Fabrication and Characterization of ZrO2 incorporated SiO2-CaO-P2O5 Bioactive Glass Scaffolds
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Abstract
Sol-gel chemistry offers a flexible, widely accepted methodology that enables the creation of a new generation of bioactive glass (BG). In the current study, a sol-gel method was used to synthesize ZrO2 incorporated 56SiO2-34CaO-10P2O5 mol% bioactive glass. The highly crystalline structure was composed of small zirconium oxide nanoparticles (ZrO2) of less than 200nm in size. It was successfully fabricated using a hydrothermal method. Polyurethane foam (PU) was selected to fabricate a highly porous BG-ZrO2 scaffold using a foam replica technique. The physicochemical, morphological properties of the BG-ZrO2 compositions were evaluated using X-ray diffraction (XRD), Fourier transforms infrared (FTIR), thermo-gravimetric analysis (TGA), transmission electron microscope (TEM) and scanning electron microscope (SEM) with energy dispersive spectroscopy (EDS). In-vitro degradation analysis of the BG-ZrO2 scaffolds was performed after immersion of the samples in simulated body fluid (SBF). The incorporation of ZrO2 nanoparticles into the bioactive glass matrix enhances both the mechanical strength and thermal stability. Since the novel formed BG-ZrO2 scaffolds possesses respectable antibacterial properties against some bacterial strains, this renders it an ideal tissue engineering substitute, capable of reducing failure rates in implants. 
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Introduction
Bioactive glasses (BG) are a group of surface reactive inorganic materials (Baino et al., 2018). The surface properties regulate the reactivity of biomaterials with the physiological fluid that is essential for their appropriate function (Acosta et al., 2018). Their outstanding bonding abilities, excellent osteoconductive, and osteogenic properties (FDA approved) make them perfect for use in bone tissue engineering (Massera et al., 2012)(Yu et al., 2016). Apart from these favorable properties, some bioactive glasses produce crystalline phases during thermal processing which reduces the degradation rate, usually required to fabricate scaffolds (Arango Ospina et al., 2019; Westhauser et al., 2020). Bioactive glasses or glass-ceramics belonged to the third generation of biomaterials and used in clinical practice for the regeneration of calcified tissues such as bone and enamel (Crovace et al., 2016; Fernandes et al., 2018; Kaur et al., 2019). The biomechanical, physical and therapeutic properties of glass-ceramics can be enhanced by the facile incorporation of different ions in the silicate matrix (Wajda et al., 2019). Porosity, pore size, and pore inter-connectivity are critical parameters for bioactive glass-derived scaffolds (Fiume et al., 2019). Pore sizes ranging from 50 to 710 μm have been suggested for bone regeneration, but many studies stating macropores in the range of 150–350 μm are ideal (Kramschuster and Turng, 2013). This is generally deemed essential to facilitate nutrient diffusion, cell migration and tissue ingrowth throughout the scaffold (Fu et al., 2011; Hulbert et al., 1970). The release of Ca and Si ions from the degradation of bioactive glass promotes osteogenesis, angiogenesis and wound healing (Kong et al., 2018), (Zeng et al., 2016). BG has been used to develop materials for surface coatings (Stamboulis et al., 2002), cell encapsulation (Zeng et al., 2014), soft tissue engineering (Kaur et al., 2014), bone replacement (Marelli et al., 2010), and drug delivery (Li, 2017; Tabia et al., 2019). Numerous glass compositions have been developed in connection with the therapeutic use of doping active ions such as strontium (Kargozar et al., 2019), zinc (Preethi et al., 2015; Rajzer et al., 2019), magnesium (Raz et al., 2018), fluoride (Gul et al., 2018) and cobalt (Hoppe et al., 2014). The ZrO2 substitute is widely employed as a substrate in orthopedic surgery due to its bio-inertness, its excellent bending strength, and its fracture toughness (Hulbert, 2013). ZrO2 itself, however, does not have good cellular and tissue affinity (An et al., 2012). Moreover, it possesses outstanding strength at room temperature due to the transformation of toughening mechanisms that can be manifested in its components (Piconi and Maccauro, 1999). Zirconia-based ceramics have been exploited as biomaterials began in the 1960s (Tosiriwatanapong and Singhatanadgit, 2018). Their usage has now been extended to clinical practice in cases of total hip replacements (THR) (Hu and Yoon, 2018), dental bridges, and crowns (Bona et al., 2015) due to its high mechanical properties (Sadoun et al., 2020). The incorporation of ZrO2 to the mesoporous bioactive glass imparts radiopacity to the glass and used for hard tissue applications (Tallia et al., 2014). Scarano et al. reported new bone formation directly on the zirconia implant’s surface without producing inflammation (Scarano et al., 2003). ZrO2 nanoparticles have been shown to promote beneficial antibacterial activity in relation to gram-positive and gram-negative bacterial strain such as Bacillus subtilis, Staphylococcus aureus, Staphylococcus epidermidis, Escherichia coli, Klebsiella and Pseudomonas aeruginosa (Fathima et al., 2017; “The Economic Times,” 2020). These biomaterial-associated infections are increasingly recognized as the major mechanism of tissue regeneration for engineering scaffolds (Unnithan et al., 2015). Therefore, the antimicrobial properties of ZrO2, when incorporated into samples scaffolds, can be regarded as a viable alternative for the prevention of infection after bone repair procedures. 
