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ARBON is an essential element for all living organisms. This element has unique properties 

which increased its potential day by day. The nano-form of such element can be found in several 

patterns such as carbon nanodots (CNDs). Carbon nanodots refer to quasi-spherical nanoparticles of 

carbon which mainly consist of an amorphous structural core. The current mini-review involves the 

carbon-based nanomaterials with focus on carbon nanodots, their synthesis (chemical and green 

pathways) and characterization, agro-applications, CNDs for soil health, nanotoxicity of CNDs. This 

study may answer many questions on the CNDs including; what is the potential of CNDs in 

sustainable agriculture? What are the main agricultural applications of CNDs for soil health? Due to 

their unique properties, CNDs have a distinguished potential in many agricultural applications, such 

as nanocarriers, sensors, light converters, seed treatments, nanofertilizers, and as a potential agent to 

control plant-pathogens. Several advantages of CNDs can be noticed including the increased 

microbial activity, better nutrient availability, and reduced soil pollutants. These nano-enabled 

methods also can be anticipated to play a pivotal role in the forthcoming agricultural techno-

revolution by providing sustainable ways to manage biotic and abiotic stresses in agriculture. The 

environmental dimension of the expected toxic of CNDs is a crucial global issue that needs more 

concerns. Further studies are needed for more discover and explanations on CNDs. 

Keywords: Soil quality, Soil-plant-microbe nexus, Microbiomes, Rhizosphere, Microbe-microbe 

nexus, and Nanoparticles. 

1. Introduction 

In recent years, agricultural practices have faced several issues, due to the growing human population and the 

increasing demand for large quantities of good quality food, which is crucial for a healthy diet and illness 

prevention (Patel et al., 2020; Singh et al., 2024a). Further challenges, like mining activities, can result in soil 

degradation, while soil composition can be altered, which affects soil health over an extended period (Wang et 

al., 2024; Lal, 2025). Additionally, the usage of synthetic fertilizers and pesticides (Munné-Bosch and Bermejo, 

2024), and the problems with soil erosion, loss of biodiversity, contamination of water sources, and depletion of 

essential minerals (Gamage et al., 2023) should be reduced to support the development of sustainable agriculture 

system (Gamage et al., 2023; Munné-Bosch and Bermejo, 2024). 

Carbon nanodots (CNDs) are a recently commonly researched, absolutely newly explored nanomaterial plant-

based product with great potential (Sharma and Soni, 2024). CNDs can be integrated into crop production and 

soil management with numerous techniques (Chandel et al., 2022; Prokisch et al., 2024). Collectively, 

Sustainable agriculture systems can be promoted by their biotechnological application of them (Chen et al., 

2022a; Li et al., 2024). CNDs have a small size (less than 10 nm in diameter), high surface area, and unique 

structure (nanocrystalline or amorphous carbon structures), furthermore, it is soluble in water and has high 

fluorescence, photoluminescence, and minimal toxicity (Hu et al., 2017; Chauhan et al., 2022). CNDS can 

effectively interact with soil microorganisms, so crop yield and soil health can be improved (Li et al., 2020a; Li 
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et al., 2024), which can help to solve the problems with food security (Shafi et al., 2024). The π-π conjugation 

structure of CNDs can help in electron transfer, which aims a potential in electroanalytical investigations 

(Montes et al., 2020; Hassanvand et al., 2021). The formation of secondary metabolites, and cholorophyll 

content can be enhanced by the ability to enhance photosynthesis with light converting (Aggarwal et al., 2024; 

Tanujaya, 2024). Furthermore, the effectiveness of pesticides and the reduction of disease resistance can be 

promoted by their nanocarrier propertiesIt results in improvements in crop yield and seed germination (Rehman 

et al., 2021; Aggarwal et al., 2024).  

Plant resilience against abiotic stresses can be also enhanced (Aggarwal et al., 2024; Moustafa et al., 2024). 

