after 6 days of degradation was imaged and studied using microcomputed tomography (microCT) (eXplore Locus SP, GE Healthcare, London, ON, Canada). Nanocomposite disks were scanned at 20 μm voxel resolution, using an exposure time of 0.45 s, 5 frames per view, and a total of 900 views at an increment of 0.4°. Two-dimensional slice images were reassembled from the isotropic slice data and compiled to generate a 3D image. 3D images were analyzed using commercially available trabecular bone analysis software MicroView version 2.5.0-4196 (GE Healthcare Biosciences). The threshold values distinguishing the nanocomposites from air were selected by using air and water as control objects. Analyses of micro-CT images include porosity measurements, pore wall thickness, pore sizes, and surface area to volume ratio of the nanocomposites.




2.3.6. In Vitro Bioactivity of CaCl2- and Ca(OEt)2-Based Nanocomposites


Nanocomposite disks were incubated in simulated body fluid (SBF) solution at a concentration of 10 mg/mL at 37 °C under constant shaking at 120 rpm for 7 days. After SBF incubation, nanocomposites were rinsed with water, dried under vacuum at RT, and their surfaces were visualized by SEM/EDX using Zeiss 1540XB FIB/SEM instrument with an accelerating voltage of 5 kV (Carl Zeiss: Oberkochen, Germany). FTIR and X-ray diffraction (XRD) data were acquired on dried samples. XRD data were obtained using an X-ray diffractometer Rigaku Ultima III operating on Cu Kα radiation with λ = 1.5418 Å at 30 kV and 15 mA in the 2θ range of 2–90° at a scanning speed of 2°/min and scanning width of 0.02°.




2.3.7. Cell Adhesion and Viability of CaCl2- and Ca(OEt)2-Based Nanocomposites


10T1/2 cells were used to investigate cell adhesion onto nanocomposites. Nanocomposite disks were disinfected under ultraviolet (UV) light and pretreated in HBSS (~10–15 min) to pre-wet the samples [5]. 10T1/2 cells (cultured in DMEM with 5% FBS and 1% pen/strep) were subsequently directly seeded onto nanocomposite disks that were placed in a 24-well plate. The nanocomposite disks have a surface area of 0.3 cm2, thus the seeded cell density on nanocomposites was 98,956 cell/cm2 and were incubated at 37 °C in 5% CO2. After 24 h incubation, cells were fixed using 4% paraformaldehyde (EMD Chemicals Inc. Gibbstown, NJ, USA) and stained against DAPI (300 nmol in PBS) and phalloidin (1:100) to visualize cell nuclei and F-actin, respectively. Live/dead cell staining kit was used for 10T1/2 cells viability on standard media and conditioned media (extracts) after 24, 72, and 168 h according to the manufacturer’s protocol. Conditioned media was prepared by incubating nanocomposites in fresh DMEM (5% FBS, 1% pen/strep) for 24 h at 37 °C. In a typical experiment, ~70 mg nanocomposite disks (6 mm diameter and 1.5 mm height) were incubated in 7 mL DMEM, corresponding to 10 mg/mL. After 24 h, the media which were conditioned with nanocomposite extracts was used as cell culture media to perform viability studies in a 24-well plate (working volume was 1 mL conditioned media). The same number of cells that were plated onto nanocomposites were evenly plated into a 24-well plate, resulting in a cell density of 15,625 cell/cm2. Standard culture media and conditioned media were changed every other day. Cells seeded on a tissue culture plate (TCP) were used as control. Images were taken with a Leica DMi8 fluorescence microscope (Leica Microsystems CMS GmbH, Wetzlar, Germany). Experiments were done in triplicate.




2.3.8. Statistical Analysis


Statistical analysis of the data was performed using GraphPad Prism (https://www.graphpad.com/). Differences were tested with one-way ANOVA, and a p-value of <0.05 was used for statistical significance.






3. Results and Discussion


3.1. Preparation of Gelatin-BG-MWCNT Nanocomposites from CaCl2- and Ca(OEt)2 Calcium Sources


Calcium is an important element in osseous tissue, and its presence in a nanocomposite biomaterial could mimic bone’s natural inorganic composition. Evaluation of the effects of calcium sources on the synthesized tertiary BG could provide a better understanding of their role in the glass network and their function within nanocomposite bone biomaterials.



Figure 1 presents the FTIR spectra showing the different chemical groups of the PF-127 surfactant, sol-gel precursors (Figure 1A) as well as of gelatin, tertiary BG using calcium chloride (CaCl2) or calcium ethoxide (Ca(OEt)2) as calcium sources, and their corresponding organic–inorganic nanocomposites with their corresponding digital images (Figure 1B). The bands associated with the PF–127 spectrum are characterized by bands at 2877 cm−1 corresponding to the –C–H (aliphatic region), 1473 cm−1 related to the C–C stretching, 1341 cm−1 associated with the O–H plane and 1101 cm−1 (region C–O) with three specific spots at 1061, 1106 and 1145 cm−1 that also suggest C–O–C stretching [46]. Peaks at 1286 cm−1 and 1287 cm−1 correspond to CH2 twisting, whereas bands at 956 cm−1 and 840 cm−1 are related to CH2 wobbling [46]. The sol-gel precursors used were TEOS and TEP, and the calcium sources were CaCl2 and Ca(OEt)2 (Figure 1A). TEOS, which was used as the silica precursor in the sol-gel process, possessed characteristics peaks at 2979, 2887, 1394, 1104, 1078 and 956 cm−1. The band at around 2979 cm−1 is assigned to the stretching vibrations of –C–H bond, while the band observed at 2887 cm−1 corresponds to the absorption band of the methyl (CH3) groups [47]. In addition, the peak at 1394 cm−1 is attributed to the asymmetric bending of –C–H bonds [48], while the band presented at 1104 cm−1, corresponding to the ethoxy group bound to the silicon atom (Si–OCH2CH3), was observed. The peak at 1078 cm−1 is associated with the siloxane bonds (Si–O–Si), whereas the band at 956 cm−1 is characteristic of the –C–H rocking vibrations of TEOS [48,49]. Furthermore, the P2O5 precursor, TEP, also presented bands related to the symmetric stretching vibrations of –C–H bonds at 2987 and 2907 cm−1, as well as peaks related to the asymmetric bending of the –C–H bonds at around 1500 and 1368 cm−1 [50]. The prominent peak observed at 1018 and 965 cm−1 corresponds to the –P–O valence vibrations, while the band at 1263 cm−1 is attributed to the –P=O stretching vibrations of TEP [50]. Moreover, CaCl2 presented peaks observed at 3503 and 3393 cm−1 associated with the asymmetric –OH stretch, whereas the band at 1629 cm−1 corresponded to the H–O–H bending vibration of CaCl2 [51,52]. Although we have used anhydrous calcium chloride, its hygroscopic nature during sample transfer is the likely source of the –OH stretch. The appearance of the bands corresponding to –OH and H–O–H indicates the existence of different hydrogen bonding environments resulting from interactions with chloride ions as well as water molecules [51]. Additional peaks at around 650 cm−1 are associated with the Ca–O stretching vibration [53]. Lastly, Ca(OEt)2 presented peaks between 3000 and 2800 cm−1 due to the C–H stretching, as well as an alkane (–C–H) bending at 1400 cm−1 [54]. In addition, the bands observed between 1100 and 1050 cm−1 are characteristic of the primary alcohol (–C–O) stretching [54].



The tertiary BG containing CaCl2 presented characteristic peaks between 3496 and 3454 cm−1 due to the –OH stretching and bending vibrations of the self-associated silanol (Si–OH) groups (Figure 1B). In the Ca(OEt)2-based tertiary BG, this peak is shifted slightly to 3370 cm−1. However, the CaCl2-based BG also presented an additional peak at 1630 cm−1 due to the self-associated Si–OH groups [45] which overlapped with the peak associated with the residual water of CaCl2 [51,52]. In the BG containing Ca(OEt)2, there were bands associated with C–H vibrational modes at around 2900 and 1400 cm−1. While incomplete hydrolysis could be a suspect for these peaks, this cannot explain it fully, especially since we repeated the experiment with longer hydrolysis and drying times (96 h). Interestingly, the peak at around 2900 cm−1 has been observed even in a melt-derived CaO-SiO2 glass with no obvious source of CH2 groups and persisted even after SBF treatment [55]. We also observed this small peak in our previous study of the SiO2-P2O5 system after 72 h hydrolysis and 7 days of aging [45]. Therefore, the data indicate that these peaks are not necessarily associated with incomplete hydrolysis of the inorganic components. Furthermore, we observed peaks at 1025 cm−1 due to the asymmetric stretching of the siloxane bond (Si-O-Si) as well as a band at around 800 cm−1 associated with the bending Si-O vibration of the ring structures of the glass for both CaCl2- and Ca(OEt)2-based BGs [56] (Figure 1B). Both CaCl2- and Ca(OEt)2-synthesized BGs presented a band at around 450 cm−1 corresponding to the rocking motion of oxygen bridging two adjacent silica atoms from the Si-O-Si groups of the glass network [1]. BG containing CaCl2 as a calcium source presented a peak at 943 cm−1 related to the silanol (Si–OH) groups from the incomplete polycondensation of the TEOS (Figure 1B) [45]. In contrast, evidence of peaks showing the incorporation of calcium ions to the silicate glass network was observed in the Ca(OEt)2-based BG as shown by the peaks at 984 cm−1 and 887 cm−1, corresponding to the Si-O−-non-bridging oxygen (NBO) (Figure 1B) [57]. Evidence showing the incorporation of calcium ions to the silicate glass network was observed by the broader Si-O-Si bands in the Ca(OEt)2-based BG. The broader bands indicate increased disorganization and decreased polymerization within the silicate glass network due to the incorporation of network-modifying calcium ions [37].