In the current research, Zirconia nanoparticles were employed to fabricate mechanically stable scaffolds. This study aims to evaluate the biomechanical properties and antibacterial effects of the polyurethane (PU) assisted BG-ZrO2 scaffolds. The data gathered in this research endorses the postulation that scaffold manufacture represents a viable option for the regeneration of damaged tissue.
Experimental analysis
Zirconia (ZrO2) nanoparticle synthesis
The hydrothermal synthesis of ZrO2 nanoparticles was carried out using a precursor solution with a concentration of 1mmolzirconium (IV) nitrate pentahydrate and urea which were dissolved in 140 ml of deionized water through continuously stirring. The resultant solution was transferred directly into a 250 ml Teflon-lined container in an autoclave for 24 hours at 180ºC. Finally, the ensuing white precipitate was collected for washing with distilled water and absolute ethanol, and the product was dried in an electric oven at 80ºC for 12 hours before being compressed into powder form (Fathima et al., 2017). 
Fabrication of PU-assisted BG-ZrO2 scaffolds 
A ZrO2 incorporated bioactive glass consisting of different compositions was synthesized using the sol-gel technique. To summarize, tetraethyl orthosilicate (TEOS, ≥99.0%, Sigma Aldrich) was added to a mixture of distilled water and 2N nitric acid (≥99.9%, Sigma Aldrich) whilst being vigorously stirring to achieve a homogeneous dispersion. Calcium nitrate tetrahydrate (≥99.0%, Sigma Aldrich) and phosphorus pentoxide (≥98.0, ACS reagent, Sigma Aldrich) were mixed appropriately and ZrO2 nanoparticles (0.05, 0.10 and 0.20g) were added to the homogenous mixture. Finally, the complete mixture was allowed to react for 2 hours at 60°C before the ammonia (25%) solution was added to create pH 11 from the mixture. This homogeneous mixture was incubated for 5 days in order to obtain the gel. All the samples were dried at 80°C overnight and then calcined at 450°C for 8 hours.
Polyurethane (PU) foam was employed as a building material for the zirconia-incorporated bioactive glass scaffolds using the foam replica technique (Chen et al., 2006). Small pieces of PU, measuring 10×10×5 mm, were immersed in the BG-ZrO2 suspension and subjected to mechanical stirring for 15 minutes. The samples were recovered from this gel and slowly squeezed. Once the excess sol-gel had been removed from the pores of the template, the latter was left to dry for 12 hours. The thickness of the scaffolds was adjusted by adjusting the addition of mixture droplets to enhance the mechanical properties of the sample. Figure 1 displayed the schematic diagram for the synthesis of scaffolds.
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Figure 1. Schematic diagram of scaffold synthesis
Characterization
The phase identification for the dense zirconia and calcined BG-ZrO2 samples was conducted by using XRD (RigakuUltima IV, USA) with a scanning rate of 2°/s. FTIR permits the in-situ analysis of interfaces to investigate the presence of functional groups within a sample. IR spectra were recorded in the region of 2500-400cm⁠−1 using a Perkin Elmer Frontier FTIR (USA). A thermos-gravimetric analysis (TGA) was performed to evaluate the thermal stability of scaffolds under a nitrogen atmosphere from 50°C to 700°C at 10 °C/min using Perkin Elmer STA 6000, USA. To facilitate better scrutiny of the morphology, TEM (TECNAI 200 Kv, USA) and SEM (JEOL, JSM 6100, Japan) were utilized. In addition, an Energy Dispersive Spectroscopy (EDS) analyzer attached to SEM was used to achieve the definition of the elemental constitution. The surface area of the scaffold was measured through the Brunauer-Emmett-Teller (BET, BELSORP mini II, Japan) procedure; and the mechanical properties were evaluated using a Universal Testing Machine according to ASTM D-695 until the specimen fractured (Maji et al., 2016; Nerantzaki et al., 2017). The quantitative results are presented as the mean ± standard error.
Optimization
In relation to the thermal stability and mechanical properties, we optimized four different composition-based scaffolds. It was observed that a 0.20mg ZrO2 nanoparticles-incorporated bioactive glass (BG+0.20ZrO2) scaffold is mechanically superior to the remaining compositions. 
In-vitro degradation
The degradation capacity of the BG+0.20ZrO2 scaffold was evaluated by immersing them in 1mL of simulated body fluid (SBF) per 10 mg of scaffold mass at various time intervals (24, 48, and 72 hours respectively) in a shaking incubator at 37°C (Tainio et al., 2017). The self-prepared SBF with ion concentrations approximately equates to human blood plasma (Gawęda et al., 2018). It was prepared using the protocol described by Kokubo (Kokubo and Takadama, 2006). Thus, at predetermined time points, the samples were collected and rinsed with acetone before being dried overnight at 60 °C(Zheng et al., 2019). Degradation of the sample was recorded using equation 1 (Kumar et al., 2020, 2019a, 2019b, 2017).