However, several questions are opened about the nanotoxicity of CNDs. Recent research are focusing on the 

evaluation of its physicochemical properties, but the detailed mechanisms of actions are still unsurveyed. An 

understanding of CND mechanisms in biological systems is necessary to develop healthy agricultural products 

without health risks (Makhado et al., 2024; Sharma and Soni, 2024). Our review presents the potential of CNDs 

in sustainable agriculture. Its unique properties, the ways for the synthesis and characterization, and their 

potential agricultural applications, like as sensors, light converters, nanocarriers, seed treatments, nano 

fertilizers, and as a potential agent to control plant-pathogen will be also introduced. The effect of CNDs on soil 

health, plant-microbe interactions, and nanotoxicity will be also discussed. Furthermore, the attention will be 

drawn to future perspectives, which should be deeply explored to fight the challenges caused by human 

population growth and climate change. 

2. Carbon-Based Nanomaterials: An Overview 

Over the past few decades, advancements in nanoscience and nanotechnology have opened up significant 

opportunities for creating innovative nanomaterials (Serag et al., 2022; Ghazaryan et al., 2024; Singh et al., 

2024b). These nanomaterials, characterized by at least one dimension under 100 nm, exhibit remarkable 

properties due to their unique optical., magnetic, electrical., and thermal characteristics and high surface area-to-

volume ratio (Godeto et al., 2023; Gonfa et al., 2023; Mengstu et al., 2023; Singh et al., 2024c). These properties 

make them suitable for various innovative technological applications (Mousavi et al., 2017). However, the large-

scale production of nanomaterials raises concerns about their potential toxicity to humans and the environment. 

Therefore, integrating nano-safety research into developing new nanotechnologies is essential (El-Kady et al., 

2023). While many studies highlight the significant potential of engineered nanomaterials in advancing life 

sciences and technology, it is crucial to assess their safety and sustainability before market introduction 

thoroughly (Ayanda et al., 2024). Nanomaterials can be produced using 'top-down' and 'bottom-up' approaches, 

which include physical., chemical., and biological (biogenic or green) synthesis methods (Bachheti et al., 2020). 

They have extensive applications in food processing, agriculture, marine, environmental, biomedicine, 

pharmaceuticals, textiles, catalysis, sensors, mechanics, and electronics (Husen and Siddiqi, 2023; Singh et al., 

2022). 

Carbon is one of the most plentiful elements in the Earth's crust, a fact long recognized. The development of 

carbon materials has significantly progressed from macro-scale to nanoscale due to continuous advancements in 

nanoscience and technology (Arcudi et al., 2019). Carbon nanomaterials (CNs) depend heavily on their atomic 

structures and interactions with other materials at the nanoscale (DeCicco et al., 2019). Recent advancements 

have introduced various nanostructured carbon materials (NCMs) like diamond, graphene (GR), amorphous 

carbon, carbon 60, carbon nanotubes (CNTs), and carbon dots (CDs) for numerous electrochemical applications 

(Fig. 1). These materials can be categorized by their dimensions: zero-dimensional (0-D) nanodots, one-

dimensional (1-D) nanotubes, two-dimensional (2-D), and three-dimensional (3-D) structures (Benzigar et al., 

2018). Carbon-based nanomaterials (CBNs) are a diverse group with at least one dimension under 100 nm (Kong 

et al., 2024). They exhibit various structures and morphologies and are widely used in nanoelectronics, optics, 

catalytic chemistry, biomedicine, and sensors due to their excellent electrical conductivity, biocompatibility, 

stable chemical properties, and large specific surface area (Speranza, 2021; Gonfa et al., 2024). The development 

of different dimensions of nanomaterials, including CBNs, metal nanomaterials (MNMs), ceramic nanomaterials 

(CNMs), semiconductor nanomaterials (SNMs), and polymeric and lipid-based nanomaterials, has significantly 

enhanced human life and the environment (Patil and Chandrasekaran, 2020). Smart devices, particularly carbon-

based nanomaterials like graphene quantum dots (GQDs), are increasingly popular due to their quantum 

properties and absorption capabilities (de Menezes et al., 2020). Safety concerns for CBNs primarily involve 

occupational exposure during manufacturing and technological applications (Qiao et al., 2024). The main health 

risks are inhalation and skin exposure during CBN production, especially as dry powders (de la Parra et al., 

2024). Additionally, skin exposure is relevant for current CBN applications in cosmetics and skin biosensing 

using carbon nanotubes or graphene-based materials (Hajishoreh et al., 2023). 
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Fig. 1. Different suggested types of carbon-based nanomaterials. 

