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Abstract. 
The conversion of waste obtained from agricultural processes into biocompatible materials (biomaterials) used in medical surgery is a strategy that will add more value in waste utilization. This strategy has successfully turned the rather untransformed wastes into high value products. Eggshell is an agricultural waste largely considered as useless and is discarded mostly because it contributes to pollution. This waste has potential for producing hydroxyapatite, a major component found in bone and teeth. Hydroxyapatite is an excellent material used in bone repair and tissue regeneration. The use of eggshell to generate hydroxyapatite will reduce the pollution effect of the waste and the subsequent conversion of the waste into a highly valuable product. In this paper, we reviewed the utilization of this agricultural waste (eggshell) in producing hydroxyapatite. The process of transforming eggshell into hydroxyapatite and nanohydroxyapatite is an environmentally friendly process. Eggshell based hydroxyapatite and nanohydroxyapatite stand as good chance of reducing the cost of treatment in bone repair or replacement with little impact on the environment.


1. Introduction
Agricultural waste is any waste being generated from different farming processes in accumulative concentration. Adequate utilization of agricultural waste reduces environmental problems caused by irresponsible disposal of the waste. The management of agricultural wastes is indispensable and a crucial strategy in global waste management. Waste of any kind in the environment when its concentration is in excess can become a critical factor for humans, animals, and vegetation [1]. The nature, quantity, and type of agricultural waste generated vary from country to country. The search for an effective way to properly manage agricultural waste will help protect the environment and the health quality.
For sustainable development, wastes should be recycled, reused, and channelled towards the production of value added products. This is to protect the environment on one side and on the other side to obtain value added products while establishing a zero waste standard. The utilization of the waste is a priority today in order to achieve sustainable development [2].
One way that adds great value to agricultural waste is its utilization as a biomaterial used in medical surgery and therapeutics. The production of biocompatible material or biomaterial from agrowaste has added a different dimension to the utilization of agricultural waste for value added product. This is possible because some of this waste contains active compounds that have value in medical applications. This is a novel practice that is expected to have value in medical sciences. Most researches on agricultural waste focused mainly on its energy potentials or its use as effective chemical feedstock and as renewable raw materials because of its abundance, its cheap availability, and its renewability [3–6]. This conversion into valuable products or energy sources is carried out by microorganisms or their components [7]. Many agricultural wastes were reported to be effective feedstock in making useful products [8–10]. The waste is readily available and cheap. Agricultural waste has been proven to serve as a good replacement option which can be used as biomaterials in therapies that replaces bone for the growth of osteoblasts [11]. Avian eggshell is an agricultural waste that received attention and has the potential of being used in medical and dental therapy. The use of other wastes as biomaterials has also been reported [2].
The development of biomaterials for bone tissue replacements has increased and attracted a lot of interest due to the rise in the number of patients that requires bone replacements, especially in those suffering from bone cancer, trauma, and ageing. The biomaterials must be biocompatible with sufficient mechanical strength to support the weight of human body before being used as bone implants [12].
This paper will give an insight into utilization of avian eggshell, an agricultural waste, to produce hydroxyapatite. Eggshells remain largely unutilised and untransformed as they are discarded wrongly. These shells are made up of calcium carbonate that can be used to produce hydroxyapatite, the major inorganic part in bones which is used in bone and dental therapy.
2. Hydroxyapatite: Relevance in Tissue Engineering
Hydroxyapatite is a calcium phosphate ceramics material that is found to be very crucial as a biomaterial because of its osteophilic nature and its incorporation into bone tissues [13]. The use of calcium phosphate salts to successfully replace and augment bone tissue is known for many years since it was discovered that calcium phosphate plays a major role in the inorganic phase of hard tissues, bones, and teeth which necessitates medical researchers to consider this salt as a way of improving the healing process [14]. Natural bone is made up from inorganic/organic composite mainly nanostructure hydroxyapatite (Ca10(PO4)6(OH)2, HAp) and collagen fibers [15]. Hydroxyapatite (HAp) forms the major inorganic portion of bone and teeth tissue and it is a key requirement for developing bone grafts [16]. Hydroxyapatite has a number of applications in tissue engineering and it is both bioactive and biocompatible with similar chemical composition and biological affinity to the mineral part of bone [17]. Bone mineral is a salt where the ratio of calcium to phosphate (C/P) is 1.5 to 1.7 and the hydroxyapatite C/P ratio is generally assumed to be 1.67 which is within the range [14]. HAp has shown excellent biocompatibility with mostly soft tissues in skin, muscle, and teeth gums. This compatibility with biological tissues has made HAp regarded as superior to other artificial materials [18]. This has qualified HAp to be an ideal implant or an implant component material in orthopaedic and dental surgery.
The aim of tissue engineering is to produce substitutes materials in biological systems that may overcome the challenges facing conventional clinical treatments carried out for damaged tissues or organs. Bone tissue engineering relied heavily on the understanding of the structure of the bone, bone mechanics, and tissue formation in order to induce new and functional bone tissues [19]. Bone tissue damage, loss due to disease, and inefficient healing after accident or traumatic injury are addressed by tissue engineering approach. The principal methods in tissue engineering involve growing the relevant cells to form the required tissue/organ in vitro before inserting them into the body. The cells must first attach to scaffold, a three-dimensional (3D) substrate [20]. The scaffold plays a role as the initial extracellular matrix that will be required to support the cells which qualifies it as a key determinant in tissue engineering [21]. A 3D interconnected structure is required to allow cell attachment and differentiation and proliferation and to provide pathways for body fluids in addition to the composition of the material as suggested by various clinical practices and biological studies [17]. HAp scaffolds made by 3D printing stand as a good replacement for bone and are very suitable [22]. 3D scaffold settings serve as interim substrates for supporting and guiding the formation of various tissues in either in vitro or in vivo tissue-regeneration [23]. A number of characteristics are required before biologically compatible scaffold is qualified to be called ideal; the characteristics include supporting cell attachment and growth, easily biodegradable scaffolds, logical cell substrate interactions, few immune responses and inflammation, minimum cytotoxicity, simple material generation, ease of mobility, purification, and processing as well as chemical compatibility with physiological environments and aqueous solutions [24].
Nanotechnology involves the use of nanoparticles that will help in overcoming many challenges and limitations in the use of biomaterials in tissue engineering. Nanoparticles were integrated into nanostructure scaffolds such that bioactive molecules (growth and differentiation factors) are delivered to regulate optimum tissue regeneration and to ensure regulation of cell behaviour [25]. Scaffold performs the function of an interim synthetic extracellular matrix (ECM) which will interact with cells forming new tissue [25]. Nanosized HAP was newly developed and its properties suggested it to be superior in bone tissue engineering. The nanosized particles were reportedly incorporated into poly(l-lactic acid) porous scaffolds successfully which improved the mechanical properties as well as protein adsorption of the scaffolds (developed a fibrous morphology which increased the protein adsorption threefold over nonfibrous scaffolds) at the same time maintaining suitable microarchitecture and high porosity [26].