Furthermore, gelatin showed distinguishing bands at 3270 cm−1 and 2946 cm−1 associated with amide A and amide B, respectively. These bands corresponded to the stretching vibrations of the free N–H and O–H groups and the asymmetric stretching vibrations of =C–H and –NH3+ of the peptide fragments, respectively. Peaks corresponding to amide I at 1627 cm−1 as a result of the C=O stretching vibrations along the polypeptide backbone of gelatin was observed, as well as the presence of amide II at 1524 cm−1 corresponding to the N–H bending and C–N stretching vibrations [57,58]. An additional band at 1234 cm−1 was observed, indicating the presence of amide III which is associated with the wagging vibrations of CH2 groups from the glycine backbone and proline side chains as well as the presence of the vibration of stretching C–N bonds and the vibration of bending N–H bonds [59,60,61].



Gelatin-BG-MWCNT (50-50-1) nanocomposites composed of CaCl2 and Ca(OEt)2 showed peaks attributed to both the inorganic sol-gel-derived silica phase as well as the organic gelatin component (Figure 1B). In addition, Figure 1B shows the FTIR spectra of the 50-50-0 nanocomposites where the same peaks corresponding to the organic and inorganic elements of the 50-50-1 biomaterials, are observed. Therefore, no chemical shift is expected in the 50-50-0 nanocomposites. The presence of both organic–inorganic groups within the nanocomposites shows the existence of a physical bond between these elements within the biomaterial. In addition, the band corresponding to amide III for both CaCl2- and Ca(OEt)2-based 50-50-0 and 50-50-1 nanocomposites was decreased (Figure 1B). This characteristic feature has been observed before in another study and was reported to be due to the interaction between the silicon hydroxyl (Si–OH) groups of BG and the amino (–NH2) groups of gelatin polymer by electrostatic and hydrogen bonding [61]. Finally, calcium ions from the Ca(OEt)2-based 50-50-0 and 50-50-1 nanocomposites were also incorporated into the silicate glass network. This was observed from the peaks attributed to the NBO to form Si–O–Ca and the broader Si-O-Si bands in the Ca(OEt)2-based nanocomposites [37].




3.2. Surface Morphological and Elemental Distribution of 50-50-1 Nanocomposites Prepared from CaCl2- and Ca(OEt)2 Sources


Adequate dispersion of the elements of the nanocomposites is beneficial to ensure homogeneous incorporation of all components in the organic–inorganic system. Calcium is fundamental to the bioactivity of sol-gel BGs and a key component of osteogenesis [30,31]. The surface morphology and elemental distribution of nanocomposites using CaCl2 (Figure 2A–F) and Ca(OEt)2 (Figure 2G–L) as calcium sources for the preparation of 50-50-1 nanocomposites were visualized using SEM and EDX. The tables in Figure 2B,H show the atomic percentages of the elements in the specific region where the SEM was obtained. Although there is no elemental mapping for oxygen, its presence is characteristic due to the oxides in the tertiary BG (SiO2, CaCl2, P2O5 and SiO2, CaO, P2O5). Both CaCl2 and Ca(OEt)2-based 50-50-1 nanocomposites showed uniform elemental distribution of their organic and inorganic components. Carbon atoms were uniformly dispersed within the nanocomposite, representing the presence of gelatin and MWCNT (Figure 2C,I), whereas silicon, calcium, and phosphorous elements were attributed to the tertiary BG (Figure 2D–F,J–L).



Chemically, CaCl2 and Ca(OEt)2-based 50-50-1 nanocomposites are different since the calcium ions from the Ca(OEt)2 calcium source are incorporated within the nanocomposite network. Although evidence has shown that calcium chloride salts fail to enter the network even after applying any elevated temperatures [30], both CaCl2 and Ca(OEt)2-based 50-50-1 nanocomposites showed uniform elemental distribution. The advantages of using CaCl2 and Ca(OEt)2 as calcium sources for the preparation of in situ sol-gel organic–inorganic nanocomposites are that they are synthesized at room temperature, and good surface homogeneity of their elements was obtained.




3.3. Swelling Behavior of Nanocomposites Composed of CaCl2- and Ca(OEt)2 Calcium Sources


The swelling of nanocomposites is an important property that ensures nutrient transport and removal of waste products for their application as bone biomaterials. Following the observation that CaCl2 and Ca(OEt)2-based nanocomposites are chemically different but show homogeneous incorporation of the organic–inorganic element system, an assessment of the swelling behavior as a function of calcium sources was conducted. Digital images of the swelling behavior of nanocomposite disks are shown before and after incubation in PBS for 6 days (Figure 3A,B). The digital images demonstrate that Ca(OEt)2-based nanocomposites swell and their diameters increased to 9 mm. However, CaCl2-based nanocomposites did not swell after incubation in PBS; instead, their weight was reduced, and the diameter of the disks decreased by 1 mm. Therefore, the swelling ratio of the CaCl2-based nanocomposites was not plotted in Figure 3C since the water uptake of the biomaterials was not applicable. However, for Ca(OEt)2-containing nanocomposites, swelling ratios of 130% (composition 50-50-0) and 226% (composition 50-50-1) were observed after 6 days of incubation. The increasing swelling behavior observed in the 50-50-1 nanocomposite could be due to the addition of MWCNTs to the organic–inorganic system, leading to a higher surface area and increasing its water uptake [62,63].



The difference in swelling behavior is explained by the sources of calcium used to prepare the nanocomposites and the fate of gelatin in the system. Calcium ions in the Ca(OEt)2-based nanocomposites are incorporated into the matrix, therefore entrapping the gelatin into the nanocomposite network, which causes swelling. In addition, the presence of strong ionic interactions between the released calcium ions from the BG with the carboxylic groups in gelatin causes aggregation of the polymer chains within the nanocomposite system [64,65]. The calcium in CaCl2-containing nanocomposites, however, are not bonded in the matrix which results in mass loss due to the diffusion of calcium salts. In addition, the existence of weaker interactions between the organic and inorganic components causes the gelatin to leach out faster and, therefore, limits the swelling of the nanocomposite. Thus, Ca(OEt)2-based nanocomposites, especially the 50-50-1, could function better as a bone biomaterial and could likely lead to efficient nutrient transport and removal of waste products for its application for the repair and regeneration of bone.




3.4. In Vitro Biodegradation Study of CaCl2- and Ca(OEt)2-Based Nanocomposites


The degradation behavior of 50-50-0 and 50-50-1 nanocomposites containing either CaCl2 or Ca(OEt)2 was performed for 6 days in PBS. Digital images were taken of the nanocomposite disks before (Figure 3A) and after (Figure 4A) degradation. Nanocomposites containing CaCl2 as a calcium source were very brittle, as observed by the fragmented pieces after drying. In contrast, nanocomposites containing Ca(OEt)2 as the calcium source were dimensionally stable (Figure 4A).



