
_____________________________________________________________________________________________________ 
 
*Corresponding author: E-mail: selvarani.k@klu.ac.in; 
 
Cite as: Selvarani, K., T. Theivasanthi, and M. Ajitha. 2025. “Nanotechnology in Agriculture: Enhancing Seed Quality, Yield and 
Contribution to Sustainable Development Goals (SDGs)”. Journal of Advances in Biology & Biotechnology 28 (1):22-30. 
https://doi.org/10.9734/jabb/2025/v28i11857. 
 

 
 

Journal of Advances in Biology & Biotechnology 
 
Volume 28, Issue 1, Page 22-30, 2025; Article no.JABB.128767 
ISSN: 2394-1081 
 
 

 

 

Nanotechnology in Agriculture: 
Enhancing Seed Quality, Yield and 

Contribution to Sustainable 
Development Goals (SDGs) 

 
K. Selvarani a*, T. Theivasanthi b and M. Ajitha b 

 
a Kalasalingam School of Agriculture and Horticulture, Kalasalingam Academy of Research and 

Education, Krishnankoil, Srivilliputhur, Virudhunagar-626126, Tamil Nadu, India. 
b Department of Physics, Kalasalingam Academy of Research and Education, Krishnankoil, 

Srivilliputhur, Virudhunagar-626126, Tamil Nadu, India. 
 

Authors’ contributions 
 

This work was carried out in collaboration among all authors. All authors read and approved the final 
manuscript. 

 
Article Information 

 
DOI: https://doi.org/10.9734/jabb/2025/v28i11857  

 
Open Peer Review History: 

This journal follows the Advanced Open Peer Review policy. Identity of the Reviewers, Editor(s) and additional Reviewers,  
peer review comments, different versions of the manuscript, comments of the editors, etc are available here: 

https://www.sdiarticle5.com/review-history/128767  

 
 

Received: 01/11/2024 
Accepted: 03/01/2025 
Published: 04/01/2025 

 
 

ABSTRACT 
 

Applications of nanotechnology have the potential to transform agricultural production by enabling 
improved conservation and management of plant and animal production inputs. The primary input 
that determines a crop's productivity is seed. Currently, a team of researchers is focusing on 
carbon nanotubes and metal oxide nanoparticles to enhance rainfed crop germination. The 
industrial manufacture of these technological systems and their field use present a number of 
challenges, such as scale-up, seed priming conditions, and harmful effects on plants and other 
creatures. Nevertheless, it is evident that the use of nanoparticle systems can change crop 
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management by lowering the amounts of agricultural chemicals like fertilizers, fungicides, 
insecticides and pesticides used and the dangers of contamination, leading to safer farming 
methods for farmers, consumers, and the environment. In this case study analysis, the potential 
processes by which nano-priming triggers breaking seed dormancy, promotes seed germination, 
and affects the generation of primary and secondary metabolites are described in depth. 
Furthermore, taking into account their current status and potential future developments, the 
application of nano-based fertilizers and insecticides as efficient materials in nano-priming and 
plant growth development was also covered. Nanotechnology is emerging as a transformative 
technology in agriculture, especially in enhancing seed quality and increasing crop yield. By 
leveraging nanomaterials such as carbon nanotubes, metal oxide nanoparticles, and other forms, 
nanotechnology can revolutionize the way crops are grown, providing solutions for challenges like 
poor seed germination, resource inefficiency, and environmental degradation. This technological 
advancement directly aligns with the achievement of several United Nations Sustainable 
Development Goals (SDGs), contributing to a more sustainable and productive agricultural system. 
Although the use of nanomaterials can have a positive impact, there are concerns about their 
potential toxicity. 
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1. INTRODUCTION 
 