3. Eggshell: Ideal Source for Hydroxyapatite
A study has suggested that the recycling of chicken eggshells is a way of improving the ecosphere; it reduces the need of management of waste and the eggshells can serve as useful raw materials for nanomaterials [28]. Fresh eggshell consists of a typically three-layered structure; the foamy cuticle layer on the outer surface resembles a ceramic; the middle layer is spongy; the inner layer consists of lamellar layers. It represents almost 11% of the egg total weight [28]. Calcium carbonate (calcite) is the main component in eggshells and is the major inorganic substance found in an egg and it makes up about 94% of chemical composition of eggshell. This makes it an essential material for hydroxyapatite production [29]. Others are organic matter which makes up 4%, magnesium carbonate (1%), and calcium phosphate (1%) as well as insoluble proteins [29, 30]. The calcite is the most stable form of calcium carbonate; it forms elongated structures called columns, palisades, or crystallite. Calcification of eggshell is regarded as one of the most rapid known processes of biomineralization and the bulk of mineral found within the eggshell is calcite with a needle like hydroxyapatite in small amounts found in the inner cuticle [29]. The large presence of calcite contributed to the better mechanical properties and strength of eggshell based HAp.
Apart from the eggshell, other natural sources of hydroxyapatite have been identified such as the use of natural bones such as bovine bones and fish bones, cuttle fish shells, oyster shells, and corals. These were successfully converted into biomaterials [28, 31]. Unlike eggshells, the continuous use of these resources may lead to their extinction and in the case of corals, they have a slow growth rate [28]. Eggshell can therefore serve as a good biomaterial source. The HAp synthesized from eggshell has demonstrated superior sinterability when compared with HAp synthesized from other sources in terms of hardness, density, and cell culture. Cytotoxicity test carried out using osteoblast cell culture has established the biocompatibility of eggshell based HAp [32]. It shows that eggshell based HAp favors adhesion of the osteoblast cells and is noncytotoxic. This might be due to the biological nature of CaCO3 that can improve the properties of the HAp [32]. The HAp from eggshells is of good quality because of its resemblance with human hard tissues [33]. The HAp has been reported to have significantly higher bone formation [34]. The HAp is also smaller in size and cellular response to HAp will depend on the particle size and smaller particles will have more advantages over larger particles. The cellular response also depends on morphology, crystallinity, and chemical composition [35]. The calcination temperature for eggshell based HAp varies from 900°C and at this temperature all issues related to disease transmission are contained by destroying pathogens that may transfer diseases to patients. All these features contributed to the excellent quality of eggshell based HAp that is much closer to the composition and structure of biological apatite. This is a major requirement considered before a synthetic apatite can be used to repair damage and hard tissues [36]. A good perspective of using eggshell is its nonexpensiveness and it is an environmentally friendly source for HAp preparation [37].
Unlike eggshell based HAp, the characteristics of HAp extracted from natural bones usually rely on the nature and sources of the bones, calcination temperature, and the extraction technique. Any of these conditions might affect the properties, efficiency, phase purity, and size distribution of HAp.
Table 1 (adapted from [33]) has summarised the major differences between different natural bone sources of HAp and eggshell based HAp in terms of Ca/P ratio, particle size, morphology, phase composition, thermal stability, and trace elements.
Table 1: Comparison of HAp produced by various sources.
	