The weight loss of 50-50-0 and 50-50-1 nanocomposites containing either CaCl2 or Ca(OEt)2 are shown in Figure 4B. Weight loss percentages of CaCl2-based 50-50-0 and 50-50-1 nanocomposites were 50% after one day of degradation. However, Ca(OEt)2-based nanocomposites showed significantly less weight loss percentages of 17% and 12% for the 50-50-0 and 50-50-1 nanocomposites, respectively. After 3 days of degradation, the 50-50-0 and 50-50-1 nanocomposites containing CaCl2 continued degrading and presented weight loss percentages of 66% and 63%, respectively. In contrast, Ca(OEt)2-based 50-50-0 and 50-50-1 nanocomposites showed a significantly decreased degradation of only 22% and 18%, respectively. This tendency was observed throughout the entire degradation period where at day 6 of degradation, CaCl2-based nanocomposites showed a weight loss percent of 72%, but was low for the Ca(OEt)2-containing biomaterials which were of 30% and 26% for the 50-50-0 and 50-50-1 nanocomposites, respectively. The significant difference in weight loss is due to the calcium sources used to prepare the sol-gel BG. The considerable mass loss of nanocomposites produced with CaCl2 was due to the unsuccessful incorporation of the calcium ions derived from the chloride salt to enter the silicate network [37]. However, the Ca(OEt)2 calcium source was involved in the in situ inorganic polymerization of the sol-gel BG during nanocomposite synthesis. This resulted in the incorporation of calcium ions into the silicate network [30,66], as confirmed in Figure 1B, causing a decreased weight loss percentage. As stated in the Section 2, we used 0.234 g (0.001125 mol) TEOS, 0.024 g (0.000132 mol) TEP, and 0.049 g (0.000441 mol) CaCl2 or 0.0541 g (0.000416 mol) Ca(OEt)2 to synthesize tertiary BG. After the stoichiometric reaction, 0.001125 mol of SiO2, 0.0000659 mol P2O5, and 0.000441 mol CaCl2 or 0.000416 mol CaO will be produced. These correspond to a molar composition of ~70% SiO2, ~4% P2O5, and ~26% CaCl2 or CaO. Thus, the mass loss data for the CaCl2-based system indicated that both gelatin and CaCl2 were lost (the sum of gelatin + CaCl2 in the formulation was ~69.5% on the basis of mass). Our results would therefore indicate that Ca(OEt)2-based nanocomposites could become a better calcium source for synthesizing organic–inorganic bone biomaterials.



The morphology of the nanocomposites before and after degradation was observed. Figure 4C–F show the SEM images of the surfaces of 50-50-0 (Figure 4C,E) and 50-50-1 (Figure 4D,F) before degradation where the calcium source used was either CaCl2 (Figure 4C,D) or Ca(OEt)2 (Figure 4E,F). A non-porous structure with some roughness due to the compression molding process of the biomaterials were observed for all nanocomposites. However, nanocomposites presented a porous structure after the degradation period (Figure 4G–J). Formation of a porous structure post-degradation was most evident in nanocomposites containing CaCl2 (Figure 4G,H) than Ca(OEt)2 (Figure 4I,J). Degradation of BG occurs through hydrolysis of the Si-O-Si bonds of the glass structure, forming Si(OH)4 and silanol. The presence of calcium, as a network modifier, accelerates the degradation process since it disrupts the silicate network. This is the case for nanocomposites composed of Ca(OEt)2. However, in the case of CaCl2-based BG, the calcium ions are therefore entrapped physically in the glass network and can diffuse out easily upon contact with water or biological fluids. Pure BGs are inherently brittle regardless of the calcium sources that are being used, but toughness is conferred upon the addition of gelatin [29]. Degradation of gelatin occurs hydrolytically and enzymatically [67] and possesses a melting temperature of ~30 °C. The gelatin component of the synthesized gelatin–BG–MWCNT nanocomposite would be leaching out of the biomaterial, creating a porous structure. For bone-repair applications, the interconnected porous structure could potentially allow cells to infiltrate the pores of the nanocomposites and lay down their extracellular matrix (ECM) to remodel and regenerate bone.




3.5. Microstructure, Pore Size and Porosity of CaCl2- and Ca(OEt)2-Based Nanocomposites


Micro-CT imaging was obtained to better visualize the morphology and investigate the porosity, pore wall thickness and pore size distribution of the nanocomposites after 6 days of degradation. Figure 5 shows the micro-CT isosurface images of 50-50-0 and 50-50-1 nanocomposites containing either CaCl2 or Ca(OEt)2 calcium sources. The CaCl2-based nanocomposites depict a more porous and brittle structure, where the biomaterial appears to have been disintegrating (lifted) as a result of the increased degradation. In contrast, Ca(OEt)2-based nanocomposites have a more compact and tougher structure. The organic–inorganic nanocomposites post-degradation present reduced pore sizes and a decreased porous structure because the gelatin component was added as the polymer matrix and leached out throughout the whole nanocomposite.



The average porosity of the 50-50-0 and 50-50-1 nanocomposites composed of CaCl2 were 24.48% and 29.59%, respectively, whereas for the 50-50-0 and 50-50-1 nanocomposites composed of Ca(OEt)2 were 5.03% and 5.84% (Table 2). The calcium in nanocomposites containing CaCl2 was expected to leach out since the calcium ions are not bonded in the nanocomposite matrix, therefore resulting in more porosity after degradation. However, the low porosity found in Ca(OEt)2-based nanocomposites would most likely come from the gelatin that had been leached during degradation since the calcium ions form part of the organic–inorganic matrix. Furthermore, pore wall thickness increased with the Ca(OEt)2-based nanocomposites. 50-50-0 and 50-50-1 CaCl2-based nanocomposites presented pore wall thickness values of 0.49 µm and 0.41 µm, respectively, while the values for Ca(OEt)2-based nanocomposites were 1.64 µm and 1.92 µm. In addition, the pore sizes of nanocomposites containing CaCl2 were 0.16 µm for both 50-50-0 and 50-50-1 nanocomposites. However, decreased pore size values were obtained for the 50-50-0 and 50-50-1 Ca(OEt)2-containing nanocomposites which were 0.06 µm and 0.10 µm, respectively. Although the pore sizes of the nanocomposites are not large enough to allow cell infiltration into the porous structure, the generation of micropores (0.1-10 µm pore size) improves cell attachment by creating a rough surface allowing penetration of body fluids [68,69]. In addition, the generation of nanopores (<0.10 µm) creates a larger surface area that increases the bioactive properties of the materials and stimulates greater ion exchange and protein adsorption, which are favorable for bone repair applications [69,70,71]. The surface area to volume ratio was higher for CaCl2-based nanocomposites, where the values for 50-50-0 and 50-50-1 nanocomposites were 4.08 mm−1 and 4.90 mm−1, respectively, while the values for Ca(OEt)2-based nanocomposites were 1.22 mm−1 and 1.04 mm−1, respectively.




3.6. In Vitro Bioactivity of CaCl2- and Ca(OEt)2-Based 50-50-0 and 50-50-1 Nanocomposites


Bone substitutes should be capable of possessing bioactive properties to promote the formation of bone. Due to the nature of BG, its presence within the organic–inorganic nanocomposites should provide bioactive features that induce the formation of hydroxycarbonate apatite (HCA) (Ca10−x(PO4)6−x(CO3)x(OH)2−x) which is normally found in bone. The formation of HCA layers occurs through the release of soluble ionic species from the tertiary BG component, such as Si, Ca2+, and PO43− ions, into the simulated body fluid (SBF) solution. The release of these ions is followed by their re-deposition to form a high-surface-area hydrated silica and polycrystalline HCA bilayer on the glass surface, similar to that of bone [18,28]. Evaluation of the HCA formation on the surfaces of the organic–inorganic nanocomposite disks was performed by incubating in SBF. Figure 6A shows the SEM images of nanocomposites after incubation in SBF for 7 days. Although the formation of HCA can be evaluated at different time points ranging from day 0 to day 10 [18,72], day 7 represents a time point in which the HCA formation is comparable to that of further treatment periods in SBF. Regardless of the calcium sources used for the synthesis of the inorganic component within the organic–inorganic nanocomposite, characteristic spherical-shaped HCA crystallized particles were observed on the surfaces of 50-50-0 and 50-50-1 nanocomposite disks after incubation in SBF for 7 days. Table 3 presents the atomic percentages of Ca and P before and after incubation in SBF as well as the Ca/P ratio of CaCl2- and Ca(OEt)2-based nanocomposites after SBF treatment. The results show that the nanocomposites were enriched with Ca and P, the main components of HCA in bone, as observed in the increased atomic percentages of Ca and P on the surfaces of nanocomposites after SBF incubation (Table 3). Additionally, the resulting Ca/P ratios after SBF treatment were higher than the stoichiometric Ca/P ratio of hydroxyapatite (Ca10(PO4)6(OH)2), a typical artificial bone [73], which is between 1.67 and 1.50. The increased Ca/P ratio in the nanocomposite could be due to the carbonate ion substitution in the HCA structure [74]. In addition, the incorporation of 1 wt.% MWCNT did not interfere with the formation of the HCA layer on the surfaces of nanocomposites. The increased atomic percentages of Ca and P in the Ca(OEt)2-based nanocomposites depict enhanced bioactivity.



