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The development of nanotechnologies in the last 25 years has considerably improved, even revolutionized, many technology and industry sectors: information technology, medicine, transportation, energy, environmental science, and everyday products, as well. Nano-enabled agriculture (NEA) describes the application of nanotechnology in agriculture to improve the performance of agrochemicals. NEA mainly focuses on improving the agrochemical uptake efficiency by crops, enhancing plant growth and food safety, and mitigating the environmental impacts of agriculture. However, nanotechnology applications in the agricultural chain are still marginal and have not yet made it to the market in comparison with other industrial sectors. Compared to other productive sectors, the main reason for the slow development of the NAE is due to the specific peculiarities of agriculture.
The use of renewable materials deriving from plant and animal waste biomass to produce nanosized delivery systems in NEA represents a crucial step towards the fulfillment of a circular economy. A paradigmatic example concerns the valorization of hydroxyapatite (nHAP). The paper provides updates on the use of nHAP for sustainable crop phosphorus fertilization and the development of nanohybrids to provide other macro-nutrients loaded on the nHAP structure.
Introduction
Agriculture produces food and other fundamental goods for society such as biofuels, fibers, and biomolecules for both medicine and industrial uses, having also significant interactions with the environment and society (Springmann et al. 2018). The primary sector contributes 1.3%, 8.8%, and 25% to the global gross domestic production (GDP) of high-income, middle-income, and low-income countries respectively (World Bank, 2023). Sustainable and reliable agriculture is Goal 2 "Zero hunger", among the 17 project aims of the Sustainable Development Goals promoted by the United Nations (United Nations, 2018).
The Green Revolution, which occurred from the 1930s to the 1960s, led to a significant increase in global crop production. According to a study by Gollin et al. (2021), crop production increased by 44% from 1965 to 2010. This was made possible by intensive genetic improvements in the most cultivated crops, as well as the widespread construction of irrigation systems. Additionally, the availability of synthetic fertilizers, pesticides, herbicides, and fungicides also contributed to this increase in crop production. However current farming practices, excessive water use, and fossil fuels have made agriculture unsustainable. Indeed, agriculture and associated land use contribute to approximately 20% of global greenhouse gas emissions (FAO, 2021). However, this sector faces the critical challenge of meeting the food demands of an ever-expanding global population, projected to reach around 9.6 billion by 2050. (OECD/FAO. 2020). This analysis highlights the urgent need for scientific and policy interventions to address the global issue of food security (Behl et al., 2022). Sustainable feeding of the global population requires transformative changes in the food system. Technological innovations are a key driver of this change.
In the context of field crop management, Nutrient Use Efficiency (NUE) measures how well plants can utilize the available mineral nutrients. While this can be calculated by simply looking at the crop yield per unit input of fertilizers, it is a result of two things: (i) the plant's ability to obtain nutrients from the soil, and (ii) their transport and allocation in different parts of the plants. (Hawkesford et al., 2014).  
The current fertilization practices are poorly efficient. Considering the most important plants’ nutrients, nitrogen (N) and phosphorus (P), the NUE of the most important N- and P-fertilizers is 30-55% and 18-20%, respectively.
And if we consider the efficiency for the entire life of fertilizers, from industrial synthesis to their allocation, for example, within corn grains, the conversion efficiencies for N and P contained in urea and mono ammonium phosphate may not exceed 10% (Urso and Gilbertson, 2018). In other words, only a tiny fraction of such elements enters plants (Smith et al., 2018). The rest of N is lost, causing negative impacts on freshwater and groundwater quality, human health risks, and climate change [Kanter et al., 2018]. That also occurs in the case of P but with different global implications. While the Haber-Bosch process ensures the N supply to the fertilizer industry, P fertilizer production depends on the availability of phosphate rocks extracted from non-renewable geological P deposits, an increasingly limited resource [Alewell et al., 2020]. The recovery of P from thermally treated animal bones has been suggested recently as one of the economically viable and sustainable solutions to overcome the P-crisis [Ahmed et al., 2021].
Nano-Enabled Agriculture
Returning to the expected innovations, entering nanotechnologies into the primary sector could be a turning point and help overcome critical agricultural issues. It is believed that nanomaterials could play an essential role in the future of agriculture. Properly designed nanomaterials could enhance plant tolerance to environmental stresses, improve crop yield, and deliver more efficient plant protection products. In addition to ensuring adequate production levels, it is expected to reduce the environmental pressure of food production and improve agriculture resilience. While research explores new materials and operating strategies, the term "Nano-Enabled Agriculture" has been coined (Kah et al., 2019).
Nanotechnology has significantly contributed to various productive sectors such as electronics, information technology, medical and healthcare, energy, mobility, environmental remediation, and everyday commercial products. However, this has not been the case in agriculture, where research on this subject is relatively recent. Figure 1 shows the outcomes of a recent literature survey conducted on Scopus (as of April 22, 2023), illustrating the rapid quantitative and temporal expansion of scientific research concerning "Nanotechnologies." This growth trend notably accelerated during the late 1990s. 
Additionally, the graph includes information on the query "Nanotechnology in Agriculture" and “Nano-Enabled Agriculture.
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Figure 1: Number of published papers on Nanotechnology (blue triangles), number of documents focused on Nanotechnology in Agriculture (red circles), and on Nano-Enabled Agriculture (green squares).