	Parameters	Bovine bone	Fish bones	Eggshell	Natural bone
	

	
                Ca/P ratio	>1.67	≥1.67	≥1.67	1.67
	Particle size	Micro to nanometer range	In nanometer range	≥50 nm	Nanocomposite
	Morphology	Needle, rod, plate, spherical, and so forth	Needle, rod, spherical, and so forth	Needle or rod	Needle or rod
	Phase composition	Phase pure and tricalcium phosphate	Phase pure	Phase pure	Composite
	Thermal stability	800–1000°C	600–800°C	<800°C	>1200°C
	Trace elements	Na+, Mg2+, K+, Ti2+, etc	
                Fe3+, Cr3+, Cu2+, K+, Mg2+, and so forth	
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4. Methods of Hydroxyapatite Production from Eggshell
There are several methods for the production of eggshell based hydroxyapatite. One of these methods is the hydrothermal method.
Hydrothermal method is the most widely reported method of HAp production from eggshell. It has been proven to be the most convenient method of HAp production [38]. This method of synthesizing HAp from eggshells in a phosphate solution at a high temperature is a novel way for producing useful biomedical materials [30]. In this method, fine hydroxyapatite single crystals are synthesized by a hydrothermal method with Ca(OH)2 and CaHPO4·2H2O as starting materials. In order to identify and characterise HAp as the main phase produced, X-ray powder diffraction (XRD) is utilised. The phase identification of the crystals is usually confirmed by Fourier transform infrared spectroscopy (FTIR). Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are applied to determine particle size and morphology [39]. It can also be characterized by XRD and particle size analysis using laser technique [40]. HAP generated from hydrothermal methods has excellent homogeneity and high crystallinity which is the major advantage of hydrothermal method and the high pressure and temperature used will favour the formation of HAp as the main phase produced [16]. This method is straightforward and direct and it gives all the characteristics band of the HAp but it is time consuming and laborious.
Another method is the use of a simple and rapid microwave irradiation that requires the help of a chelating agent called ethylene diamine tetra acetic acid (EDTA) (Figure 1) [27]. This is an indirect process where the HAp preparation was usually preceded by the preparation of calcium precursor from eggshells as a first step. The structures obtained are required to be subjected to XRD for phase characterisation of the powder obtained. The HAp produced by this method seems to have higher sinterability and stability at high temperatures with better morphology, stoichiometry, and osteoblast cell adhesion. This method has also confirmed the eggshell to be a promising source of calcium for preparing nanocrystalline hydroxyapatite required in bone formation. The X-ray diffraction peaks produced by this method indicate the formation of phase pure HAp [27].





