Confirmation of the formation of the HCA layer on the surfaces of the nanocomposites after SBF incubation was assessed using FTIR (Figure 6B) and XRD (Figure 6C). The FTIR spectra of nanocomposites presented peaks corresponding to the deformation vibration of PO43− ions at 567, 600 and 670 cm−1 [28]. The band at 600 cm−1 was mostly prominent in the CaCl2-containing nanocomposites, whereas the peak at 670 cm−1 was slightly more noticeable in the Ca(OEt)2-based nanocomposites. Some known bands overlapped with the peaks corresponding to the nanocomposites, but a distinguished peak was observed at around 960 relating to the deformation vibration of PO43− ions. In addition, further peaks corresponding to the CO32− functional group were observed. These peaks were observed at 1550 and 1460 cm−1 and were assigned to the A- and B-type carbonation (Figure 6B). A-type carbonation occurs when the carbonate ions replace the hydroxyl ions, while B-type carbonation appears when the carbonate ions enter the hydroxyapatite lattice replacing the phosphate ions [74]. In addition, a band at around 875 cm−1 was starting to form corresponding to the labile surface CO32− functional group [75,76,77]. The latter indicated the substitution of CO32− ions into the apatite, confirming the formation of HCA on the surface of nanocomposite hydrogels [28,75,77]. An increase in the peak intensity at around 800 cm−1, corresponding to the Si−O−Si vibration, was observed for all nanocomposites. The increased band intensity suggests the existence of a silica-rich layer [30]. Similarly, the asymmetric stretching of the siloxane bond (Si−O−Si) at around 1025 cm−1 became broader in the CaCl2-based 50-50-0 nanocomposite, which could also indicate the formation of a silica-rich layer. Moreover, a peak at 2980 cm−1 was observed due to the presence of the H−C−O functional group [77].



Further evaluation of the existence of mixed polycrystalline HCA layer on the surfaces of nanocomposites was assessed by XRD. The 50-50-1 nanocomposites were not evaluated since, according to Figure 6A,B, the bioactive properties of nanocomposites were not affected by the addition of MWCNTs in the gelatin–BG nanocomposites. Additionally, the 50-50-1 samples present the same chemical groups as their respective CaCl2 or Ca(OEt)2-containing 50-50-0 nanocomposites. Figure 6C shows the XRD data of the 50-50-0 control and SBF-treated nanocomposites composed of CaCl2 or Ca(OEt)2. Compared to the controls, which depicted an amorphous structure [45], nanocomposites treated in SBF presented diffraction peaks corresponding to the formation of HCA. These peaks were observed at 2θ = 27°, 31°, 45° and 56° which were associated with the diffraction planes (002), (211), (222), and (004) with reference to ICDD file #9-432 [18,28]. The crystalline peaks of the 50-50-0 containing Ca(OEt)2 were notably higher than the CaCl2-based 50-50-0. This could imply that the formation of crystallinity obtained from Ca and P depositions after SBF incubation was higher in the Ca(OEt)2-containing nanocomposites due to calcium ions in the silicate network. During incubation in SBF, the nanocomposites degrade through the exchange between Ca2+ ions from the glass component and the H+ ions from the SBF solution, causing hydrolysis of the silica groups to form silanol (Si−OH) and Si(OH)4 [8,37]. Condensation of the Si−OH groups subsequently occur, leaving a silica-rich layer on the surfaces of the nanocomposites [8]. The Ca2+ and PO43− groups then migrate to the silica-rich layer surface where they form a film of CaO–P2O5 which further crystallizes as the OH− and CO32− anions from the SBF solution incorporate to form a mixed polycrystalline HCA layer on the surfaces of the nanocomposites [8]. Since the calcium ions in the 50-50-0 nanocomposite containing Ca(OEt)2 are incorporated in the glass network, the initial ion exchange between the Ca2+ ions from the BG and the H+ ions from the SBF is promoted leading to enhanced mineralization on the surfaces of Ca(OEt)2-based nanocomposites. In the case of CaCl2-containing nanocomposites, the calcium ions are leached out of the biomaterial and the rate of hydrolysis of the silica groups could potentially be reduced resulting in a decreased formation of mixed polycrystalline HCA layer and hence, lower intense crystalline peaks. Therefore, Figure 6 confirms that nanocomposites containing either CaCl2 or Ca(OEt)2 as calcium sources present bioactive properties and were higher for those containing Ca(OEt)2 due to the incorporation of calcium ions to the silicate glass network promoting hydrolysis by initial ion exchange. In addition, the bioactivity of nanocomposites was not affected by the incorporation of MWCNTs since mineralization was contributed by the presence of BG. Collectively, the bioactivity present in the 50-50-0 and 50-50-1 nanocomposites is a favorable property in bone biomaterials which could contribute to the potential development of new bone tissue. As stated in the introduction, this study aimed to evaluate the role of calcium sources (calcium chloride vs. calcium ethoxide) in a gelatin–BG system in terms of their physicochemical properties. We showed that the calcium ethoxide-based nanocomposites formed Si−O−NBO bridges as evidence for calcium incorporation into the silicate glass (Figure 1B). Furthermore, we demonstrated that the reduced mass loss is attributed to the network stability and lower porosity attributed to minimal leaching of the ions and gelatin (Figure 4B, Table 2). Nanocomposites based on Ca(OEt)2 had enhanced bioactivity in SBF indicating HCA formation compared with CaCl2 (Figure 6C, Table 3). Taken together, our results collectively demonstrated the superiority of the Ca(OEt)2 -based nanocomposites compared to CaCl2. However, calcium ion release studies which could have further strengthened the above-mentioned results, were not conducted. Future studies should include quantifying the released calcium ions. As a limitation of this study, further evaluations would have to be conducted to assess the thickness of the HCA layer on the surfaces of the nanocomposites to compare and confirm the robustness of the bioactivity of the different calcium-containing nanocomposites.




3.7. Mouse Embryo Multipotent Mesenchymal Progenitor 10T1/2 Cell Adhesion, Spreading and Viability on CaCl2- and Ca(OEt)2-Based Nanocomposites


Cell-materials interaction studies were performed on the 50-50-0 and 50-50-1 nanocomposites prepared with CaCl2 and Ca(OEt)2. Figure 7A shows the fluorescent images of 10T1/2 cells cultured on a tissue culture plate (TCP) as control and on the surfaces of nanocomposites for 24 h. Cells had a favorable attachment and spreading to both CaCl2 and Ca(OEt)2-based nanocomposites by forming a uniform layer of elongated actin filaments onto the surfaces of the biomaterials. Entrapment of gelatin in the inorganic network could potentially act as an initial integrin recognition site for cells. This innate property of gelatin would be possible since it possesses an arginine-glycine-aspartic acid (RGD) sequence that could further favor the cell-ECM interactions, thus promoting cell adhesion [78]. Cells cultured on nanocomposites composed of CaCl2 showed a more elongated morphology than those composed of Ca(OEt)2. This could be due to the presence of micropores in the nanocomposites containing CaCl2, as previously discussed in the micro-CT results, which could improve initial cell attachment. Figure 7B–D show the viability of 10T1/2 cells cultured on the surfaces of nanocomposites using standard media (Figure 7B) or cultured on TCP using conditioned media (Figure 7C,D) for 24, 72, and 168 h accordingly. Cells cultured on TCP with standard media were used as control. The live/dead staining presented in Figure 7B shows that cells had good viability when cultured on the nanocomposites for different time points. Imaging cells cultured on Ca(OEt)2-based nanocomposites was challenging most notably at 168 h of culture as the biomaterials seemed to have been stained. However, viable 10T1/2 cells were observed and are indicated in orange arrows in the Ca(OEt)2-based 50-50-0 and 50-50-1 nanocomposites. In addition, it was observed that as the culture time increased, so did the viability of cells, which was comparable to that of TCP, especially by 168 h of culture. An analysis of the number of live cells was performed using conditioned media containing the extracts of nanocomposites (Figure 7C,D). 10T1/2 cells were not as viable at 24 h of culture with conditioned media, likely due to the calcium ions from the biomaterials. This was especially observed in the CaCl2-based nanocomposites since the calcium ions are physically bound to the matrix network, which can be easily diffused upon contact with the cell culture media during the conditioning process. The calcium ions released in the conditioned media could change the ionic strength, which can result in cell death [79]. The initial retained cells adapted to the conditioned media and started to grow between 72 and 168 h of culture. At 168 h of culture, 10T1/2 cells had adapted to the conditioned media containing extracts, and cell viability was favorable. Thus, cell density on cells cultured with conditioned media was higher at day 7. Although nanocomposites containing Ca(OEt)2 showed a decreased number of live cells compared to TCP, the difference in viable cells at 168 h of culture was not significant (Figure 7D). However, the number of viable cells on the CaCl2-based nanocomposites was considerably lower (p < 0.01) than TCP control. In addition, the 50-50-0 Ca(OEt)2 nanocomposite was significantly higher (p < 0.05) than the CaCl2-containing biomaterials, whereas the 50-50-1 Ca(OEt)2 was only substantially higher (p < 0.05) than the 50-50-0 CaCl2 nanocomposite.