Antimicrobial Activity Study
BG+ZrO2 samples were tested for specific antibacterial, to wit: B. subtilis (Gram-positive), S. aureus (Gram-positive), E. coli (Gram-negative), and S. typhi (Gram-negative). The bacterial cultures were procured from the Microbial Type Culture Collection (IMTECH) in Chandigarh, India. Cultures were developed on nutrient agar for further use as per the conditions specified within the MTCC protocol (see Table 1). For the antimicrobial study, a well-diffusion agar method was used. The bacteria were grown in Lysogeny broth (LB) for 24 hours with100 μl of the LB culture spread over the nutrient agar. The crushed scaffold sample was adopted to perform the study. Thus, the Petri plate contained three wells, including ZrO2 nanoparticles denoted as Zr, bioactive glass pure denoted as BG, and a BG-0.20ZrO2 scaffold sample denoted as BG-Zr. The wells were incubated for 24 hours and their inhibition zones were checked using a transparent ruler. 
Table 1. Bacterial Strains
	Sr. No.
	Name of bacteria
	Nature of stain
	Accession Numbers

	1. 
	Staphylococcus aureus
	Gram-positive
	MTCC 3160

	2. 
	Bacillus subtilis
	Gram-negative
	MTCC 2616

	3. 
	Escherichia coli
	Gram-positive
	MTCC 443

	4. 
	Pseudomonas aeruginosa
	Gram-negative
	MTCC 3224


Results and Discussion
The hydrothermal method was used to obtain white, highly crystalline nanoparticles of ZrO2. Specifically, the white, PU-assisted ZrO2-incorporated BG scaffolds were successfully fabricated through the application of the sol-gel method. Zirconia and bioactive glass are regarded as biocompatible materials. Moreover, multiple in-vitro and in-vivo studies have demonstrated that there is no cytotoxic effect for either ceramic (Christel et al., 1989; Garvie et al., 1984; Krishnan and Lakshmi, 2013).