The size of the particle used in 
nanotechnological applications will be from one 
to 100nm with one or multiple dimensions. 
Nanotechnology, defined by the manipulation of 
materials at the nanometre scale (1-100 nm), 
holds great promise for improving agricultural 
production, particularly in enhancing seed quality 
and crop yield. Prior to seed treatment, the 
priming conditions must be assessed, taking into 
account the size and concentration of the 
nanoparticles as well as the length of exposure, 
as these elements may result in adverse effects 
like decreased plant development and hampered 
of seed germination. Nevertheless, there are a 
number of benefits to using nanoparticles for 
seed treatment. When seeds are treated, less 
nanomaterial exposure occurs than when foliar 
and soil treatments are used. The low amounts 
of nanoparticles used for seed treatments, which 
companies can manage to prevent a high 
release of these elements into the environment, 
is another advantage. Although there will likely 
be very little or no nanoparticle residue in plants, 
research is still required to clarify the ways in 
which various nanoparticles, such as metallics, 
metallic biogenic, and polymerics, affect plant 
development. By leveraging nanomaterials such 
as carbon nanotubes, metal oxide nanoparticles, 
and other forms, nanotechnology can 
revolutionize the way crops are grown, providing 
solutions for challenges like poor seed 
germination, resource inefficiency, and 
environmental degradation. This technological 
advancement directly aligns with the 
achievement of several United Nations 

Sustainable Development Goals (SDGs), 
contributing to a more sustainable and productive 
agricultural system. 
 

2. NANOTECHNOLOGY'S ROLE IN 
SEED TREATMENT AND CROP 
MANAGEMENT 

 
One of the key applications of nanotechnology in 
agriculture is seed priming or seed treatment, 
where nanoparticles are used to enhance seed 
germination, growth, and resistance to 
environmental stresses.  
 

1.  Improved Seed Coatings 

 
● Nanomaterials for Seed Protection: 

Seed coatings have long been used to 
protect seeds from environmental stress, 
pathogens, and pests. The incorporation of 
nanoparticles (silica, titanium dioxide, or 
zinc oxide) into these coatings enhances 
seed durability and protection. These 
nanoparticles can provide controlled 
release of fertilizers and pesticides, 
reducing environmental impact while 
improving seedling vigor. Eevera et al. 
2023 reported that eco-friendly seed 
treatment strategies are possible by nano 
material seed treatments.  
 

2. Improved Germination Rates 
 
Nanotechnology-based coatings can help in 
improving water retention in the seed, which is 
crucial for better germination. Some 
nanoparticles have also been shown to improve 
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seedling emergence by facilitating better root 
development. Using nanoparticles or 
nanomaterials for seed treatment is one example 
of a technology that can boost seedling growth 
and yield, which can lead to successful farming 
and high productivity (Shelar et al. 2023). 
Mahakham et al. (2017), reported that rice seeds 
primed with photosynthesised nanoparticles 
shows enhanced seed germination. The 
enhanced seedling growth in onion was 
observed in green synthesised nanoparticles 
treated seeds by Acharya et.,al. 2019. Anandaraj 
et al. 2018 reported that among ZnO, Ag, CuO 
and TiO2Nanoparticles, application of 
nanoparticles ZnO @ 1000mg kg-1 seed 

improved germination and related                
physiological parameters in onion cv.CO (On) 5 
seeds.  
 

● Targeted Nutrient Delivery: 
Nanoparticles can act as carriers for 
micronutrients and growth regulators. For 
instance, nano-sized fertilizers or 
hormones can be loaded into the seed 
coating and released gradually, ensuring 
the seedling gets the necessary nutrients 
at the right time, optimizing growth. 
Santana et al. 2020, explained the 
possibilities of targeted delivery of 
nanomaterials in plants. (Fig.1). 

 

 
 

Fig. 1. Targeted delivery of nanomaterials with chemical cargoes in plants enabled by a 
biorecognition motif 

(a Quantum dots coated with a chloroplast guiding peptide (in blue) and a β-cyclodextrin (β-CD) molecular basket 
(in magenta) enable loading of methyl viologen (MV-Chl-QD) or ascorbic acid (Asc-Chl-QD) and targeted 

modification of the redox status of chloroplasts in planta. The Rubisco small subunit (RbcS) targeting peptide is 
designed to bind to the translocon super complex on the chloroplast outer membrane (TOC). b Multiple sequence 

alignment analysis (Clustal Omega) of RbcS 1 A chloroplast transit peptide sequences in common dicot crops 
and Arabidopsis thaliana plants. Asterisk indicates the identical amino acids among all the aligned sequences. 
Colon and dot indicate conserved substitutions in which an amino acid is replaced by another one with similar 

properties. Empty space represents a non-conserved substitution. Dash lines are introduced for optimal 
alignment and maximum similarity between all compared sequences. c Frequency logo plot of RbcS 1 A targeting 

peptide consensus sequence across selected dicot species. A score of 4 on y-axis means 100% 
conserved. d Rational design of chloroplast guiding peptide based on RbcS peptide biorecognition motif for 
nanoparticle targeting and translocation across chloroplast membranes. The chloroplast targeting peptide 

includes recognition sites for chloroplast import machinery by TOC, a cysteine residue at the C-terminus for 
conjugation with NHS-PEG4-MAL linker, and two glycine (G) amino acids as spacers and for increasing the 

peptide solubility.)  
Source: Santana et al. 2020.
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3. Nanomaterials for Enhanced Soil 
Interaction 