The addition of MWCNTs to the gelatin–BG nanocomposites did not hinder the adhesion and viability of cells, which could enable future studies aimed at their effects on osteogenic cells. The incorporation of MWCNTs to organic–inorganic bone nanocomposites could not only mimic the endogenous electrically conductive properties of bone but could also potentially deliver electrical signals for the maturation of osseous tissue [42,43,44]. These results show that CaCl2- and Ca(OEt)2-based 50-50-0 and 50-50-1 nanocomposites could be used as potential bone biomaterials.





4. Conclusions


In this study, we prepared sol-gel-derived gelatin–BG–MWCNT nanocomposites using CaCl2 and Ca(OEt)2 in an attempt to evaluate the different calcium sources for the development of bone biomaterials with an electrically conductive component. The nanocomposites varied chemically and were dependent on the calcium source used for their preparation. Calcium ions from the Ca(OEt)2-based biomaterials were incorporated in the silicate glass nanocomposite network, whereas the calcium ions from CaCl2-containing biomaterials were not. However, the surface elemental distribution was homogeneous for both CaCl2- and Ca(OEt)2-containing nanocomposites. Furthermore, swelling and degradation of nanocomposites occurred as a function of time and were significantly different due to the fate of the calcium ions within the organic–inorganic network. The calcium ions from the calcium sources used also influenced the resulting porosity of nanocomposites post-degradation. The bioactivity of CaCl2- and Ca(OEt)2-based nanocomposites was demonstrated through the formation of hydroxycarbonate apatite on their surfaces after incubation in SBF for 7 days. Finally, 10T1/2 cells showed favorable adhesion and spreading on nanocomposites composed of CaCl2 and Ca(OEt)2 at 24 h of incubation. Cell viability studies using standard and conditioned media showed that Ca(OEt)2-based nanocomposites seemed more favorable biomaterials. Uniformly distributed MWCNTs did not hinder any of the properties of nanocomposites, which was a desired attribution to carry out future studies on their electrically conductive properties. Although Ca(OEt)2-based nanocomposites are most likely to have more advantageous properties in bone-repair applications, both CaCl2- and Ca(OEt)2-based nanocomposites have the potential to function as bone biomaterials to repair and regenerate osseous defects.







Author Contributions


R.A.-M.: conceptualization, methodology, software, validation, formal analysis, investigation, data curation, writing—original draft preparation, writing—review and editing, and visualization. K.M.: conceptualization, resources, writing—review and editing, supervision, project administration, and funding acquisition. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Natural Sciences and Engineering Research Council of Canada (NSERC) Grant # RGPIN2018-06310.




Institutional Review Board Statement


The study did not require ethical approval.




Data Availability Statement


The data that support the findings of this study are available from the corresponding author, Kibret Mequanint, upon reasonable request.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Aslankoohi, N.; Mequanint, K. Poly(ester amide)–Bioactive Glass Hybrid Biomaterials for Bone Regeneration and Biomolecule Delivery. ACS Appl. Bio Mater. 2020, 3, 3621–3630. [Google Scholar] [CrossRef] [PubMed]

	



Mondal, D.; Lin, S.; Rizkalla, A.S.; Mequanint, K. Porous and biodegradable polycaprolactone-borophosphosilicate hybrid scaffolds for osteoblast infiltration and stem cell differentiation. J. Mech. Behav. Biomed. Mater. 2019, 92, 162–171. [Google Scholar] [CrossRef] [PubMed]

	



Tallia, F.; Ting, H.-K.; Page, S.J.; Clark, J.P.; Li, S.; Sang, T.; Russo, L.; Stevens, M.M.; Hanna, J.V.; Jones, J.R. Bioactive, Degradable and Tough Hybrids Through Calcium and Phosphate Incorporation. Front. Mater. 2022, 9, 901196. [Google Scholar] [CrossRef]

	



Hench, L.L. Bioceramics. J. Am. Ceram. Soc. 2005, 81, 1705–1728. [Google Scholar] [CrossRef]

	



Aslankoohi, N.; Lin, S.; Mequanint, K. Bioactive fluorescent hybrid microparticles as a stand-alone osteogenic differentiation inducer. Mater. Today Bio 2022, 13, 100187. [Google Scholar] [CrossRef]

	



Jones, J.R.; Lin, S.; Yue, S.; Lee, P.D.; Hanna, J.V.; Smith, M.E.; Newport, R.J. Bioactive glass scaffolds for bone regeneration and their hierarchical characterisation. Proc. Inst. Mech. Eng. Part H J. Eng. Med. 2010, 224, 1373–1387. [Google Scholar] [CrossRef] [PubMed]

	



Hench, L.L.; Splinter, R.J.; Allen, W.C.; Greenlee, T.K. Bonding mechanisms at the interface of ceramic prosthetic materials. J. Biomed. Mater. Res. 1971, 5, 117–141. [Google Scholar] [CrossRef]

	



Jones, J.R.; Gentleman, E.; Polak, J. Bioactive Glass Scaffolds for Bone Regeneration. Elements 2007, 3, 393–399. [Google Scholar] [CrossRef]

	



Hench, L.L.; West, J.K. The sol-gel process. Chem. Rev. 1990, 90, 33–72. [Google Scholar] [CrossRef]

	



Aslankoohi, N.; Mondal, D.; Rizkalla, A.S.; Mequanint, K. Bone Repair and Regenerative Biomaterials: Towards Recapitulating the Microenvironment. Polymers 2019, 11, 1437. [Google Scholar] [CrossRef]

	



Sakuma, W.; Yamasaki, S.; Fujisawa, S.; Kodama, T.; Shiomi, J.; Kanamori, K.; Saito, T. Mechanically Strong, Scalable, Mesoporous Xerogels of Nanocellulose Featuring Light Permeability, Thermal Insulation, and Flame Self-Extinction. ACS Nano 2021, 15, 1436–1444. [Google Scholar] [CrossRef] [PubMed]

	



Ksouri, D.; Khireddine, H.; Aksas, A.; Valente, T.; Bir, F.; Slimani, N.; Cabal, B.; Torrecillas, R.; Santos, J.D. Synthesis of ternary bioactive glass derived aerogel and xerogel: Study of their structure and bioactivity. Nova Biotechnol. Chim. 2018, 17, 150–159. [Google Scholar] [CrossRef]

	



Pérez-Moreno, A.; Piñero, M.; Fernández-Montesinos, R.; Pinaglia-Tobaruela, G.; Reyes-Peces, M.V.; Mesa-Díaz, M.D.M.; Vilches-Pérez, J.I.; Esquivias, L.; De La Rosa-Fox, N.; Salido, M. Chitosan-Silica Hybrid Biomaterials for Bone Tissue Engineering: A Comparative Study of Xerogels and Aerogels. Gels 2023, 9, 383. [Google Scholar] [CrossRef] [PubMed]

	



Li, R.; Clark, A.E.; Hench, L.L. An investigation of bioactive glass powders by sol-gel processing. J. Appl. Biomater. 1991, 2, 231–239. [Google Scholar] [CrossRef] [PubMed]

	



Sepulveda, P.; Jones, J.R.; Hench, L.L. Characterization of melt-derived 45S5 and sol-gel-derived 58S bioactive glasses. J. Biomed. Mater. Res. 2001, 58, 734–740. [Google Scholar] [CrossRef] [PubMed]

	



Sepulveda, P.; Jones, J.R.; Hench, L.L. In vitro dissolution of melt-derived 45S5 and sol-gel derived 58S bioactive glasses. J. Biomed. Mater. Res. 2002, 61, 301–311. [Google Scholar] [CrossRef] [PubMed]

	



Aslankoohi, N.; Mequanint, K. Intrinsically fluorescent bioactive glass-poly(ester amide) hybrid microparticles for dual drug delivery and bone repair. Mater. Sci. Eng. C 2021, 128, 112288. [Google Scholar] [CrossRef]

	



Allo, B.A.; Rizkalla, A.S.; Mequanint, K. Hydroxyapatite Formation on Sol–Gel Derived Poly(ε-Caprolactone)/Bioactive Glass Hybrid Biomaterials. ACS Appl. Mater. Interfaces 2012, 4, 3148–3156. [Google Scholar] [CrossRef]

	



Ryu, J.-H.; Kwon, J.-S.; Kim, K.-M.; Hong, H.J.; Koh, W.-G.; Lee, J.; Lee, H.-J.; Choi, H.-J.; Yi, S.; Shin, H.; et al. Synergistic Effect of Porous Hydroxyapatite Scaffolds Combined with Bioactive Glass/Poly(lactic-co-glycolic acid) Composite Fibers Promotes Osteogenic Activity and Bioactivity. ACS Omega 2019, 4, 2302–2310. [Google Scholar] [CrossRef]

