 Innovative Agro-Based Approaches for Enhanced Bone Regeneration

Abstract
Global prevalence of dietary calcium deficiency remains a significant concern, with an estimated half of the world's population lacking sufficient access to calcium-rich foods leading to osteoporosis and other calcium deficiency disorders. Current market solutions predominantly rely on calcium supplements and hormonal treatments targeting osteoblast stimulation, yet their limitations prompt a search for innovative agro-based approaches to address calcium insufficiency. This review seeks to amalgamate agricultural practices with regenerative medicine, presenting a comprehensive exploration of promising avenues for boosting bone regeneration. Drawing inspiration from agro-based approaches, the review critically assesses diverse natural compounds, extracts, and biomaterials sourced from plants, fruits, and agricultural by-products, showcasing their potential in advancing bone healing and regeneration. The review spans various inventive techniques, encompassing the utilisation of plant-derived bioactive compounds, the creation of scaffolds from agricultural waste, and the integration of agro-based nanomaterials for improved calcium delivery in bone tissue engineering. Systematic evaluation of the biocompatibility, bioactivity, and regenerative potential of these agro-centric approaches underscores their therapeutic effectiveness and sustainability. Additionally, the article delves into the outcomes of preclinical and clinical studies, illuminating the translational dimensions of these agro-inspired interventions in the context of bone regeneration. 
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Introduction
Calcium is a vital mineral, primarily recognised for its role in maintaining strong bones and teeth. However, it performs an array of vital functions in the body, including promoting blood coagulation, facilitating muscular contractions, and controlling neuron and heart rhythms(1). The majority of calcium, approximately 99%, resides within our bones as hydroxyapatite, while the remaining 1% is distributed throughout the bloodstream, muscles, and other bodily tissues. A recent study showed a 59.9 % of the population in India is suffering from calcium deficiency, followed by iron, vitamin D and others, as shown in Figure 1. This population included school-going children, adolescents, and menopausal women(2). 
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Figure 1: Percentage deficiency of minerals in India
This shows that adequate calcium intake would be effective in preventing various chronic diseases, especially in preventing dental caries and maintaining bone health(3). This review mainly focuses on the importance of calcium and various agricultural materials utilized in the management and treatment of bone disorders.
Chemistry of calcium
It is the third richest metal, beneath iron and aluminium, and the fifth naturally occurring element in the crust of the Earth. The most commonly occurring calcium component on earth is calcium carbonate, which may be extracted from limestone and the fossilized traces of ancient marine life. Other calcium-rich materials include gypsum, anhydrite, fluorite, and apatite(4). Calcium is indeed derived from the Latin word "calx," which means lime(5). Lime, in the form of calcium oxide (CaO), has been known since ancient times and was used by the Romans for various purposes, including construction and as a flux in metallurgy. The isolation of calcium as a pure element occurred in 1808 in England, and it was achieved by Sir Humphry Davy through the process of electrolysis. He electrolysed a mixture of calcium oxide (lime) and mercuric oxide to obtain pure calcium. This discovery was a significant milestone in the field of chemistry and the study of alkaline earth metals. 
As a member of the alkaline earth group (group 2 of the periodic table), calcium has indeed achieved great importance and is used in a wide range of applications. It is essential for living organisms, playing a crucial role in various biological processes, such as muscle contraction and bone formation. Additionally, calcium is also used in various industrial applications, including the production of cement, as a deoxidiser in the metallurgical industry, and as a supplement in agriculture to improve soil quality(6). 
Calcium metal exhibits varying tensile properties due to impurities and fabrication methods. It has two X-ray diffraction patterns, primarily face-centred cubic and body-centred cubic at 464°, but can exist in three allotropic forms. Calcium readily reacts with air to form a white nitrite coating, with water to form Ca (OH)2, and burns with a yellow-red flame, mainly producing nitride. It is malleable, extrudable, and machinable in various forms, being the least expensive alkaline earth metal but costlier than sodium. Calcium can react with compounds like calcium silicide, calcium boride, and calcium carbide, serving as degasifiers, reductants, and sources of calcium in alloy production(7).
Calcium imbalance  
Calcium deficiency, known as hypocalcaemia, occurs when there is an inadequate amount of calcium in the bloodstream. This essential mineral plays a crucial role in various bodily functions, including muscle contraction, nerve transmission, and bone health. Signs and symptoms of calcium deficiency may include muscle cramps, tingling in the fingers and toes, brittle nails, and dental problems like weak enamel. Severe cases can lead to more serious conditions such as osteoporosis, characterised by fragile bones, and tetany, which causes muscle spasms and seizures (8). Treatment for calcium deficiency typically involves dietary adjustments and supplements. Increasing the intake of calcium-rich foods like dairy products, leafy greens, and fortified cereals can be a promising supplement. In severe cases, calcium supplements may be prescribed by a healthcare provider. Excessive calcium levels, called hypercalcemia, can also lead to health problems. Symptoms may include nausea, vomiting, frequent urination, and kidney stones. Hypercalcemia can result from various underlying conditions, including hyperparathyroidism and certain cancers. Treatment depends on the underlying cause and may include medication, lifestyle changes, or surgical intervention. Balancing calcium levels in the body is crucial for overall health. Regular check-ups and a well-balanced diet are essential to prevent both calcium deficiency and excess. Consult a healthcare professional for proper diagnosis and management of calcium-related disorders.
Sources of calcium
Calcium is found in a variety of sources, mainly in food and supplements, as shown in Figure 2. In terms of food, dairy products (cheese {1184 mg}, milk, yoghurt) tend to be rich in calcium intake. Furthermore, it is often found in vegetables (kale, broccoli, watercress), nuts (almonds), seeds (poppy, sesame, celery, chia seeds), and cereals (amaranth grain) [12]. However, the impact of the products depends on the rate of calcium consumed and the type of source opted for overall as a percentage of the population's diet. Silanikove et al. studied that some Asian countries consume calcium from non-animal sources rather than dairy products, which showed the probable cause for the inadequate calcium intake [13]. In the Western world, like the U.S. and Holland, dairy products account for 72 and 58% of the calcium supply, respectively.  Whereas in the eastern world, like China, only 7% of the calcium supply is from dairy products. and the rest comes from 30% from vegetables and 17% from legumes(9). 
Nowadays, fortified foods like cereals and juice have become highly consumable calcium sources for the body. This food includes fruit and juice beverages, soya beverages, pasta products, and chocolate syrups. A study by Rafferty et al. compared calcium supplements from natural and fortified sources, and the results showed that fortified foods augmented calcium intake, which is much preferred compared to the natural supplement(10). The other source includes calcium supplements, which are available in the market. The main forms of calcium supplements are calcium carbonate (40% calcium) and calcium citrate (21% calcium). Calcium carbonate is cheaper and is the first choice of supplements.  The other forms available include calcium gluconate (9% calcium), calcium phosphate (38% calcium), calcium acetate (25% calcium), and calcium lactate (13% calcium)(11). The element is available in four isotopes, which are considered stable and have long half-lives, i.e., 40Ca, 42Ca, 46Ca, and 48Ca. Also, it is available in cosmogenic isotope radioactive 41Ca, which has a higher half-life (1,03,000 years) than that of stable isotopes. It also gained more interest in stellar studies since it decays into a critical indicator of solar system anomalies, 41K(12).
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Figure 2: Rich sources of calcium· DV: Daily value