XRD Analysis
Figure 2(a) outlines the XRD patterns for the zirconia sample calcined at 450°C. The hydrothermally synthesized ZrO2 nanoparticles were highly crystalline and all peaks were well matched with the standard database ICDD 96-230-0545. The XRD patterns of standard bioactive glass and ZrO2-incorporated bioactive glass at 450°C are presented in Figure 2(b). The XRD pattern of standard bioactive glass (sample A) did not reveal any diffraction peaks, thereby confirming the amorphous character of the glass (Miola and Verné, 2016). In addition, the subsequent XRD patterns of samples B, C, and D showed the crystalline phases on the glass surfaces following the addition of ZrO2 nanoparticles. Once the zirconia content was increased, new phases of Zr were observed in samples B, C, and D. These new phases, including ZrSiO, ZrSiO4, Zr2O(PO4) and Ca(ZrO3), corroborated the reaction between bioactive glass reagents and ZrO2 nanoparticles. A stable Zr–O–Si phase may support strengthening and toughening mechanisms in the sample (Persson et al., 2012).
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Figure 2. a) XRD pattern of ZrO2 nanoparticles and b) different compositions of BG-ZrO2
FTIR Analysis
Figure 3 reveals the FTIR spectra for the PU-assisted BG-ZrO2 sample calcined at 450°C. The chemical groups, along with the respective frequencies [37-43], are explained in Table 2. Changes in phases were recorded as the zirconia content in the BG matrix was increased. Some peaks disappeared, whilst other new shoulder peaks are noted at 732 and 587cm-1.
Table 2. FTIR spectra of the BG-ZrO2
	Wavenumbers (cm-1)
	Functional group
	References

	1634
	OH bending
	(Capeletti, 2016); (Plueddemann, 1982)

	1426-1435
	C-O and O-H absorption
	(Mehdipour and Afshar, 2012)

	1084-1109
	Asymmetric Si-O-Si stretching
	(Muthusamy et al., 2014)

	934
	Si-O-Ca, Si-O- vibration mode
	(Radev et al., 2012); (Handke et al., 2008)

	732; 587
	monoclinic zirconia
	(Chandradass et al., 2011)

	464
	PO4 Stretching; O-Si-O, Si-O-P, and Si-O-Si bending vibrations
	(Radev et al., 2012); (Kwaśny et al., 2013); (Sitarz et al., 2005)

	570
	SiO4
	(Jastrzębski et al., 2011)

	574
	P-O
	(Sitarz et al., 2003)
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Figure 3. FTIR analysis of BG-ZrO2 samples at 450°C
Compressive Strength
Compressive strength values were recorded using the stress vs strain diagram (see Figure 4). The compressive strength of the BG-ZrO2 scaffolds is shown in Table 3. Three samples of each type of scaffold were used in the analysis. A 10×10×4 mm size sample was utilized to examine compressive strength. The authors presented the quantitative data as mean ± standard error of the mean. It was found that the incorporation of ZrO2 nanoparticles into the bioactive glass matrix produced scaffolds with enhanced mechanical properties. The observed results are favorable for the trabecular bone (e.g. compressive modulus: 0.12–1.1MPa, compressive strength: 0.1–16MPa), tissue engineering (Gerhardt and Boccaccini, 2010). 
Table 3. Compressive strength of BG-ZrO2 scaffolds
	Sample Name
	Scaffold compositions
	ZrO2 content (mg)
	Compressive strength (MPa)

	A
	BG Pure
	0
	9.9±1.5

	B
	BG- 0.05 ZrO2
	5
	10.2±2.4

	C
	BG- 0.10 ZrO2
	10
	14.2±1.8

	D
	BG- 0.20 ZrO2
	20
	18.5±2.3
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Figure 4. Compressive strength analysis through stress vs. strain curve