● Nano-Fertilizers and Nano-Pesticides: 
One of the major advantages of 
nanotechnology in agriculture is the 
development of nano-sized fertilizers and 
pesticides. These nano-formulations allow 
for more efficient absorption and utilization 
by plants, reducing wastage and 
increasing nutrient uptake. For instance, 
nano-based fertilizers may improve the 
bioavailability of nutrients like nitrogen, 
phosphorus, and potassium, leading to 
healthier plants and higher yields. Tang et 
al., 2024, suggested that nano pesticides 
and fertilizers will be one of the apt 
solutions for global food security and 
sustainability. Thievasanthi et al., 2024 
reported that Chitosan has the 
antimicrobial property and by using various 
synthesis technics chitosan nanoparticles 
can be synthesised and can be used for 
coating NPK fertilizers for its slow release. 
Ajitha et al., 2024 reported that chlorophyll 
content of leaves can be increased by 
NiFe2O4 nanoparticles.  

● Soil Remediation and Health: 
Nanoparticles can be used to improve soil 
structure and fertility. By reducing soil 
compaction or enhancing microbial activity, 
nanotechnology can improve soil health, 

which in turn boosts seed quality              
and crop yield. Dhanapal et al., 2024 
reported that heavy metal contaminated 
soil can reclaimed by nanoparticles (Fig. 
2). 

 
4. Dormancy breaking by seed Nano-

Priming: Nanoparticles, such as metallic 
and polymeric nanoparticles, can stimulate 
the seed's metabolic processes, promoting 
faster and more effective germination. 
Nano-priming accelerates the seed's 
natural biological clock, helping it sprout 
under less-than-ideal conditions. 

 
5. Improving Seed Germination and 

Growth 
Nanoparticles in Plant Growth and Yield: 
Quantum dots and other nanoparticles are 
being explored for their ability to stimulate seed 
germination and promote root growth (Harish & 
Gowda 2017, Harish et al. 2019). Studies 
suggest that nanoparticles like gold and silver 
can enhance metabolic activity in plants, 
improving photosynthesis and overall plant 
growth. This is particularly important in seeds 
that face environmental stress such as drought 
or low soil fertility. Saidur Rahman et al., 2023, 
observed that 2.5 mM AgNPs treated seeds 
performed good in seed germination and yield 
(Fig.3).

 

 
 

Fig. 2. Environmental pollution remediation using nanotechnological approaches. 
Source: Dhanapal et al. 2024 
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Fig. 3. Effect of silver nanoparticles on pea plant germination 
Source: Saidur Rahman et al., 2023 

 
Role in Stress Tolerance: Nanotechnology can 
help seeds develop enhanced tolerance to biotic 
and abiotic stress. For example, nanoparticles 
have been used to protect seeds from extreme 
temperatures, salinity, and drought, all of which 
are major limiting factors for crop yield. By 
improving seed stress tolerance, nanotechnology 
indirectly contributes to higher yields. Nahaa et 
al. 2024, reported that quantum dots technology 
has the positive impact against adverse condition 

like drought stress by regulating antioxidant 
system facilitating nutrient uptake. Kumari et al., 
2024 described the mechanism of nanoparticle 
role in alleviating plant stress (Fig 4). There  
were the balance activities between                 
ROS and ADE was observed in nanoparticle 
treated plants. Al-Khayri et al 2023 clearly 
elucidated the mechanism of nanoparticles in 
various stress tolerance mechanism in plants 
(Fig. 5). 