Calcium physiology 
Calcium plays a pivotal role in bone formation through various essential processes. In mineralisation, calcium ions combine with phosphate and hydroxide ions to form hydroxyapatite crystals (Ca10(PO4)6(OH)2), imparting hardness and structural integrity to bones(13). Osteoblasts, specialised bone-forming cells, rely on a continuous supply of calcium as a critical building block to produce collagen and other proteins, constituting the organic matrix of bone(14). During growth stages, particularly in childhood and adolescence, sufficient calcium intake is crucial for the formation of new bone tissue, supporting bone expansion. In ossification, calcium is central to transforming soft tissues into hard bones by facilitating the deposition of calcium salts(15). Throughout life, in the constant remodelling of bone, calcium is vital for the balanced activities of osteoblasts and osteoclasts (16)Ensuring the removal of old bone tissue, the formation of new bone, and maintaining bone density and strength, preventing conditions like osteoporosis associated with weakened and brittle bones due to calcium deficiency.
Absorption of calcium 
Numerous factors influence the process of calcium absorption, which mostly takes place primarily in the small intestine by two mechanisms, i.e., active transport (transcellular) and passive transport (paracellular). The majority of calcium absorption occurs in the duodenum (the first part of the small intestine) through active transport. The active transport of calcium is translocated in three steps, including extrusion, generally mediated by Ca ATPase; intracellular diffusion mediated by cytosolic calcium-binding protein (calbindinD9k or CaBP) and entrance across the brush border mediated by molecular structure CaT1(17). In the more distal parts of the small intestine (jejunum and ileum), calcium absorption also occurs through passive diffusion(18). 
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Figure 3: Absorption of calcium in the small intestine.

This process is not energy-dependent and involves the movement of calcium down its concentration gradient (Figure 3). Bronner et. al. concluded that the maximum transcellular transport of calcium is directly proportional to the cellular content of CaBP, to which over 90% of the transported calcium is bound, and Calcium extrusion, largely by the Ca ATPase is not a rate-limiting process because when calcium intake is low, transcellular calcium absorption plays a functional role; however, when calcium intake is high, paracellular calcium transport takes precedence and transcellular calcium absorption is downregulated(19). Vitamin D, produced in response to sunlight exposure, acts in its active form (calcitriol) to enhance calcium absorption in the small intestine by stimulating the synthesis of calbindin, facilitating active calcium transport and maintaining calcium homeostasis in the body(20). Dietary factors, including the form of calcium sources, play a crucial role; calcium from dairy and fortified foods is well absorbed, while substances like oxalates and phytates in certain vegetables and grains can bind to calcium, reducing its absorption. Moreover, dietary components such as lactose can enhance calcium absorption, while excess dietary fibre may inhibit it, emphasising the multifaceted nature of calcium absorption regulation. There are several other endocrine and paracrine factors, such as prolactin, estrogen, and insulin-like growth factors, that have been known to directly stimulate intestinal calcium absorption(21).
Distribution
Calcium predominantly resides in the human body's skeletal system, constituting over 99% of the total calcium content. This reservoir is not easily accessible as it is intricately integrated into bone structures, providing rigidity and support. The remaining less than 1% of total body calcium is distributed in the extracellular fluid at concentrations around 20-30 millimoles(22). Within cells, calcium maintains minimal concentrations, yet its role as a second messenger in intracellular signalling pathways is crucial for various cellular processes. In the plasma, where calcium levels are finely regulated, distinct binding patterns contribute to its functional distribution(23). Approximately 40-45% of circulating calcium is bound to albumin, a major plasma protein. Another 10-15% forms complexes with other anions, including lactate and phosphate ions, reflecting the dynamic interplay of calcium with various physiological molecules. Notably, 40-45% of the calcium in the plasma exists in a free and ionised form, representing the biologically active fraction capable of participating in physiological processes such as blood clotting, muscle contraction, and nerve impulse transmission. This intricate distribution of calcium in bone, extracellular fluid, and plasma underscores its diverse roles in maintaining skeletal integrity, serving as a crucial intracellular messenger, and contributing to the finely tuned balance of ionised calcium in the bloodstream. The dynamic equilibrium between these compartments ensures the availability of calcium for essential physiological functions while emphasising the body's intricate regulatory mechanisms to preserve overall calcium homeostasis(24).
Metabolism and Elimination of Calcium
The body's intricate requirement for calcium is circuitously laced into dynamic processes governed by absorption in the intestines, renal reabsorption, and bone turnover. In the small intestine's duodenum and jejunum, calcium absorption takes place, a phenomenon synergistically augmented by the active form of vitamin D, 1,25-dihydroxyvitamin D [1,25(OH)2D], generated in the skin through sunlight exposure or obtained from dietary sources and supplements. Simultaneously, renal reabsorption in the kidneys plays a pivotal role in maintaining calcium balance. Parathyroid hormone (PTH) plays an important role in this regulation, enhancing calcium reabsorption and diminishing loss through urine(25). PTH also orchestrates bone resorption, releasing calcium into the bloodstream when needed. This dynamic activity is further directed by regulatory hormones, including PTH, 1,25(OH)2D, and calcitonin, as well as ionised calcium itself. These hormones exert their actions on corresponding receptors in the gut, kidney, and bone, enabling targeted regulation (Figure 4). This intricate interplay is paramount for calcium homeostasis and crucial for fundamental physiological functions such as bone health, blood clotting, and muscle function. Simultaneously, the finely tuned process of calcium excretion from the body is essential for sustaining calcium balance, with the kidneys as the primary route for calcium elimination(26). Renal excretion involves the filtration of blood through the kidneys, where excess calcium is either reabsorbed into the bloodstream or excreted in the urine. The hormone parathyroid hormone (PTH) assumes a central role in modulating renal calcium excretion. Elevated blood calcium levels prompt PTH to stimulate the kidneys, facilitating increased calcium reabsorption and reducing its excretion in the urine, conserving it for crucial physiological functions. Parathyroid hormone (PTH), released in response to low blood calcium levels, promotes calcitriol production, augmenting calcium absorption in the small intestine and reducing calcium excretion from the kidneys while stimulating calcium release from bone. In contrast, calcitonin, released by the thyroid gland, opposes PTH by inhibiting osteoclast activity, thereby regulating overall calcium balance without directly influencing intestinal absorption(27). 
This complex regulation ensures the body maintains optimal calcium levels, supporting various physiological processes and thwarting imbalances that could lead to conditions like hypercalcemia or hypocalcemia. Regular kidney function and hormonal regulation stand as indispensable components of this dynamic process, contributing synergistically to overall calcium homeostasis. Monitoring and maintaining an adequate dietary intake of calcium and vitamin D are imperative in sustaining these intricate regulatory processes. A delicate equilibrium is essential, as deviations from optimal calcium levels can have profound health implications. The synergy of absorption, reabsorption, turnover, and excretion, guided by a symphony of hormones and receptors, underscores the remarkable complexity of calcium metabolism(28). It is a testament to the body's precision in orchestrating these processes to ensure a continuous supply of calcium for vital functions while guarding against potential disruptions that might compromise overall health and well-being. 
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Figure 4: Metabolism and Excretion of calcium