The research on implementing nanotechnologies in agriculture is dramatically lagging other sectors. That is paradoxical, given that it urgently needs innovations to make production processes efficient and more sustainable. However, after isolating the data of "Nanotech in Agriculture" with a more suitable scale, we can observe a significant increase in papers in this area with a delay of about ten years.
The primary sector has distinct characteristics that set it apart from other productive sectors. Consider, for example, the progression of research aimed at integrating nanotechnologies into the fields of medicine and agriculture: in the medical field, research has mainly focused on humans, while in agriculture, there are approximately 7,000 species of edible plants, with about 25-30 crop species being the most cultivated. Moreover, the interaction between nanomaterials and plant morphology and physiology varies among plant species; hence, the results observed in one crop species may not apply to another (Mullen, 2019). A second point concerns the production scalability and costs of nanomaterials for agriculture. Innovations often start with the most expensive products with limited usefulness. In medical applications, a higher production cost may be acceptable, but in agriculture, agrochemicals need to be sold at lower prices (Mullen, 2019).
Since research and testing have only recently begun, more time is needed to develop sufficient knowledge to determine safety and precautionary margins.
Nano-hydroxyapatite. Sources and potential applications in agriculture.
Current research is exploring the potential of intelligent nanostructures to accurately release and distribute nutrients, agrochemicals, and biomolecules. These nanomaterials can intelligently regulate the duration of nutrient release based on the plant's developmental stages, reducing any negative environmental impacts (Usman et al., 2020). 
The soil on Earth usually contains 0.10% of P and 3.4% of Ca. When the oxides of these elements combine, they form ortho- (PO4)3, pyro- (P2O7)4, and poly- ((PO3)n × n) phosphates, which make up more than 50% of soil P (Dorozhkin and Epple, 2002). Natural orthophosphates are identified by deposits of fluorapatite and phosphorites, which have a high concentration of P that makes them economically viable for the production of the most used P fertilizers in agriculture such as ammonium monophosphate (MAP, NH3H2PO4), diammonium phosphate (DAP, (NH3)2H2PO4), and triple superphosphate (TSP, Ca(H2PO4)).
It is important to note that global agricultural production relies heavily on non-renewable resources, which poses a significant threat to food security. Although current estimates suggest that we have 50-100 years before phosphate rock reserves known today are exhausted, the possibility of scarcity creates market tensions that could lead to political and economic instability worldwide (Martinon, 2023).
In agriculture, there are two strategies to address the issue of phosphorus scarcity. The first is to identify alternative P sources, while the second is to improve its use efficiency which currently is only around 20%.
Synthetic amorphous calcium phosphate (ACP) is the first result of precipitation from a supersaturated solution containing calcium cations and phosphate anions. Since the very small crystal size, ACP appears amorphous in X-ray diffraction experiments (Dorozhkin and Epple, 2002). Early studies have shown that ACP nanoparticles (nACP) have great potential as a fertilizer, with promising results. ACP can adsorb small molecules such as urea on their surface, which allows for higher payloads of macronutrients. Although there is no definitive confirmation of these capabilities in the literature, there are reasonable expectations that the use of nACP can improve nitrogen use efficiency in field crop management (Carmona et al., 2021).
Hydroxyapatite (HAP, Ca10(PO4)6(OH2)), the most stable of all calcium orthophosphates, has a Ca/P molar ratio =1.67, can be extracted from biological sources and wastes, such as bovine and horse bones, fish bones, and scales (Maschmeyer et al., 2020). Compared to stoichiometric synthetic HAP, biological HAP contains other ions such as Na+, Zn2+, Mg2+, K+, Si2+, and CO32- (Mohd Pu'ad et al., 2019) for that reason innovative fertilizers based crystalline nanoscale hydroxyapatite (nHAP) shows great promise for use in agriculture (Ramírez-Rodríguez et al., 2020). Research is currently exploring the potential of nHAP – alone or combined with other molecules – to be used as a slow-release P fertilizer, as an N-carrier and micronutrient carrier (Fellet et al., 2021). These findings may be due to the extremely low water solubility of bulk hydroxyapatite (Taskin et al., 2018), although the greater surface area of nanoscale materials has the potential to increase P solubility, release rates, and soil mobility (Szameitat et al., 2021). 
In addition, a fine-tuned P release from nHAP can be obtained through interactions with phosphate-solubilizing bacteria (PSB) or arbuscular mycorrhizal fungi. PSB are rhizospheric bacteria capable of solubilizing both organic and mineral sources of P can enhance the bioavailability of soil P. Isolates of PSB have been obtained from numerous environments including agricultural soils with Pseudomonas and Bacillus species most represented among cultures. Promising evidences after the addition of PSB to agricultural soils were recorded in terms of growth enhancements in maize, wheat, soybean, barley, and other minor crops (Yu et al., 2022). At last, early results demonstrated that bacteria that solubilize P from bulk Ca3(PO4)2 and rock phosphates were also able to promote P release from nHAP (Monroy Miguel et al. 2020). 