Thermogravimetric Analysis
TGA (Thermogravimetric Analysis) was used to obtain information about the thermal stability and degradation behavior of scaffolds with respect to temperature. Figure 5 provides the thermogravimetric analysis (TGA) of the pure BG and ZrO2-incorporated BG scaffolds. The weight loss which occurred with respect to time can be divided into two principal phases. We found significant weight loss occurred between 0°C and 200°C (minor) in all four samples, which was probably a result of an endothermic process of desorption of physically adsorbed water and alcohol (Montazerian et al., 2015b). Sample A (BG Pure) exhibited sharp degradation between 220°C and 380°C due to the combustion of organic or volatile compounds. The change in weight degradation in samples B, C, and D was due to the addition of ZrO2 nanoparticles. Sample B (BG-0.05ZrO2) displayed weight loss between 320°C and 560°C, which was caused due to endothermic chemical desorption process (Montazerian et al., 2015a). A lesser weight loss occurred between 300°C and 500°C in sample C (BG-0.10ZrO2) and sample D (BG-0.20ZrO2), when compared to that which occurred in samples A and B. Sample D, demonstrated limited weight loss because of the presence of high concentration ZrO2. Thus, the positive effect of ZrO2 nanoparticles on the thermal stability of bioactive glass was demonstrated. The TGA results obtained from the analysis (Figure 5) are presented in Table 4. 
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Figure 5. Thermo-gravimetric analysis (TGA) of scaffolds

Table 4. A comparative analysis of thermal properties through TGA
	Sample Name
	BG/PU Scaffold
	Weight loss (%)

	A
	BG Pure
	47.6

	B
	BG- 0.05 ZrO2
	44.1

	C
	BG- 0.10 ZrO2
	39.5

	D
	BG- 0.20 ZrO2
	29.4



Morphological Analysis
The optimized BG+0.20ZrO2 sample scaffold exhibited an adequate interconnected porous structure, as shown in the SEM image (Figure 6). Since the sacrificial polyurethane (PU) foam is burned out during sintering, the struts exhibit a hollow nature. The SEM images reveal macropores within the range of 190-208 μm in the scaffold, which will facilitate cell migration and nutrition transportation in tissue engineering. Some researchers have used scaffolds with porosities ranging from 55% to 74% for bone tissue growth with pore size ranges 50-710µm (Kramschuster and Turng, 2013). The N2 adsorption-desorption isotherm revealed 225m2/g surface area in the BG+0.20ZrO2 scaffold, see Figure 7. A high surface area can offer more protein adsorption and cell adhesion as well as physical support for cells (Murphy and O’Brien, 2010; Zhang et al., 2018). The pore microstructure of scaffolds depends on the processing condition such as temperature, pH, and foam structure (Chocholata et al., 2019). It has also been accepted that the larger surface area adsorbs more biologic fluid which may facilitate the apatite layer formation on the scaffolds (Zhang et al., 2008). EDS revealed the qualitative information about the chemical/elements present in the samples (see Figure 8). An elemental analysis (Table 5) was performed to know the presence of elemental composition including Zr, Si, Ca, and P which implies the attachment of ZrO2 nanoparticles in different parts of the bioactive glass composition.
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Figure 6. SEM images (A and D) of BG+0.20ZrO2 scaffold
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Figure 7. Surface area analysis through N2 adsorption-desorption isotherm