Role of Calcium in Other Diseases
Calcium serves a multitude of crucial functions beyond its well-known role in bone and teeth formation, like hypertension, preeclampsia, and so on. (Figure 5).
Calcium and Hypertension: Hypertension, or high blood pressure, is a widespread cardiovascular condition associated with an increased risk of heart disease and stroke. Calcium has been shown to play a role in blood pressure regulation, primarily through its impact on smooth muscle contraction in blood vessel walls. Adequate calcium intake, either through dietary sources or supplements, can contribute to the relaxation of blood vessels, helping to lower blood pressure. While the relationship between calcium and blood pressure is complex and influenced by various factors, maintaining optimal calcium levels is generally considered a part of a comprehensive approach to managing hypertension. Nakamura et al., in their study, investigations revealed that dietary vitamin D intake may successfully prevent this shortcoming and that may aid in the prevention and treatment of hypertension in those without a vitamin D deficiency.
Calcium and Preeclampsia: Preeclampsia is a pregnancy-related condition characterised by high blood pressure and organ damage, often affecting the liver and kidneys. Calcium supplementation during pregnancy has been studied for its potential to reduce the risk of developing preeclampsia. While the exact mechanisms are not fully understood, calcium is believed to influence vascular tone and endothelial function, contributing to the prevention of elevated blood pressure. Adequate calcium intake, particularly in populations with low dietary calcium, has shown promise in reducing the incidence of preeclampsia. However, pregnant individuals must consult with healthcare professionals before starting any supplementation. Kant et al., in their study to estimate the prevalence of hypocalcaemia among pregnant women, found that an adequate amount of calcium leads to a low birth weight(29).
Calcium and Colorectal Cancer: Colorectal cancer is a significant global health concern, and research suggests that adequate calcium intake may have a protective effect against the development of colorectal polyps and cancer. Calcium's potential anticancer properties are thought to be related to its role in cellular signalling, apoptosis (programmed cell death), and the regulation of cell proliferation. While the evidence is not conclusive, some studies suggest that higher calcium intake, either through diet or supplements, may be associated with a reduced risk of colorectal cancer(30). However, further research is needed to better understand the specific mechanisms and optimal levels of calcium for colorectal cancer prevention. Individuals should always consult with healthcare providers before making significant dietary changes or starting supplements.
Calcium and Kidney Stones: Calcium's role in kidney stone formation is paradoxical: while adequate intake can prevent certain stones, excess amounts contribute to their development. Kidney stones, typically composed of calcium oxalate or calcium phosphate, form when oxalate combines with calcium in the kidneys. Adequate dietary calcium, however, binds with oxalate in the intestines, inhibiting its absorption and subsequent urinary excretion, reducing the risk of stone formation. Conversely, a high dietary oxalate intake combined with low calcium can increase oxalate absorption, elevating the risk of kidney stones. Maintaining a balance between calcium and oxalate is crucial. Excessive calcium supplements, especially without sufficient fluid intake, may also contribute to calcium-based kidney stones(31). Thus, a nuanced approach to calcium intake, emphasizing dietary balance and fluid consumption, is essential for minimizing the risk of kidney stone formation.
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Figure 5: Role of calcium in other diseases