	



Prokopowicz, M.; Szewczyk, A.; Sawicki, W. Bioactive monolithic composites of silica/polydimethylsiloxane/calcium phosphate obtained at room temperature in sol–gel micromolding technique. Mater. Lett. 2016, 184, 239–242. [Google Scholar] [CrossRef]

	



Ghassemi, T.; Shahroodi, A.; Ebrahimzadeh, M.H.; Mousavian, A.; Movaffagh, J.; Moradi, A. Current Concepts in Scaffolding for Bone Tissue Engineering. Arch. Bone Jt. Surg. 2018, 6, 10. [Google Scholar]

	



Pires, P.C.; Mascarenhas-Melo, F.; Pedrosa, K.; Lopes, D.; Lopes, J.; Macário-Soares, A.; Peixoto, D.; Giram, P.S.; Veiga, F.; Paiva-Santos, A.C. Polymer-based biomaterials for pharmaceutical and biomedical applications: A focus on topical drug administration. Eur. Polym. J. 2023, 187, 111868. [Google Scholar] [CrossRef]

	



Pérez-Moreno, A.; Reyes-Peces, M.V.; Vilches-Pérez, J.I.; Fernández-Montesinos, R.; Pinaglia-Tobaruela, G.; Salido, M.; De La Rosa-Fox, N.; Piñero, M. Effect of Washing Treatment on the Textural Properties and Bioactivity of Silica/Chitosan/TCP Xerogels for Bone Regeneration. Int. J. Mol. Sci. 2021, 22, 8321. [Google Scholar] [CrossRef] [PubMed]

	



Gorgieva, S.; Kokol, V. Collagen- vs. Gelatine-Based Biomaterials and Their Biocompatibility: Review and Perspectives. In Biomaterials Applications for Nanomedicine; Pignatello, R., Ed.; InTechOpen: Rijeka, Croatia, 2011; ISBN 978-953-307-661-4. [Google Scholar]

	



Gao, C.; Gao, Q.; Li, Y.; Rahaman, M.N.; Teramoto, A.; Abe, K. In vitro evaluation of electrospun gelatin-bioactive glass hybrid scaffolds for bone regeneration. J. Appl. Polym. Sci. 2013, 127, 2588–2599. [Google Scholar] [CrossRef]

	



Thomas, A.; Bera, J. Preparation and characterization of gelatin-bioactive glass ceramic scaffolds for bone tissue engineering. J. Biomater. Sci. Polym. Ed. 2019, 30, 561–579. [Google Scholar] [CrossRef] [PubMed]

	



Echave, M.C.; Sánchez, P.; Pedraz, J.L.; Orive, G. Progress of gelatin-based 3D approaches for bone regeneration. J. Drug Deliv. Sci. Technol. 2017, 42, 63–74. [Google Scholar] [CrossRef]

	



Arambula-Maldonado, R.; Liu, Y.; Xing, M.; Mequanint, K. Bioactive and electrically conductive GelMA-BG-MWCNT nanocomposite hydrogel bone biomaterials. Biomater. Adv. 2023, 154, 213616. [Google Scholar] [CrossRef] [PubMed]

	



Dieudonné, X.; Montouillout, V.; Jallot, É.; Fayon, F.; Lao, J. Bioactive glass hybrids: A simple route towards the gelatin–SiO 2 –CaO system. Chem. Commun. 2014, 50, 8701. [Google Scholar] [CrossRef]

	



Yu, B.; Turdean-Ionescu, C.A.; Martin, R.A.; Newport, R.J.; Hanna, J.V.; Smith, M.E.; Jones, J.R. Effect of Calcium Source on Structure and Properties of Sol–Gel Derived Bioactive Glasses. Langmuir 2012, 28, 17465–17476. [Google Scholar] [CrossRef]

	



Bossard, C.; Granel, H.; Jallot, É.; Montouillout, V.; Fayon, F.; Soulié, J.; Drouet, C.; Wittrant, Y.; Lao, J. Mechanism of Calcium Incorporation Inside Sol–Gel Silicate Bioactive Glass and the Advantage of Using Ca(OH) 2 over Other Calcium Sources. ACS Biomater. Sci. Eng. 2019, 5, 5906–5915. [Google Scholar] [CrossRef]

	



Yu, B.; Poologasundarampillai, G.; Turdean-Ionescu, C.; Smith, M.E.; Jones, J.R. A New Calcium Source for Bioactive Sol-Gel Hybrids. Bioceram. Dev. Appl. 2011, 1, 1–3. [Google Scholar] [CrossRef]

	



Ben-Arfa, B.A.E.; Palamá, I.E.; Miranda Salvado, I.M.; Ferreira, J.M.F.; Pullar, R.C. The role of calcium (source & content) on the in vitro behaviour of sol–gel quaternary glass series. Ceram. Int. 2020, 46, 1065–1075. [Google Scholar] [CrossRef]

	



Lin, S.; Ionescu, C.; Baker, S.; Smith, M.E.; Jones, J.R. Characterisation of the inhomogeneity of sol–gel-derived SiO2–CaO bioactive glass and a strategy for its improvement. J. Sol-Gel Sci. Technol. 2010, 53, 255–262. [Google Scholar] [CrossRef]

	



Rámila, A.; Balas, F.; Vallet-Regí, M. Synthesis Routes for Bioactive Sol−Gel Glasses: Alkoxides versus Nitrates. Chem. Mater. 2002, 14, 542–548. [Google Scholar] [CrossRef]

	



Jones, J.R. Review of bioactive glass: From Hench to hybrids. Acta Biomater. 2013, 9, 4457–4486. [Google Scholar] [CrossRef] [PubMed]

	



Ruiz-Clavijo, A.; Hurt, A.; Kotha, A.; Coleman, N. Effect of Calcium Precursor on the Bioactivity and Biocompatibility of Sol-Gel-Derived Glasses. J. Funct. Biomater. 2019, 10, 13. [Google Scholar] [CrossRef] [PubMed]

	



Shokri, S.; Movahedi, B.; Rafieinia, M.; Salehi, H. A new approach to fabrication of Cs/BG/CNT nanocomposite scaffold towards bone tissue engineering and evaluation of its properties. Appl. Surf. Sci. 2015, 357, 1758–1764. [Google Scholar] [CrossRef]

	



Fukada, E.; Yasuda, I. On the Piezoelectric Effect of Bone. J. Phys. Soc. Jpn. 1957, 12, 1158–1162. [Google Scholar] [CrossRef]

	



Yasuda, I. The classic: Fundamental aspects of fracture treatment. J. Kyoto Med. Soc. 1953, 4, 395–406, reprinted in Clin. Orthop. Relat. Res. 1977, 124, 5–8. [Google Scholar] [CrossRef]

	



Balmer, T.W.; Vesztergom, S.; Broekmann, P.; Stahel, A.; Büchler, P. Characterization of the electrical conductivity of bone and its correlation to osseous structure. Sci. Rep. 2018, 8, 8601. [Google Scholar] [CrossRef]

	



Arambula-Maldonado, R.; Mequanint, K. Carbon-based electrically conductive materials for bone repair and regeneration. Mater. Adv. 2022, 3, 5186–5206. [Google Scholar] [CrossRef]

	



E Silva, E.P.; Huang, B.; Helaehil, J.V.; Nalesso, P.R.L.; Bagne, L.; de Oliveira, M.A.; Albiazetti, G.C.C.; Aldalbahi, A.; El-Newehy, M.; Santamaria, M., Jr.; et al. In vivo study of conductive 3D printed PCL/MWCNTs scaffolds with electrical stimulation for bone tissue engineering. Bio-Des. Manuf. 2021, 4, 190–202. [Google Scholar] [CrossRef]

	



Liu, X.; George, M.N.; Li, L.; Gamble, D.; Miller II, A.L.; Gaihre, B.; Waletzki, B.E.; Lu, L. Injectable Electrical Conductive and Phosphate Releasing Gel with Two-Dimensional Black Phosphorus and Carbon Nanotubes for Bone Tissue Engineering. ACS Biomater. Sci. Eng. 2020, 6, 4653–4665. [Google Scholar] [CrossRef]

	



Allo, B.A.; Rizkalla, A.S.; Mequanint, K. Synthesis and Electrospinning of ε-Polycaprolactone-Bioactive Glass Hybrid Biomaterials via a Sol−Gel Process. Langmuir 2010, 26, 18340–18348. [Google Scholar] [CrossRef] [PubMed]

	



Costa, K.M.N.; Barros, R.M.; Jorge, E.O.; Sato, M.R.; Chorilli, M.; De Lima Damasceno, B.P.G.; Nicholas, D.; Callan, J.F.; Oshiro Junior, J.A. Doxorubicin-loaded nanostructured lipid carriers functionalized with folic acid against MCF-7 breast cancer cell line. J. Nanopart Res. 2023, 25, 56. [Google Scholar] [CrossRef]