	
		
		
			
		
	


	
		
			
		
			
		
	


	
	
	
	
	
	
	
	
	
		
	
		
	


	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
		



	
		
	


	
		
	


	
	


	
	


	
		
	
		


	
		
	
		










	
		
			
		
		
			
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
		
	
	
		
	


	
		
		
	
	
		
	


	
		
		
	
	
		
	


	
		
		
	
	
		
	


	
		
		
	
	
		
	


	
		
		
	
	
		
	


	
		
	
	
		
			
		
	


	
		
	
	
		
			
		
	


	
		
			
			
		
		
			
		
		
			
		
	


	
		
	
	
		
			
		
	


	
		
	
	
		
			
		
	


	
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
	



	
		
			
			
		
		
			
		
		
			
		
		
			
		
	
	
	

















Figure 1: Microwave conversion of eggshells into a flower-like hydroxyapatite nanostructure [27].


Another method also used in the synthesis of HAp is the high energy mechanochemical activation. This method has been reported to involve the use of the following two mechanochemical activation processes: attrition milling and ball milling [34]. The mechanochemical reaction supplies enough amount of hydroxyl group to the starting powders to form a single phase of hydroxyapatite. Yeong et al. [41] reported attaining a single-phase hydroxyapatite of high crystallinity by >20 h of mechanical activation. The resulting hydroxyapatite powder exhibits an average particle size of ~25 nm. Also, increasing degree of activation improves the growth of hydroxyapatite crystallites. The phase composition of the powders is studied by XRD and FTIR spectrometer while SEM is used to identify the morphological characteristics of synthesized powders of the calcined eggshell. The compact morphology of the material alongside the grain size of particles results in a homogenous HAp. From the phases of the synthesized material, the material is found to be dependent on mechanochemical activation method and attrition milling [34]. This suggests that nanocrystallites of hydroxyapatite phase have been formed as a result of mechanical activation. The method is relatively simple, with less cost, and it has been recommended for the mass production of high crystalline hydroxyapatite [42].
The HAp produced by any of these methods will have an excellent biocompatibility and mechanical strength that will allow it to function effectively in tissue repair and regeneration. The HAp demonstrated good ratios with physical shapes similar to crystalline HAp structures found in natural human bone. Eggshell based HAp powders contain many relevant trace elements such as sodium and magnesium [31, 34, 43].
Nanohydroxyapatite can be produced from egg shell using a simple sol-gel precipitation technique. The nanopowders obtained are usually characterized using XRD, TEM, FTIR, and particle size distribution analyzer technique. The result of the powder particles is expectedly polycrystalline in nature with an average size of 5–90 nm. The nano-HAp obtained from this method are of high purity [31]. Nanosized HAp has much higher bioactivity than HAp coarser crystals [28].
5. Conclusion
Agricultural waste utilization has made contributions in many aspects of life from its use as feedstock in the production of biobased products and its subsequent use as source of renewable energy. Its utilization has the potential of reducing pollution level and environmental effect exerts by dependence on chemical products. Its use as a biomaterial in biomedical applications has added more value to its utilization. Eggshell produced by chickens and other avians is considered as useless mostly but consequently it has value in biomedical applications. Eggshell is considered to be a rich source for calcium as carbonates and oxides that qualify them as excellent sources of hydroxyapatite. Although eggshells are not the first natural source for the synthesis of hydroxyapatite, it provides a cost effective and a renewable as well as a sustainable source of biological HAp. Both hydroxyapatite and nanohydroxyapatite are produced from eggshells. These products were proven by chemical analysis to perform a similar function with hydroxyapatite obtained by other means and they are proven to be biocompatible with mechanical strength and durability to carry out the desired function. With this development, eggshell agricultural waste has made a significant contribution in the production of biomaterials used in medical applications. Its use will help in providing solutions to problems usually encountered as a result of damage and injuries associated with bones and teeth which reduced medical cost and lessened environmental impact.
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