 

 
 
Fig 4. Image describing improved growth of plant upon treatment with nanoparticles in 

oxidative stress leading to ROS–AOE homeostasis (ROS- Reactive oxygen species; 
AOE- Antioxidant enzymes)  

Source: Kumari et al. 2024 
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Fig. 5. Nanoparticles involved in combating abiotic stress 
Source: Al-Khayri et al 2023 

 

6. Improved Seed Storage: Nanotechnology 
can also improve seed storage methods. 
The application of nanoscale materials can 
prevent seed deterioration and loss of 
viability by creating an environment that 
minimizes moisture, temperature 
fluctuation, and microbial growth. Dangi et 
al., 2019, observed that FeNP 500 ppm 
treated soybean seeds maintained above 
70 per cent germination percentage and 
meeting the minimum germination 
requirement prescribed as per Indian 
Minimum Seed Certification Standards up 
to eight months. Zheng et al, 2005 
observed that the physiological effects           
on seeds are related to the TiO2 

nanometre-size particles, but the 
mechanism by which nano-TiO2 improves 
the growth of spinach seeds still needs 
further study. 

 
Nanotechnology's Impact on Ecosystem and 
Environmental Sustainability: While 
nanotechnology offers numerous benefits for 
improving seed quality and crop yields, it also 
has implications for ecosystems and 
environmental sustainability: 

● Reduced Environmental pollution Since 
nanoparticles can be applied directly to 
seeds rather than broadcast over entire 
fields, they reduce the environmental 
impact of farming. This reduces the need 
for large-scale pesticide and fertilizer 
applications, mitigating their                       
harmful effects on soil, water, and 
biodiversity. 

● Low Residue in Plants and soil: Amount 
of nanoparticles applied directly to seeds is 
generally much smaller than that used in 
foliar or soil treatments. This reduces the 
risk of harmful nanoparticle residues 
accumulating in plants or entering                    
the food chain, which is crucial for 
maintaining environmental and human 
health. 

● Challenges in Nanoparticle Toxicity: 
Although the use of nanomaterials can 
have a positive impact, there are concerns 
about their potential toxicity. The size, 
concentration, and exposure duration of 
nanoparticles can lead to unintended 
consequences, such as hindered plant 
development or negative effects on soil 
organisms. Ongoing research is needed to 
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better understand the long-term effects of 
different types of nanoparticles (metallic, 
biogenic, polymeric) on plant health, soil 
quality, and ecosystems. 

 
Contribution to Sustainable Development 
Goals (SDGs): Nanotechnology in agriculture is 
not only about improving productivity but also 
about fostering sustainable agricultural practices 
that contribute to the achievement of various 
Sustainable Development Goals (SDGs). The 
following are key SDGs that are directly impacted 
by nanotechnology in agriculture: 

 
1. SDG 2: Zero Hunger: Nanotechnology 

plays a crucial role in increasing crop 
yields and improving food security by 
enhancing seed germination and growth. 
Nanoparticles can provide crops with the 
resilience needed to thrive in adverse 
environmental conditions, such as drought, 
poor soil quality, and salinity. By improving 
crop yields with fewer inputs, 
nanotechnology helps ensure a stable and 
sustainable food supply for the growing 
global population. 

2. SDG 3: Good Health and Well-being: 
The reduction in pesticide use through 
nanotechnology-based treatments leads to 
fewer chemicals entering the food chain, 
improving the safety and nutritional quality 
of crops. Furthermore, the development of 
cleaner agricultural practices enhances the 
overall health and well-being of farming 
communities and consumers. 

3. SDG 6: Clean Water and Sanitation: 
Nanotechnology can enhance water 
management in agriculture by improving 
water retention in seeds and soils, 
reducing the need for irrigation. 
Additionally, the use of nanomaterials in 
water purification systems can improve 
access to clean water for agricultural and 
domestic purposes, especially in water-
scarce regions. 

4. SDG 12: Responsible Consumption and 
Production: Nanotechnology promotes 
more efficient use of resources, such as 
water, fertilizers, and pesticides. By 
improving the precision and efficiency of 
agricultural inputs, nanotechnology helps 
reduce waste, optimize resource use, and 
minimize environmental impact, 
contributing to more sustainable 
agricultural practices. 

5. SDG 13: Climate Action: The ability of 
nanotechnology to improve crop resilience 

to environmental stressors, such as 
drought and temperature fluctuations, 
helps farmers adapt to the impacts of 
climate change. Additionally, the reduction 
in pesticide and fertilizer use reduces 
greenhouse gas emissions and 
environmental pollution, further supporting 
climate action. 