Calcium and cardiovascular diseases: Calcium plays a multifaceted role in cardiovascular health, influencing various physiological processes. It is integral to the contraction and relaxation of cardiac muscles, contributing to the rhythmic beating of the heart. Calcium ions are crucial for initiating the electrical impulses that regulate heart rate and maintaining the integrity of vascular smooth muscle cells. Adequate calcium levels also support blood clotting mechanisms, essential for wound healing and preventing excessive bleeding. However, an imbalance in calcium regulation may contribute to cardiovascular diseases. Excessive calcium influx into vascular cells can lead to arterial stiffness and atherosclerosis, while insufficient calcium may impair proper heart function(32). The intricate interplay between calcium and cardiovascular health underscores the importance of maintaining a delicate balance for overall cardiovascular well-being, emphasising the need for a healthy diet, regular exercise, and medical monitoring to prevent and manage cardiovascular diseases.
Calcium and menopausal women: Calcium plays a crucial role in the health of menopausal women, particularly in the context of bone health. During menopause, a decline in estrogen levels accelerates bone loss, leading to an increased risk of osteoporosis and fractures. Adequate calcium intake becomes paramount during this stage to support bone density and prevent osteoporosis. Calcium is an essential mineral for forming and maintaining bone tissue, and it works in tandem with vitamin D for optimal absorption. Menopausal women are often advised to ensure they meet their daily calcium requirements through a combination of dietary sources and supplements if necessary. Additionally, calcium may have a role in addressing other symptoms associated with menopause, such as muscle cramps and mood swings(33). However, women need to consult with healthcare professionals to determine their individual calcium needs and to consider factors such as overall diet, vitamin D levels, and other health conditions in managing menopausal health effectively.
Role of other materials on bone
In addition to calcium, several other materials play crucial roles in maintaining the structural integrity and functionality of bones. Phosphorus, a key mineral found in bones, forms hydroxyapatite crystals with calcium, providing strength and rigidity to the bone matrix(34). Collagen, a fibrous protein, contributes to the flexibility and tensile strength of bones, preventing them from becoming brittle(35). Magnesium, another essential mineral, aids in bone mineralisation and regulates bone turnover by influencing the activity of osteoblasts and osteoclasts(36). Vitamins, particularly vitamin D, are integral in calcium absorption and utilisation, promoting mineralisation within the bone matrix. Vitamin K contributes to bone health by regulating the synthesis of proteins involved in bone mineralisation (37). Zinc supports the production of collagen and promotes the formation of bone tissue, while copper plays a role in the cross-linking of collagen fibres, enhancing bone strength. Silicon, though present in smaller amounts, is thought to be involved in bone mineralisation and connective tissue formation(38). Collectively, these materials work synergistically to maintain the intricate balance between bone formation and resorption, ensuring optimal bone density, strength, and resilience. A deficiency or imbalance in any of these elements can disrupt this equilibrium, potentially leading to conditions such as osteoporosis or impaired bone development. Thus, a comprehensive approach to bone health involves not only an adequate intake of calcium but also the careful consideration of these diverse materials to support the multifaceted processes underlying skeletal strength and functionality.
Combination with calcium
Several combinations of nutrients, minerals, and vitamins are often recommended along with calcium to support bone health and address bone-related diseases. Vitamin D is a crucial partner to calcium, as it enhances calcium absorption in the intestines and helps regulate calcium levels in the blood. Therefore, calcium and vitamin D are commonly prescribed together for conditions like osteoporosis or to prevent bone loss (SHELCAL® 500). Magnesium is another important mineral that works in tandem with calcium, contributing to bone structure and density. Magnesium deficiency can negatively impact calcium utilisation (CALMIZ-D3). Vitamin K is essential for proper bone mineralisation, and it is often recommended alongside calcium and vitamin D. Some supplements combine multiple nutrients specifically formulated for bone health, including calcium, vitamin D, vitamin K, magnesium, and other trace minerals like zinc and copper (Supracal®, K2-Doll). These comprehensive formulations address various aspects of bone metabolism and ensure a balanced approach to bone health. However, it's crucial and advised to consult with a healthcare professional before starting any supplementation regimen, as individual needs may vary, and excessive intake of certain nutrients can have adverse effects. Furthermore, a well-rounded diet that includes sources of these nutrients is fundamental for overall bone health and should be considered in conjunction with any supplements. Overconsumption of any of the nutrients or minerals listed above might have detrimental effects.
Types of Agro-based materials:
Agro-based materials, often derived from agricultural waste or by-products, have gained
attention in recent years as potential biomaterials for various biomedical applications, including bone regeneration(39). These materials offer several advantages, such as biocompatibility, biodegradability, and the potential to reduce waste and environmental impact. Here are some agro-based materials that have been explored for bone regeneration, like Polysaccharides, Proteins, Bio-composite materials, Bioactive compounds, and lignin-based materials, as shown in Figure 6.
Polysaccharides like chitin and alginate, derived from agricultural waste or by-products such as crustacean exoskeletons and brown algae respectively, have exhibited biocompatibility and potential for reducing environmental impact making them promising biomaterials for bone regeneration(40). Chitosan, a derivative of chitin, stands out in bone tissue engineering with its antibacterial properties, cell adhesion promotion, and scaffold functionality(41). Alginate, on the other hand, shows promise in combination with other materials for creating scaffolds, owing to its biocompatibility and capacity to encapsulate growth factors(42). Proteins, including collagen sourced from animals and silk fibroin from silkworms, have been explored for bone regeneration due to their natural occurrence in the extracellular matrix, providing suitable scaffolds that mimic native tissue and support cell growth(43,44). Bio-composite materials, exemplified by Hydroxyapatite (HA) composites, combine HA, a natural bone mineral, with agro-based materials to create scaffolds mirroring the composition of natural bone, thus offering mechanical support for bone regeneration(45). Bioactive compounds such as plant extracts, polyphenols, and nanocellulose are investigated for their potential osteogenic properties in bone regeneration applications. Incorporating these compounds into scaffolds or coatings may enhance bone healing(46). Lignin, a component of plant cell walls, serves as a noteworthy example of lignin-based materials, contributing to the mechanical stability and improved biocompatibility of other materials when incorporated into bone regeneration scaffolds(47).
The unification of agricultural products into medical applications, particularly in the realm of bone-related treatments and regenerative medicine, is underpinned by the fundamental principles of sustainability, biocompatibility, and resource optimisation(48). The most pivotal aspect of opting for the agro-based systems is biocompatibility, where agricultural products demonstrate a high degree of tolerance within the human body, avoiding adverse immune responses and rendering them ideal candidates for medical use, notably in bone regeneration and bone marrow replacement therapies(49). Sustainability constitutes another 
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Figure 6. Different agro-based materials for bone regeneration
critical facet, as agricultural materials, often derived from waste or by-products, offer renewable resources that align with the escalating emphasis on environmental sustainability in healthcare, thereby mitigating waste generation(50). Biodegradability, the third key aspect, is inherent in many agricultural materials, allowing them to naturally decompose over time without ecological harm. In medical contexts, this attribute is advantageous as it facilitates the gradual replacement of materials by the body's tissues during the healing process(51). The abundance of agricultural products, readily available in substantial quantities, serves as the fourth crucial element, contributing to cost-effectiveness in medical applications and potentially lowering overall healthcare expenses(52). Tissue mimicry, the fifth aspect, is exemplified by certain agricultural materials like collagen or hydroxyapatite, which closely emulate the composition of natural bone tissue. This likeness enhances their appropriateness for bone regeneration applications(53). Customisation, the sixth dimension, underscores the adaptability of agricultural materials that can be processed and modified into diverse forms such as scaffolds, films, gels, or nanoparticles. This versatility allows researchers to tailor these materials to specific medical applications, including bone regeneration(54). The final two aspects, namely functional properties and customisation, underscore the versatility of agricultural materials. These have bioactive compounds, such as polyphenols or growth factors, with beneficial effects on bone tissue growth and regeneration. Harnessing these compounds holds therapeutic promise for medical applications(55). However, it's important to note that rigorous testing and research are necessary to ensure the safety and efficacy of these materials before they are used in clinical settings. Regulatory agencies and healthcare professionals play a crucial role in evaluating and approving such innovations for patient care(56,57).
Agro-based materials contribution towards bone regeneration: 
Scaffold for Cell Attachment and Proliferation: Agro-based materials, exemplified by chitosan, collagen, and cellulose, can undergo processing to generate porous scaffolds that closely mimic the natural extracellular matrix (ECM). This three-dimensional structure serves as an ideal substrate for osteoblasts, allowing their attachment, proliferation, and differentiation. The porous nature of these materials facilitates the diffusion of nutrients and waste products, fostering an environment conducive to robust cell growth(58). Functioning as osteoconductive substrates, agro-based materials actively encourage the deposition of hydroxyapatite by osteoblasts, a critical mineral component of bone. This property establishes a favourable milieu for new bone formation, with the option to enhance osteoconductivity by incorporating natural sources of hydroxyapatite into these scaffolds(59). Furthermore, certain agro-based materials, such as demineralized bone matrix (DBM) derived from animal bones, contain growth factors and proteins capable of inducing the differentiation of mesenchymal stem cells into osteoblasts. By providing essential cues for cell differentiation, these materials stimulate bone formation(60). Agro-based materials can be engineered to release growth factors like bone morphogenetic proteins (BMPs) or vascular endothelial growth factor (VEGF) in a controlled manner. This controlled release supports angiogenesis, fostering the formation of new blood vessels and promoting bone regeneration by improving nutrient supply and waste removal(58). Additionally, agro-based materials, including chitosan, exhibit anti-inflammatory and antibacterial properties, mitigating inflammation and infection that could impede the bone regeneration process, thereby creating a more favourable microenvironment for healing(61). Remarkably, the inherent degradability of agro-based materials aligns with the pace of tissue regeneration, obviating the need for additional surgical interventions to remove non-degradable implants. This characteristic allows for the gradual replacement of the scaffold with natural bone tissue over time(62). Tailoring agro-based materials to match the mechanical properties of the host bone provides crucial structural support during the initial healing phase(63). Moreover, the versatility of agro-based materials extends to their collaborative use with synthetic polymers, ceramics, or metals, resulting in composite materials with superior properties for bone regeneration. These composites, designed to optimize mechanical strength, bioactivity, and degradation rates, facilitate bone regeneration through polygonal mechanisms, including cellular responses and tissue engineering properties (64).