It is important for research to focus on further exploring the potential of nHAP, which can be achieved through three main areas: 
1. Designing nHAP fertilizers that can fully utilize their potential for nutrient release;
2. Incorporating functionalized nHAP into crop fertilization plans; and 
3. Developing new fertilization techniques by combining nanohybrids and microorganisms to further enhance the effectiveness of nanofertilizers. 
Table 1 provides an updated literature review on the various applications of nHAP in agriculture, including its use as a fertilizer or for crop protection purposes. This information supplements the research conducted by Fellet et al. (2021).
Table 1: Literature update on nHAP applications in agriculture, after Fellet et al. (2021).
	Species
	Treatment
	Conditions
	References

	Solanum lycopersicum 
	Small nHAP, 10 x 10/20 nm;
Large nHAP, 20 x 100/200 nm
	Greenhouse, pot experiment.
Fusarium-infected plants)
	Ma et al. (2021)

	Solanum lycopersicum
	Spherical shaped <200 nm nHAP
	Growth room pot experiment; acidic, neutral, and basic soil
	Priyam et al. (2022a)

	Oryza sativa
subsp. japonica 
	Biologically synthesized nHAP
	Growth room pot experiment; normal, high calcareous soil, low calcareous soil
	Priyam et al. (2022b)

	Zea mays
	Rod-like, hexagonal prism-like nHAP
	Greenhouse pot experiments
	Tang et al. (2023)

	Solanum lycopersicum
	micro/nHAP, MCP, DCP, CAP, PHA-MCP, PHA-DCP
	Greenhouse, pot experiment (low P soil)
	Sigmon et al. (2023)


PRIN 2022 CLEOPATRA project (2023-2025)
The PRIN 2022 CLEOPATRA project “Circular economy and sustainable agriculture: hydroxyapatite from biowastes as smart nanofertilizer” involves researchers from the University of Udine (I), Free University of Bolzano (I) and Institute of Nanotechnology CNR (Lecce, I). The project, financed for the two years 2023-2025 by the Italian Ministry of University (Next Generation EU funds), has set out to systematically investigate the potential of nHAP derived from biowastes and its resulting nanohybrids, to produce effective and environmentally friendly nanofertilizers (Fig. 2).
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Figure 2: Logo of the project PRIN 2022 Cleopatra financed by the Italian Ministry of University (Next Generation EU funds).

Recent studies have shown that nHAP – alone or combined with other elements (such as N and micronutrients) or molecules – can improve plant nutrition, protection, and yield quality when compared to traditional fertilizers. However, they produced conflicting results and positive outcomes lack mechanistic evidence. Furthermore, they have been carried out using synthetic apatite. This will be the first comprehensive investigation carried out using a nanohybrid of biological origin from circular economy chains as an innovative fertilizer. CLEOPATRA includes activities in different phases studying both the preparation and functionalization of nHAP and its effects on maize growth (model species). More specifically, the extraction of nHAP from bones of various animals will be studied, together with their functionalization of PSB and urea. Different approaches for applying nHAP to plants, as well as its effectiveness in terms of NUE, will be assessed with plant experiments carried out at the growth chamber and mesocosm scale.
Conclusions
Recent developments in nanotechnologies for agriculture require further investigation to understand their implications. However, there is a consensus regarding the vast potential of nano-agrochemicals. The development of advanced delivery systems for fertilizers and plant protection products alone offers enormous opportunities for improving the efficiency of these production factors. Implementing nano-enabled agriculture in the broader scenario of precision agriculture could lead to the next agricultural revolution.
However, these prospects can only be achieved after intense research and experimentation. The PRIN 2022 CLEOPATRA project aims to unlock some pieces of knowledge toward the full potentiality of nHAP derived from biowastes as a sustainable and effective nanofertilizer. 
In conclusion, while challenges and uncertainties remain, the prospects offered by nano-enabled agriculture are undeniable. With continued research, innovation, and regulatory oversight, the realization of a more efficient, sustainable, and resilient agricultural system is within reach. Stakeholders across academia, industry, and government must collaborate to capitalize on the transformative opportunities presented by nanotechnologies in agriculture and ensure a future of food security validated by supervisory authorities such as the European Food Safety Authority and the OECD.
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