6. SDG 15: Life on Land: Nanotechnology 
contributes to the sustainable management 
of terrestrial ecosystems by reducing the 
need for harmful chemicals, improving soil 
health, and promoting biodiversity. By 
reducing the negative impacts of traditional 
agricultural practices, nanotechnology can 
help conserve ecosystems and support 
biodiversity. 

 

7. CONCLUSION 
 
Nanotechnology has the potential to transform 
agriculture by improving seed quality, increasing 
yields, and promoting more sustainable farming 
practices. Through innovations such as nano-
priming for seed treatment, nano-based fertilizers 
and pesticides, and enhanced water 
management, nanotechnology addresses key 
agricultural challenges and directly contributes to 
several United Nations Sustainable Development 
Goals (SDGs). However, careful consideration of 
the environmental, health, and safety 
implications of nanomaterials is crucial. Ongoing 
research, coupled with the development of 
appropriate regulatory frameworks, safety 
standards, and access to technology will be 
necessary to ensure that nanotechnology 
delivers its full potential without unintended 
consequences for human health, ecosystems, 
and biodiversity. Continued research and 
innovation, coupled with international 
collaboration, will be key to realizing the full 
potential of nanotechnology in achieving the 
SDGs. 

 

DISCLAIMER (ARTIFICIAL INTELLIGENCE) 
 
Author(s) hereby declare that ChatGPT (OpenAI, 
Version: GPT-4), has been used during the 
writing and editing of this manuscript. The 
technology was utilized for tasks such as content 
refinement, structuring, summarization and 
enhancement of technical descriptions. 
 

COMPETING INTERESTS 
 
Authors have declared that no competing 
interests exist. 



 
 
 
 

Selvarani et al.; J. Adv. Biol. Biotechnol., vol. 28, no. 1, pp. 22-30, 2025; Article no.JABB.128767 
 
 

 
29 

 

REFERENCES 
 
Acharya, P., Jayaprakasha, G. K., Crosby, K., 

Jifon, J., & Patil, B. (2019). Green-
synthesized nanoparticles enhanced 
seedling growth, yield, and quality of onion 
(Allium cepa L.). ACS Sustainable 
Chemistry & Engineering, 7(17), 14580–
14590. 
https://doi.org/10.1021/acssuschemeng.9b
02180 

Ajitha, M., Siva, K., Selvarani, K., Gopinath, S. C. 
B., & Theivasanthi, T. (2024). Dual 
functionality of NiFe2O4 nanoparticles as a 
fertilizer and supercapacitor. Inorganic 
Chemistry Communications, 166, 112542. 
https://doi.org/10.1016/j.inoche.2024.1125
42 

Al-Khayri, J. M., Rashmi, R., Ulhas, R. S., 
Sudheer, W. N., Banadka, A., Nagella, P., 
Aldaej, M. I., Rezk, A. A., Shehata, W. F., 
& Almaghasla, M. I. (2023). The role of 
nanoparticles in response of plants to 
abiotic stress at physiological, biochemical, 
and molecular levels. Plants (Basel), 12(2), 
292. 
https://doi.org/10.3390/plants12020292 

Anandaraj, K., Ilakkiya, R., & Natarajan, N. 
(2018). Customizing zinc oxide (ZnO) & 
silver (Ag) nanoparticles for seed quality 
enhancement in onion (Allium cepa (Linn) 
cv. CO (On)). International Journal of 
Current Microbiology and Applied 
Sciences, 7(11), 1522-1530. 
https://doi.org/10.20546/ijcmas.2018.711.1
75 

Dangi, S., Biradarpatil, N. K., Deshpande, V. K., 
Hunje, R., & Mogali, S. (2019). Effect of 
seed treatment with nanoparticles on seed 
storability of soybean. International Journal 
of Current Microbiology and Applied 
Sciences, 8(11), 2535-2545. 
https://doi.org/10.20546/ijcmas.2019.811.2
93 

Dhanapal, A. R., Thiruvengadam, M., 
Vairavanathan, J., Venkidasamy, B., 
Easwaran, M., & Ghorbanpour, M. (2024). 
Nanotechnology approaches for the 
remediation of agricultural polluted soils. 
ACS Omega, 9(12), 13522-13533. 
https://doi.org/10.1021/acsomega.3c09776 

Eevera, T., Shanmugam, K., Djanaguiraman, M., 
Thirumaran, T., Le, Q. H., & Pugazhendhi, 
A. (2023). Unleashing the potential of 
nanoparticles on seed treatment and 
enhancement for sustainable farming. 
Environmental Research, 236, 116849. 

https://doi.org/10.1016/j.envres.2023.1168
49 

Harish, M. S., & Gowda, R. (2017). Effect of 
nanoscale zinc oxide on plant growth, seed 
yield, and quality in groundnut. Mysore 
Journal of Agricultural Sciences, 51(3), 
637-643. 