	



Acharya, D.; Pandey, P.; Nasiri, F.; Singha, K.M.; Mohanta, B. Synthesis, Characterization and Antibacterial Effects of Ag@SiO2 Core–Shell Nanoparticles. J. Bionanosci. 2017, 11, 391–396. [Google Scholar] [CrossRef]

	



Hadela, A.; Lakić, M.; Potočnik, M.; Košak, A.; Gutmaher, A.; Lobnik, A. Novel reusable functionalized magnetic cobalt ferrite nanoparticles as oil adsorbents. Adsorpt. Sci. Technol. 2020, 38, 168–190. [Google Scholar] [CrossRef]

	



Tan, P.; Li, Y.-H.; Liu, X.-Q.; Jiang, Y.; Sun, L.-B. Core–Shell AgCl@SiO 2 Nanoparticles: Ag(I)-Based Antibacterial Materials with Enhanced Stability. ACS Sustain. Chem. Eng. 2016, 4, 3268–3275. [Google Scholar] [CrossRef]

	



Militzer, C.; Buchsbaum, J.; Dzhagan, V.; Zahn, D.R.T.; Wulff, H.; Helm, C.A.; Goedel, W.A. Atomic Layer Deposition of Titanium Phosphate from Titanium Tetrachloride and Triethyl Phosphate onto Carbon Fibers. Adv. Mater. Inter. 2018, 5, 1800423. [Google Scholar] [CrossRef]

	



Araujo, J.A.; Cortese, Y.J.; Mojicevic, M.; Brennan Fournet, M.; Chen, Y. Composite Films of Thermoplastic Starch and CaCl2 Extracted from Eggshells for Extending Food Shelf-Life. Polysaccharides 2021, 2, 677–690. [Google Scholar] [CrossRef]

	



Pereira, M.M.; Jones, J.R.; Hench, L.L. Bioactive glass and hybrid scaffolds prepared by sol–gel method for bone tissue engineering. Adv. Appl. Ceram. 2005, 104, 35–42. [Google Scholar] [CrossRef]

	



Jurić, S.; Đermić, E.; Topolovec-Pintarić, S.; Bedek, M.; Vinceković, M. Physicochemical properties and release characteristics of calcium alginate microspheres loaded with Trichoderma viride spores. J. Integr. Agric. 2019, 18, 2534–2548. [Google Scholar] [CrossRef]

	



Liu, X.; Piao, X.; Wang, Y.; Zhu, S. Calcium Ethoxide as a Solid Base Catalyst for the Transesterification of Soybean Oil to Biodiesel. Energy Fuels 2008, 22, 1313–1317. [Google Scholar] [CrossRef]

	



Branda, F. Bioactivity of 1.25CaO · SiO2 glass: An FTIR and X-ray study on powdered samples. Biomaterials 1996, 17, 2247–2251. [Google Scholar] [CrossRef] [PubMed]

	



Serra, J.; González, P.; Liste, S.; Serra, C.; Chiussi, S.; León, B.; Pérez-Amor, M.; Ylänen, H.O.; Hupa, M. FTIR and XPS studies of bioactive silica based glasses. J. Non-Cryst. Solids 2003, 332, 20–27. [Google Scholar] [CrossRef]

	



Lao, J.; Dieudonné, X.; Benbakkar, M.; Jallot, É. Bioactive glass coating on gelatin scaffolds at ambient temperature: Easy route to make polymer scaffolds become bioactive. J. Mater. Sci. 2017, 52, 9129–9139. [Google Scholar] [CrossRef]

	



Yang, X.-R.; Zhao, Y.-Q.; Qiu, Y.-T.; Chi, C.-F.; Wang, B. Preparation and Characterization of Gelatin and Antioxidant Peptides from Gelatin Hydrolysate of Skipjack Tuna (Katsuwonus pelamis) Bone Stimulated by in vitro Gastrointestinal Digestion. Mar. Drugs 2019, 17, 78. [Google Scholar] [CrossRef]

	



Jackson, M.; Choo, L.-P.; Watson, P.H.; Halliday, W.C.; Mantsch, H.H. Beware of connective tissue proteins: Assignment and implications of collagen absorptions in infrared spectra of human tissues. Biochim. Biophys. Acta Mol. Basis Dis. 1995, 1270, 1–6. [Google Scholar] [CrossRef]

	



Sisson, K.; Zhang, C.; Farach-Carson, M.C.; Chase, D.B.; Rabolt, J.F. Evaluation of Cross-Linking Methods for Electrospun Gelatin on Cell Growth and Viability. Biomacromolecules 2009, 10, 1675–1680. [Google Scholar] [CrossRef]

	



Lei, B.; Shin, K.-H.; Noh, D.-Y.; Jo, I.-H.; Koh, Y.-H.; Choi, W.-Y.; Kim, H.-E. Nanofibrous gelatin–silica hybrid scaffolds mimicking the native extracellular matrix (ECM) using thermally induced phase separation. J. Mater. Chem. 2012, 22, 14133. [Google Scholar] [CrossRef]

	



Tamahkar Irmak, E. Carbon nanotube based polyvinylalcohol-polyvinylpyrolidone nanocomposite hydrogels for controlled drug delivery applications. Anadolu Univ. J. Sci. Technol. A—Appl. Sci. Eng. 2017, 18, 543–553. [Google Scholar] [CrossRef]

	



Ravanbakhsh, H.; Bao, G.; Latifi, N.; Mongeau, L.G. Carbon nanotube composite hydrogels for vocal fold tissue engineering: Biocompatibility, rheology, and porosity. Mater. Sci. Eng. C 2019, 103, 109861. [Google Scholar] [CrossRef] [PubMed]

	



Xing, Q.; Yates, K.; Vogt, C.; Qian, Z.; Frost, M.C.; Zhao, F. Increasing Mechanical Strength of Gelatin Hydrogels by Divalent Metal Ion Removal. Sci. Rep. 2015, 4, 4706. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, J.; Zhao, F.; Zhang, W.; Mo, Y.; Zeng, L.; Li, X.; Chen, X. Sequentially-crosslinked biomimetic bioactive glass/gelatin methacryloyl composites hydrogels for bone regeneration. Mater. Sci. Eng. C 2018, 89, 119–127. [Google Scholar] [CrossRef] [PubMed]

	



Vichery, C.; Nedelec, J.-M. Bioactive Glass Nanoparticles: From Synthesis to Materials Design for Biomedical Applications. Materials 2016, 9, 288. [Google Scholar] [CrossRef] [PubMed]

	



Suvarnapathaki, S.; Nguyen, M.A.; Wu, X.; Nukavarapu, S.P.; Camci-Unal, G. Synthesis and characterization of photocrosslinkable hydrogels from bovine skin gelatin. RSC Adv. 2019, 9, 13016–13025. [Google Scholar] [CrossRef]

	



Tang, Z.; Li, X.; Tan, Y.; Fan, H.; Zhang, X. The material and biological characteristics of osteoinductive calcium phosphate ceramics. Regen. Biomater. 2018, 5, 43–59. [Google Scholar] [CrossRef] [PubMed]

	



Diaz-Rodriguez, P.; Sánchez, M.; Landin, M. Drug-Loaded Biomimetic Ceramics for Tissue Engineering. Pharmaceutics 2018, 10, 272. [Google Scholar] [CrossRef]

	



Morejón, L.; Delgado, J.A.; Antunes Ribeiro, A.; Varella De Oliveira, M.; Mendizábal, E.; García, I.; Alfonso, A.; Poh, P.; Van Griensven, M.; Balmayor, E.R. Development, Characterization and In Vitro Biological Properties of Scaffolds Fabricated from Calcium Phosphate Nanoparticles. Int. J. Mol. Sci. 2019, 20, 1790. [Google Scholar] [CrossRef]

	



Wang, S.; Kowal, T.J.; Marei, M.K.; Falk, M.M.; Jain, H. Nanoporosity Significantly Enhances the Biological Performance of Engineered Glass Tissue Scaffolds. Tissue Eng. Part. A 2013, 19, 1632–1640. [Google Scholar] [CrossRef]

	



Mondal, D.; Rizkalla, A.S.; Mequanint, K. Bioactive borophosphosilicate-polycaprolactone hybrid biomaterials via a non-aqueous sol gel process. RSC Adv. 2016, 6, 92824–92832. [Google Scholar] [CrossRef]

	



Deguchi, K.; Nomura, S.; Tsuchiya, A.; Takahashi, I.; Ishikawa, K. Effects of the carbonate content in carbonate apatite on bone replacement. J. Tissue Eng. Regen. Med. 2022, 16, 200–206. [Google Scholar] [CrossRef] [PubMed]