[bookmark: _Hlk154843339]Cellular Responses: Agro-based materials, play a key role in influencing crucial cellular responses vital for effective bone regeneration. Firstly, through the creation of porous scaffolds that closely mimic the bone's extracellular matrix (ECM), these materials facilitate cell adhesion and proliferation, providing an optimal surface for osteoblasts to attach and proliferate. Notably, cellulose-based materials epitomise this capability, supporting both cell adhesion and growth(65). Secondly, agro-based materials contribute to the promotion of cell differentiation, a pivotal step in bone tissue formation. Specifically, certain materials, such as chitosan, have demonstrated the ability to induce osteogenic differentiation of mesenchymal stem cells (MSCs), further enhancing their significance in fostering bone regeneration(65). Thirdly, agro-based materials, exemplified by substances like curcumin derived from turmeric, exhibit anti-inflammatory properties. This inherent capability is crucial in modulating the inflammatory response, creating an environment conducive to bone healing and regeneration. Effectively controlling inflammation becomes a key factor in ensuring the success of the bone regeneration process(66).
Growth Factors: Agro-based materials can interact with and release growth factors that support bone regeneration. Some agro-based materials, like DBM derived from animal bones, contain natural growth factors such as BMPs. When implanted, these materials can induce osteogenic differentiation in nearby stem cells, promoting bone formation. Agro-based materials can be engineered to encapsulate and release growth factors in a controlled manner. This controlled release can mimic the natural temporal pattern of growth factor secretion, which is critical for the healing process. chitosan-based scaffolds loaded with growth factors have shown an ability to release over time to stimulate bone regeneration(67). 
Tissue Engineering Properties: Biodegradability is a hallmark of agro-based materials, ensuring that as they naturally break down, they seamlessly make way for the gradual replacement by newly formed bone tissue. This inherent characteristic eliminates the necessity for additional surgical removal procedures, aligning the degradation rate with tissue regeneration. Moreover, these materials can be strategically engineered to possess mechanical properties matching those of the host bone, delivering crucial initial structural support during the developmental phase of new bone tissue. A significant advancement lies in the ability to integrate agro-based materials with synthetic polymers, ceramics, or metals to craft composite materials. This synergy imparts a harmonious blend of mechanical strength, bioactivity, and biodegradability, allowing for the creation of customized composites tailored to meet specific requirements in bone regeneration applications. The multifaceted contributions of agro-based materials to bone regeneration extend beyond their biodegradability and mechanical support. These materials actively participate in promoting cellular responses crucial for bone formation, influencing the adhesion, proliferation, and differentiation of bone-forming cells. Additionally, agro-based materials play a pivotal role in modulating growth factors that induce osteogenesis, offering key tissue engineering properties such as biodegradability, mechanical support, and a versatile design approach in composite material formulation. These combined mechanisms position agro-based materials as a promising and comprehensive option for bone regeneration within the dynamic landscape of regenerative medicine(68).
Promising Agricultural Products: 
Melke et al., 2016, In this article, Silk fibroin has been investigated for its potential in bone tissue engineering. The study demonstrated the ability of silk fibroin to support osteogenic differentiation and bone formation(69). Mottaghitalab et al., 2015, In this article they investigated bone regeneration due to its biocompatibility and mechanical properties. They have studied silk fibroin scaffolds for bone tissue engineering applications; Silk fibroin scaffolds enhance the osteogenic differentiation and the performance of bone grafts for the repair of critical-size bone defects(70). Muzzarelli et al., 2011, In this article, they investigated the use of chitosan scaffolds for bone tissue engineering applications. The results indicated that chitosan promoted cell proliferation and osteogenic differentiation, suggesting its potential for bone regeneration. It has also investigated chitosan-based scaffolds and their potential to support osteogenic differentiation and bone regeneration(71). Shi et al., 2021, In this article; they explored the use of hydroxyapatite derived from eggshells for bone regeneration. The study highlighted the biocompatibility and osteoconductivity of eggshell-derived hydroxyapatite. Studies also have explored the use of hydroxyapatite derived from these sources for bone regeneration applications. Sarkar et al., 2019, In this article; they investigated the potential of curcumin-loaded scaffolds for promoting bone regeneration. The study demonstrated enhanced bone formation and regeneration in animals treated with curcumin-loaded scaffolds(72). Purohit et al., 2019, In this article; they investigated alginate-gelatin composite scaffolds for promoting osteogenic differentiation and bone formation. It also focused on developing composite scaffolds using these polymers to enhance osteogenic properties(73). Zheng et al., 2016, In this article, they discussed the role of soy isoflavones in bone health. The review highlighted the potential of soy isoflavones to increase bone density and reduce bone resorption, making them a promising candidate for bone regeneration(74). Shen et al., 2019, In this article, they investigated the effects of green tea polyphenols on bone regeneration in a rat model of bone defect. The study suggested that green tea polyphenols had a positive impact on bone formation and regeneration(75). Leto et al., 2021, In this article; they examined the effects of oleuropein from olive leaf extract on bone health. The study suggested that oleuropein enhanced bone formation and had a protective effect on bone tissue(76). Nicolin et al., 2019, In this article, they investigated the effects of cranberry extract on bone health in an animal model. The study indicated that cranberry extract had a positive impact on bone regeneration by reducing oxidative stress and inflammation(77). 
Calcium in scaffolds design
Calcium plays a pivotal role in scaffold design for bone regeneration, particularly in agro-based approaches. The integration of calcium into scaffolds is crucial for mimicking the natural bone matrix and enhancing the material's osteoconductive properties. This section explores how calcium is incorporated into scaffolds, the methods used, and its impact on bone regeneration(78). 
Incorporation into Scaffolds
· Techniques for Integrating Calcium:
· Calcium-Infused Biomaterials: Calcium can be incorporated into scaffolds using various methods, such as direct mixing of calcium salts (e.g., calcium carbonate, calcium phosphate) with polymer matrices or using calcium-enriched solutions. This ensures that the scaffolds have adequate calcium content to support bone mineralisation.
· Calcium Coating: Another approach involves coating scaffold surfaces with calcium-containing materials. This technique provides a localised high-calcium environment that can enhance initial cell attachment and proliferation(79).
· Composite Materials: Agro-based scaffolds often use composite materials that combine plant-derived polymers (e.g., cellulose, chitosan) with calcium compounds. This combination leverages the mechanical support of the polymer and the bioactivity of calcium, creating a more effective regenerative scaffold.
· Performance in Bone Regeneration:
· Mechanical Strength and Stability: Calcium-enhanced scaffolds generally exhibit improved mechanical properties, such as greater compressive strength and stiffness, which are crucial for mimicking the mechanical environment of natural bone. These properties ensure that the scaffold can support load-bearing applications and resist degradation during the bone healing process(80).
· Biocompatibility and Osteoconductivity: The presence of calcium in scaffolds significantly enhances their biocompatibility, making them suitable for implantation. Calcium plays a key role in supporting osteoblast function and promoting new bone formation. It also helps in the formation of a bone-like mineralised matrix, improving osteoconductivity and facilitating the integration of the scaffold with surrounding bone tissue.
· Evaluation and Optimisation
Assessment Methods:
· In Vitro Testing: Initial evaluations of calcium-enhanced scaffolds involve in vitro studies where cell cultures are used to assess cell attachment, proliferation, and differentiation on the scaffold. These tests help determine how well the calcium content supports osteoblast activity and bone matrix formation.
· In Vivo Studies: Animal models are used to test the performance of calcium-infused scaffolds in a living organism. These studies provide insights into how the scaffold integrates with bone tissue, supports new bone growth, and resorbs over time. Key parameters include scaffold degradation rates, new bone formation, and overall tissue healing(81).
Optimization Strategies:
· Calcium Concentration: Optimizing the calcium concentration is crucial for balancing scaffold properties. Too little calcium may result in insufficient bone formation, while excessive calcium could lead to impaired scaffold degradation or adverse reactions.
· Material Composition: The choice of base material and the method of calcium incorporation can affect the final scaffold performance. Researchers often experiment with different combinations of polymers and calcium compounds to find the most effective formulation(82).
Sustainable Practices and Environmental Impact:
Sustainable practices and environmental impact are crucial considerations in the development of agro-based approaches for bone regeneration. Utilizing renewable plant-based materials, such as algae-derived alginate or cellulose from agricultural byproducts, offers a significant reduction in environmental footprint compared to traditional synthetic polymers. These materials are often produced through green chemistry techniques, minimizing the use of hazardous chemicals and promoting biodegradable options. The use of agricultural waste—such as rice husks, corncobs, and sugarcane bagasse—further enhances sustainability by repurposing residues that would otherwise contribute to environmental pollution. Life cycle assessments reveal that agro-based materials typically consume less energy and generate less waste during production than their conventional counterparts. Sustainable cultivation practices, including organic farming and ethical sourcing, support the health of ecosystems and local communities. Additionally, adopting circular economy principles, such as recycling and composting, ensures that these materials contribute to a more sustainable lifecycle, aligning with broader environmental goals(83,84).