Harish, M. S., Gowda, R., & Nethra, N. (2019). 
Standardization of nanoparticles for 
enhancing groundnut seed quality cv. 
ICGV-91114. Journal of Pharmacognosy 
and Phytochemistry, 8(1), 2208-2212. 

Kumari, A., Gupta, A. K., Sharma, S., Jadon, V. 
S., Sharma, V., Chun, S. C., & Sivanesan, 
I. (2024). Nanoparticles as a tool for 
alleviating plant stress: Mechanisms, 
implications, and challenges. Plants, 13, 
1528. 
https://doi.org/10.3390/plants13111528 

Mahakham, W., Sarmah, A. K., Maensiri, S., & 
Theerakulpisut, P. (2017). Nanopriming 
technology for enhancing germination and 
starch metabolism of aged rice seeds 
using phytosynthesized silver 
nanoparticles. Scientific Reports, 7(1), 
8263. https://doi.org/10.1038/s41598-017-
08669-5 

Alotaibi, N. M., Alotibi, M. M., Younis, U., 
Hussain, G. S., Dawar, K., Hareem, M., 
Ghoneim, A. M., Fahad, S., & Danish, S. 
(2024). Zn-quantum dot biochar regulates 
antioxidants and nutrient uptake to improve 
rapeseed growth and yield in drought 
stress. Plant Stress, 11, 100286. 
https://doi.org/10.1016/j.stress.2023.10028
6 

Rahman, S., Chakraborty, A., Kibria, A., & 
Hossain, M. J. (2023). Effects of silver 
nanoparticles on seed germination and 
growth performance of pea (Pisum 
sativum). Plant Nano Biology, 5, 100042. 
https://doi.org/10.1016/j.plana.2023.10004
2 

Santana, I., Wu, H., Hu, P., & Giraldo, J. P. 
(2020). Targeted delivery of nanomaterials 
with chemical cargoes in plants enabled by 
a biorecognition motif. Nature 
Communications, 11(1), 2045. 
https://doi.org/10.1038/s41467-020-15731-
w 

Shelar, A., Nile, S. H., & Singh, A. V. (2023). 
Recent advances in nano-enabled seed 
treatment strategies for sustainable 
agriculture: Challenges, risk                   
assessment, and future perspectives. 
Nano-Micro Letters, 15, 54. 



 
 
 
 

Selvarani et al.; J. Adv. Biol. Biotechnol., vol. 28, no. 1, pp. 22-30, 2025; Article no.JABB.128767 
 
 

 
30 

 

https://doi.org/10.1007/s40820-023-01025-
5 

Tang, Y., Zhao, W., Zhu, G., Tan, Z., Huang, L., 
Zhang, P., Gao, L., & Rui, Y. (2024). Nano-
pesticides and fertilizers: Solutions for 
global food security. Nanomaterials, 14, 
90. https://doi.org/10.3390/nano14010090 

Theivasanthi, T., Iswarya, S., Ajitha, M., 
Gopinath, S., & Selvarani, K. (2024). 
Sustained release of chemical fertilizer by 

nanochitosan: Insights and updates. Bio 
Nano Science, 14, 3679–3692. 
https://doi.org/10.1007/s12668-024-01533-
7 

Zheng, L., Hong, F., Lu, S., & Liu, C. (2005). 
Effect of nano-TiO2 on strength of naturally 
aged seeds and growth of spinach. 
Biological Trace Element Research, 
104(1), 83–92.  
https://doi.org/10.1385/BTER:104:1:083

 
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 
author(s) and contributor(s) and not of the publisher and/or the editor(s). This publisher and/or the editor(s) disclaim responsibility for 
any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content. 

_________________________________________________________________________________ 
© Copyright (2025): Author(s). The licensee is the journal publisher. This is an Open Access article distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 
 

 

Peer-review history: 
The peer review history for this paper can be accessed here: 

https://www.sdiarticle5.com/review-history/128767  

https://www.sdiarticle5.com/review-history/128767