	



Russo, L.; Taraballi, F.; Lupo, C.; Poveda, A.; Jiménez-Barbero, J.; Sandri, M.; Tampieri, A.; Nicotra, F.; Cipolla, L. Carbonate hydroxyapatite functionalization: A comparative study towards (bio)molecules fixation. Interface Focus 2014, 4, 20130040. [Google Scholar] [CrossRef] [PubMed]

	



Maçon, A.L.B.; Kim, T.B.; Valliant, E.M.; Goetschius, K.; Brow, R.K.; Day, D.E.; Hoppe, A.; Boccaccini, A.R.; Kim, I.Y.; Ohtsuki, C.; et al. A unified in vitro evaluation for apatite-forming ability of bioactive glasses and their variants. J. Mater. Sci. Mater. Med. 2015, 26, 115. [Google Scholar] [CrossRef] [PubMed]

	



Xu, J.; Yang, Y.; Wan, R.; Shen, Y.; Zhang, W. Hydrothermal Preparation and Characterization of Ultralong Strontium-Substituted Hydroxyapatite Whiskers Using Acetamide as Homogeneous Precipitation Reagent. Sci. World J. 2014, 2014, 863137. [Google Scholar] [CrossRef] [PubMed]

	



Murugan, R.; Ramakrishna, S.; Panduranga Rao, K. Nanoporous hydroxy-carbonate apatite scaffold made of natural bone. Mater. Lett. 2006, 60, 2844–2847. [Google Scholar] [CrossRef]

	



Kirsch, M.; Birnstein, L.; Pepelanova, I.; Handke, W.; Rach, J.; Seltsam, A.; Scheper, T.; Lavrentieva, A. Gelatin-Methacryloyl (GelMA) Formulated with Human Platelet Lysate Supports Mesenchymal Stem Cell Proliferation and Differentiation and Enhances the Hydrogel’s Mechanical Properties. Bioengineering 2019, 6, 76. [Google Scholar] [CrossRef]

	



Maeno, S.; Niki, Y.; Matsumoto, H.; Morioka, H.; Yatabe, T.; Funayama, A.; Toyama, Y.; Taguchi, T.; Tanaka, J. The effect of calcium ion concentration on osteoblast viability, proliferation and differentiation in monolayer and 3D culture. Biomaterials 2005, 26, 4847–4855. [Google Scholar] [CrossRef]








[image: Polymers 16 00747 g001] 





Figure 1. Chemical characterization of PF-127 surfactant, sol-gel precursors, organic, inorganic and nanocomposites using CaCl2 and Ca(OEt)2 as calcium sources. (A) FTIR spectra of PF-127 surfactant, sol-gel TEOS and TEP precursors, as well as CaCl2 and Ca(OEt)2 calcium sources. (B) Digital images of CaCl2- and Ca(OEt)2-based 50-50-0 and 50-50-1 nanocomposite disks. FTIR spectra of gelatin, BG containing CaCl2 and Ca(OEt)2, 50-50-0 and 50-50-1 nanocomposites composed of either CaCl2 and Ca(OEt)2. 
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Figure 2. Surface elemental homogeneity in 50-50-1 nanocomposites using CaCl2 and Ca(OEt)2 as calcium sources. (A) SEM image, (B) atomic percentages of elements, and elemental mapping of (C) carbon, (D) silicon, (E) calcium, (F) phosphorous for the CaCl2-based 50-50-1 nanocomposite. (G) SEM image, (H) atomic percentages of elements, and elemental mapping of (I) carbon, (J) silicon, (K) calcium, (L) phosphorus for the Ca(OEt)2-based 50-50-1 nanocomposite. Scale bar = 1 µm. 
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Figure 3. Swelling behavior of 50-50-0 and 50-50-1 nanocomposites composed of CaCl2 and Ca(OEt)2 calcium sources. Digital images of nanocomposites as-prepared in dry state (A) and after (B) incubation in PBS for 6 days in wet state. (C) Swelling ratio of Ca(OEt)2-based nanocomposites throughout 6 days of incubation. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 4. In vitro biodegradation study of 50-50-0 and 50-50-1 nanocomposites composed of CaCl2 and Ca(OEt)2 calcium sources. (A) Digital images of CaCl2- and Ca(OEt)2-based 50-50-0 and 50-50-1 nanocomposites after 6 days of degradation. (B) Biodegradation behavior of CaCl2- and Ca(OEt)2-based 50-50-0 and 50-50-1 nanocomposites within 6 days. SEM images of nanocomposites before (C) 50-50-0 (CaCl2), (D) 50-50-1 (CaCl2), (E) 50-50-0 (Ca(OEt)2), (F) 50-50-1 (Ca(OEt)2) and after (G) 50-50-0 (CaCl2), (H) 50-50-1 (CaCl2), (I) 50-50-0 (Ca(OEt)2), (J) 50-50-1 (Ca(OEt)2) 6 days of degradation. Scale bar = 1 µm. * p < 0.05. 
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Figure 5. Micro-CT images of CaCl2- and Ca(OEt)2-containing 50-50-0 and 50-50-1 nanocomposites after 6 days of degradation. (A–C) 50-50-0 (CaCl2), (D–F) 50-50-1 (CaCl2), (G–I) 50-50-0 (Ca(OEt)2), (J–L) 50-50-1 Ca(OEt)2). (B,E,H,K) are horizontal cross-sections of nanocomposites. (C,F,I,L) are vertical cross-sections of nanocomposites. 
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Figure 6. In vitro bioactivity of CaCl2- and Ca(OEt)2-based 50-50-0 and 50-50-1 nanocomposites. (A) SEM images of the surfaces of nanocomposites after SBF incubation for 7 days. Scale bar = 1 µm. (B) FTIR and (C) XRD spectra of CaCl2- and Ca(OEt)2-based 50-50-0 and 50-50-1 nanocomposites after SBF treatment for 7 days. 
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Figure 7. Attachment and viability of 10T1/2 cells on CaCl2- and Ca(OEt)2-based 50-50-0 and 50-50-1 nanocomposites. (A) Fluorescent images of 10T1/2 cells after 24 h of culture. Scale bar = 100 µm at 10× magnification and scale bar = 50 µm at 20× magnification. (B) Live/dead staining of 10T1/2 cells cultured on CaCl2- and Ca(OEt)2-based 50-50-0 and 50-50-1 nanocomposites. Scalebar = 200 µm. (C) Live/dead staining on cells cultured with conditioned media (extracts). Scalebar = 200 µm. (D) Number of live cells at 168 h of conditioned media culture. * p < 0.05, ** p < 0.01. 
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Table 1. Nomenclature of gelatin–BG–MWCNT nanocomposites.
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	Gelatin-BG-MWCNT

Nomenclature
	Gelatin (wt.%)
	BG (wt.%)
	MWCNT (wt.%)





	50-50-0
	50
	50
	0



	50-50-1
	50
	50
	1







MWCNT was used as an additional filler and the weight percentage added was with respect to the total gelatin–BG composition, which is 100 wt.%.













 





Table 2. Pore properties and porosity of CaCl2- and Ca(OEt)2-containing nanocomposites.






Table 2. Pore properties and porosity of CaCl2- and Ca(OEt)2-containing nanocomposites.





	Sample
	Porosity (%)
	Pore Wall Thickness (µm)
	Pore Size (µm)
	Surface Area to Volume Ratio (mm−1)





	50-50-0 (CaCl2)
	24.48
	0.49
	0.16
	4.08



	50-50-1 (CaCl2)
	29.59
	0.41
	0.16
	4.90



	50-50-0 Ca(OEt)2
	5.03
	1.64
	0.06
	1.22



	50-50-1 Ca(OEt)2
	5.84
	1.92
	0.10
	1.04










 





Table 3. Atomic percentages of Ca and P before and after SBF incubation including Ca/P ratio of CaCl2- and Ca(OEt)2-based nanocomposites after SBF treatment.






Table 3. Atomic percentages of Ca and P before and after SBF incubation including Ca/P ratio of CaCl2- and Ca(OEt)2-based nanocomposites after SBF treatment.





	Sample
	Atomic % Ca

before SBF
	Atomic % P

before SBF
	Atomic % Ca

after SBF
	Atomic % P

after SBF
	Ca/P Ratio

after SBF





	50-50-0 CaCl2
	6.40
	0.03
	16.93
	8.76
	1.93



	50-50-1 CaCl2
	5.49
	0.03
	17.93
	9.62
	1.86



	50-50-0 Ca(OEt)2
	5.83
	0.04
	20.40
	10.34
	1.97



	50-50-1 Ca(OEt)2
	4.85
	0.04
	20.20
	10.53
	1.91
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