Table 5. EDS analysis of BG+0.20ZrO2sample
	Element
	Weight %
	Atomic %

	Si
	29.581
	19.028

	Ca
	19.210
	12.024

	P
	8.814
	6.825

	O
	32.246
	58.303

	Zr
	10.149
	3.82
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Figure 8. EDS spectra of BG+0.20ZrO2
In-vitro degradation 
In the comparative analysis of the degradation behavior of BG pure and BG-0.20ZrO2 scaffolds, we identified a major weight loss difference. The in-vitro weight degradation of the BG-0.20ZrO2 scaffold was 12.4% less than that identified for pure BG scaffolds after 96 hours (see Figure 9). The presence of silica content alongside the ZrO2 (i.e. Zr-O-Si) produced a more stable structure than pure silica material (Zhu et al., 2011) that may reduce the degradation rate of the scaffold (Zhu et al., 2011). The degradation of ZrO2 incorporated bioactive glass scaffold maybe depends on the chemical composition and structure of the sample (Ni et al., 2012). The degradation of the scaffold may release phosphate and carbonate groups which induce hydroxyl-carbonate-apatite (HCA) layer formation (Wajda et al., 2018). But phospho-silicate films were not easily dissolved in SBF that slow down the production of the apatite layer(Magdalena et al., 2005). The release of Ca, Si and P ions in the solution and the change in the pH of the solution are the prime indicators of glass degradation (Tainio et al., 2017). Consequently, biodegradable scaffolds are becoming very popular in tissue engineering because they degrade after they have fulfilled their function and newly formed bone gradually substitutes the implanted scaffold (Gerhardt and Boccaccini, 2010).
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Figure 9. In-vitro degradation of BG-pure and BG-0.20ZrO2 scaffolds
Antimicrobial Analysis
It was observed that the BG-0.20ZrO2 sample exhibited good antimicrobial activity. Specifically, this pertained to Escherichia coli, Pseudomonas aeruginosa, Bacillus subtilis, and Staphylococcus aureus bacteria. The results revealed no inhibition zone observed around the pure bioactive glass. Moreover, the BG-ZrO2 samples demonstrated potential inhibitory action against P. aeruginosa, E.coli, and S. aureus but poor activity against B. subtilis. As per various research understandings, ZrO2 nanoparticles transmit the positive charge that may interact with negative charge holding bacterial cells through electromagnetic attractions (Tamboli and Lee, 2013; Zhang and Chen, 2009). This interaction may rupture the cell wall of bacteria and finally result in the cell necrosis (Emmanuel et al., 2015; Fathima et al., 2017). It is also proposed that cellular interaction with metallic nanoparticles may reduce the intracellular level of ATP and membrane proteins which leads to damage to the plasma membranes or cell (Arokiyaraj et al., 2017; Kasithevar et al., 2017). The zones of inhibition obtained for the zirconia nanoparticles and the BG-0.20ZrO2 samples are shown in Figure 10 and Table 6.
Table 6. Details of the zones of inhibition of the prepared samples
	Sample
Name
	P. aeruginosa
ZOI (cm)
	E. coli
ZOI (cm)
	S. aureus
ZOI (cm)
	B. subtilis
ZOI (cm)

	BG Pure
	0
	0
	0
	0

	ZrO2
	2.2
	1.7
	1.8
	0.5

	BG-0.20ZrO2
	1.0
	1.2
	1.3
	0.6
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Figure 10. Antibacterial analysis of ZrO2-incorporated BG against (A) Escherichia coli, (B) Pseudomonas aeruginosa, (C) Bacillus subtilis, and (D) Staphylococcus aureus
The most common organisms associated with orthopedic implant infections include Staphylococcus aureus, Staphylococcus epidermis, Pseudomonas aeruginosa, and Propionibacterium acnes, which are capable of causing bone infections (Johnson and García, 2015). Bioglass S53P4 has demonstrated activity against osteomyelitis and prosthetic joint infection-causing pathogens (Cunha et al., 2018). Recent research has shown that Ag nanoparticles doped alginate/hydroxyapatite (Marsich et al., 2013), Zn-doped PU spider web (Amna et al., 2013), SA/PVA/ZnO nanofibrous mats (Shalumon et al., 2011), Ag-doped graphene oxide coated β-tricalcium phosphate (Zhang et al., 2017) and SiO2/ZrO2 (Catauro et al., 2020) composite offer short-term protection from early infections. The bi-functional scaffolds combined with antibacterial and osteogenic activity can be utilized for the prevention or treatment of infections.
Conclusion
Whilst there exists within current literature several glass-ceramic scaffolds with promising properties, the ZrO2 incorporated bioactive glass-based scaffolds offer the most attractive results for application in hard tissue engineering. This is because the novel PU-assisted BG-ZrO2 scaffold possesses unique mechanical, thermal, and antimicrobial properties. Furthermore, they can be prepared via cost-effective sol-gel and foam replica techniques. The physical, chemical, thermal, and biomechanical properties of ZrO2-incorporated bioactive glass-based compositions were successfully evaluated using XRD, FTIR, TGA, and SEM processes. We have compared the FTIR spectrums that enabled us to prove the changes occurred between the phase compositions (i.e. from pure BG to BG-0.20ZrO2). The optimized BG-0.20ZrO2 composition revealed characteristics similar to commercially available biomaterials. To conclude, it appears that the BG-ZrO2scaffold may constitute the best combination of mechanical strength and biocompatibility. However, its properties can be further improved either by suitable surface modiﬁcation or through combination with other bioactive ceramics.
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