Clinical and Preclinical Applications:
Plant-derived materials offer significant potential in mitigating rejection risks and adverse reactions, critical considerations in orthopaedic interventions. Certain botanical sources possess inherent osteoconductive properties, making them well-suited for scaffold design in tissue engineering, facilitating bone growth and integration. Moreover, the bioactive compounds found in plants, characterised by anti-inflammatory and antimicrobial attributes, have the potential to enhance healing and decrease infection rates. The sustainability aspect of plant-derived materials aligns with global efforts for eco-friendly medical practices, providing a noteworthy advantage in orthopaedic applications. Additionally, the adaptability for patient-specific approaches enables tailored treatments, propelling precision medicine forward in bone regeneration. In terms of cost-effectiveness, utilising agro-based materials proves advantageous over synthetic alternatives, addressing a significant concern in healthcare expenditure. Despite these advantages, challenges persist. Optimising the mechanical strength of scaffolds, navigating regulatory approval processes, and fostering interdisciplinary collaboration between the medical and agriculture industries remain hurdles. Ensuring the long-term stability and degradation profiles of agro-based techniques is crucial for their durability and efficacy in clinical settings. Overall, the potential benefits of plant-derived materials in orthopaedics underscore a promising avenue for advancing biocompatible, sustainable, and patient-specific solutions in bone regeneration. In preclinical applications, agro-based approaches incorporating calcium for bone regeneration are demonstrating significant potential. Researchers are investigating plant-derived calcium sources, such as calcium-rich extracts from green leafy vegetables and algae, for their ability to support bone healing and regeneration. In animal models, these calcium-enriched materials are being used to create scaffolds that not only provide structural support but also deliver essential nutrients that promote bone growth. Studies are examining how these plant-based calcium sources compare to synthetic calcium compounds in terms of bioavailability and effectiveness in stimulating osteoblast activity and enhancing bone density. Additionally, preclinical trials are investigating the incorporation of calcium into scaffolds made from agricultural byproducts, evaluating their ability to facilitate bone repair and integration. These investigations are crucial for understanding how agro-based calcium sources can be optimised for clinical use, offering a sustainable alternative to traditional calcium supplements in bone regeneration therapies. Some of the agro-based materials used in preclinical and clinical research are listed in Tables 1 & 2.
Table 1: List of agro-based materials in preclinical studies 
	Serial No
	Name of the material
	Source
	Uses
	Ref

	1
	Cellulose Nanocrystals
	Wood Pulp, Cotton 
	Drug delivery carriers, imaging agents
	(90)
	2
	Chitosan Nanoparticles
	Chitin from crustacean shells
	Drug delivery carriers, wound healing, imaging agents
	(91)
	3
	Plant-derived polyphenols 
	Fruits (berries), vegetables, tea
	Antioxidants, anti-inflammatory agents, potential cancer therapeutics
	(92)
	4
	Flavonoids
	Fruits, vegetables, grains
	Antioxidant, anti-inflammatory agents, cardioprotective
	(93)


	5
	Curcumin
	Turmeric 
	Antioxidant, anti-inflammatory agents, anticancer properties
	(94)


	6
	Green tea extracts
	Camellia sinensis leaves
	Antioxidant, anticancer properties
	(95)
	7
	Lignin nanoparticles
	Plant cell walls
	Drug delivery carriers, imaging agents
	(96)


	8
	quercetin
	Fruits, vegetables, grains
	Antioxidant, anti-inflammatory agents, anticancer properties
	(97)





Table 2: List of agro-based materials in clinical studies 
	1
	Hyaluronic acid
	Rooster combs, bacterial fermentation
	Ophthalmic surgery, joint lubrication, wound healing
	(98)


	2  
	Alginate
	Brown seaweed
	Wound dressings, drug delivery systems, tissue engineering
	(99)


	3
	Silk fibroin 
	Silk worms
	Biodegradable sutures, drug delivery systems, tissue engineering
	(100)


	4
	Collagen 
	Animal connective tissues (bones, skin)
	Wound dressings, drug delivery systems, tissue engineering, cosmetic surgery
	(101)


	5
	Gelatin 
	Animal collagen (bones, skin)
	Capsules, Wound dressings, drug delivery systems, tissue engineering
	(73)


	6
	Agarose 
	Seaweed (algae)
	Gel matrix for electrophoresis, drug delivery
	(67)


	7
	Chitosan 
	Chitin (exoskeleton of shrimp crabs)
	Wound healing, tissue engineering, drug delivery
	(91)


	8
	Starch-based polymers
	Corn, potatoes, tapioca
	Biodegradable materials for drug delivery, wound dressings
	(102)




Enhancement of Calcium absorption
Agro-derived protein hydrolysates (from cereals, pulses, oilseeds, and botanical by-products) produce short peptides that chelate Ca²⁺ through carboxyl-oxygen and amino-nitrogen donors, enhancing solubility across gut pH, safeguarding Ca²⁺ from precipitation (e.g., with phosphates/oxalates), and facilitating carrier-mediated absorption. In Caco-2 monolayers, several plant-peptide–Ca complexes enhance transepithelial calcium transport, presumably via a combination of TRPV6-mediated, PepT1-assisted, and paracellular pathways; encapsulation (e.g., β-cyclodextrin, chitosan) also stabilises complexes during digestion. These techniques can together raise systemic calcium availability and promote downstream osteogenesis, characterised by increased osteoblast activity and mineralisation, which is beneficial for bone regeneration.
Emerging evidence underscores the crucial role of agro-based protein hydrolysates and agro-waste-derived biomaterials as sustainable strategies to enhance calcium bioavailability and facilitate bone regeneration. Zhang et al. (2025) prepared walnut peptide-calcium chelates (<1 kDa) that significantly improved calcium absorption and retention in calcium-deficient mice by forming stable complexes via nitrogen and oxygen donor atoms. Similarly, Liu et al. (2013) demonstrated that wheat germ protein hydrolysates exhibit strong calcium-binding capacity (≈67.5 mg/g), primarily through carboxyl and carbonyl groups, thereby increasing calcium solubility and stability. Expanding on delivery strategies, Yang et al. (2024) encapsulated soy peptide–calcium complexes with chitosan, which enhanced their gastrointestinal stability, facilitated intestinal transport, and ultimately improved bone mineral density and trabecular architecture in low-calcium diet rats. In parallel, rice-derived peptides have gained attention: Kioka et al. (2025) reported that rice protein hydrolysates improved bone fracture resistance in ovariectomized rats, while Li et al. (2025) demonstrated that rice bran peptide–calcium chelates significantly promoted calcium transport across Caco-2 monolayers, attributing the effect to favorable chelation stability and electrostatic interactions. Complementary to nutritional interventions, agro-waste valorization in biomaterial development has provided scaffold-level solutions for bone repair. Mattu and Singh (2023) synthesized structurally modified bioglasses from rice husk ash and eggshells, exhibiting bioactivity comparable to conventional glasses. Abdulrahman et al. (2014) highlighted eggshell-derived hydroxyapatite as a low-cost, biocompatible bone substitute, while Duarte et al. (2015) reported hydroxyapatite–bacterial cellulose nanocomposites from agroindustrial residues with superior mechanical properties and osteoconductivity. Collectively, these studies provide compelling evidence that protein hydrolysates can act as bioactive calcium carriers to enhance intestinal absorption and bone remodelling, while agro-waste–derived biomaterials offer robust scaffolds for regeneration, together forming an integrated, eco-sustainable approach for advancing bone health and therapeutic interventions.
Challenges and Limitations: 
The integration of agro-based materials in medicine presents exciting possibilities but comes with challenges. Variability in composition, influenced by factors like climate and soil conditions, complicates standardisation. Addressing biocompatibility and immunogenicity issues is crucial to prevent adverse immune responses. Controlling the degradation and stability of these materials is challenging, requiring precision for sustained efficacy. Overcoming mechanical strength limitations and managing variable release kinetics are hurdles for specific medical applications. Issues such as limited drug loading capacity and bioavailability necessitate strategies for enhancement, especially in drug delivery systems. Safety concerns involve potential contaminant residues and microbial contamination, demanding rigorous quality control. The long-term biocompatibility of agro-based materials in the human body remains uncertain, emphasizing the need for comprehensive studies. Despite these challenges, ongoing research and collaborative efforts are vital to realizing the full potential of agro-based materials in medicine while ensuring patient safety and therapeutic efficacy. 
Future Directions: 
The realm of agro-based bone regeneration is undergoing a thrilling evolution, marked by promising advancements and burgeoning trends poised to revolutionize bone tissue engineering. Novel materials, including plant-derived scaffolds and bioactive compounds, are capturing researchers' attention, offering enhanced potential for bone regeneration. The convergence of nanotechnology with agro-based materials is emerging as a key trend, enabling the creation of nanocomposites with heightened mechanical properties and controlled drug release, promising advancements in bone healing. The integration of advanced imaging techniques and computational modelling is enriching our understanding of the intricate bone regeneration process, facilitating the design of tailored agro-based solutions. Sustainable and eco-friendly approaches are gaining momentum, resonating with the global shift towards environmentally conscious practices. A particularly exciting frontier involves the synergy of stem cells with agro-based materials, presenting prospects for personalised and regenerative therapies in addressing bone defects. As research in this field advances, the collaborative integration of multidisciplinary approaches and cutting-edge technologies is poised to propel agro-based bone regeneration into a transformative era, offering innovative and sustainable solutions for the future of bone tissue engineering.
Conclusions
In conclusion, the review of the potential of agro-based techniques in advancing bone regeneration underscores the remarkable strides made in leveraging agricultural resources for innovative solutions in the field of bone tissue engineering. The diverse range of agro-based materials, from plant-derived scaffolds to bioactive compounds, demonstrates immense promise in addressing the challenges of bone regeneration. The integration of nanotechnology, sustainable practices, and the exploration of stem cell-based approaches exemplify the dynamic nature of this evolving field. As researchers continue to unravel the intricacies of agro-based bone regeneration, it may become evident that these techniques hold significant potential to offer sustainable, biocompatible, and effective solutions for bone defects. The synthesis of multidisciplinary efforts and the pursuit of eco-friendly methodologies highlight a future where agro-based techniques play a pivotal role in transforming bone regeneration strategies, paving the way for novel therapeutic interventions with far-reaching implications for regenerative medicine. 
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