The benefits of carbon-based nanomaterials (CBNs) may stem from their small size (typically less than 10 nm), 

their ability to form polar derivatives, and their high biocompatibility (Zadeh Mehrizi and Eshghi, 2021; Castro 

et al., 2023). These innovative materials are crucial in sensor technology (Tang et al., 2022) and have diverse 

applications, including improving oil recovery (Shayan et al., 2021), strengthening engineering materials (Sheikh 

et al., 2021), and serving as strain and external pressure sensors (Her and Liang, 2022; Kang et al., 2021). They 

are also used in nanocarriers (Jha et al., 2021), drug delivery systems (Navya et al., 2019), wastewater treatment 

(Villaseñor and Ríos, 2018), phase change materials (Olabi et al., 2021), plant chemical signaling (Zhu et al., 

2022), anticorrosion (Ramezanzadeh et al., 2019), innovative construction materials (Guo et al., 2021), 

mycotoxin detection (Ma et al., 2021), eco-friendly supercapacitors (Landi et al., 2022), and tissue engineering 

(De Armentia et al., 2020). Compared to other nanoparticles like metal., silica, lipid, and polymer-based 

nanoparticles, carbon-based nanoparticles are less toxic (Ayanda et al., 2024; Baig et al., 2021) and are used as 

additives in drilling fluids (Rana et al., 2021). For example, carbon nanotubes (CNTs) and graphene are effective 

drug-delivery systems for targeting cancer due to their large surface area, high drug-loading capacity, and 

modifiable surfaces (Navya et al., 2019). Oxidized CNTs are highly efficient at removing heavy metals from the 

environment because of their rapid adsorption of metal ions (Villaseñor and Ríos, 2018). CNTs, carbon 

nanofibers (CNFs), and graphene are vital in cement composites for their high surface area, mechanical strength, 

and electrical conductivity (Guo et al., 2021). 

Carbon-based nanomaterials (CBNs) include carbon nanotubes (CNTs), carbon nanofibers (CNFs), graphene, 

graphene oxide (GO), fullerenes, carbon quantum dots (CQDs), nano-cellulose, and graphite-like carbon nitride 

(Lu and Zhong, 2022). These nanomaterials exhibit significantly improved mechanical., physical., chemical., 

and electronic properties compared to their bulk carbon counterparts (Rana et al., 2021). The high thermal 

conductivity, considerable charge carrier mobility, and density of CBNs are attributed to the sp
2 

hybridized 

carbon atoms in their structures (Deshmukh et al., 2021). Carbon dots (CDs), or carbon nanodots (CNDs), are 

zero-dimensional carbon-based nanomaterials with sizes under 10 nm. They are water-dispersible, UV-

absorbing, highly fluorescent, and biocompatible (Zhang et al., 2024) and are smaller than most viruses and 

bacteria, primarily composed of sp
2
 and sp

3
 carbon hybridization (Kurniawan et al., 2024). These properties have 
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made them highly attractive in biomedicine, sensors, optoelectronics, and light-emitting diodes (Yadav et al., 

2023). CDs are notable for their intense fluorescence, large surface area, biocompatibility, low cost, simple 

production, stability, good water solubility, low toxicity, and excellent electrical conductivity (Kang et al., 2020; 

Nguyen et al., 2024). This versatility has led to their use in agricultural applications, such as nano pesticides, 

nano fertilizers, and nano antioxidants. Due to their small size, plants can absorb and transport CDs, influencing 

their physiological, biochemical, and metabolic processes (Kou et al., 2021). Their optical properties also 

enhance photosynthesis, potentially increasing crop yields (Li et al., 2021). Element-doped CDs can act as nano-

fertilizers to support plant growth under stress conditions (Wang et al., 2021; Chen et al., 2025).  

Carbon dots (CDs) can form inclusion complexes with various molecules, making them helpful in developing 

probes and sensors to detect contaminants in food, such as pesticides, herbicides, or heavy metals (Hoang et al., 

2023). However, incorporating CDs into food products requires a thorough understanding of their safety 

(Nguyen et al., 2024). CDs can be synthesized using top-down or bottom-up methods and are generally classified 

into graphene quantum dots (GQDs), carbon nanodots (CNDs), which include carbon nanoparticles (CNPs) and 

carbon quantum dots (CQDs), and carbonated polymer dots (CPDs) (Xia et al., 2019). Unlike GQDs, CQDs and 

CPDs typically have spherical cores linked to surface moieties, with their photoluminescence properties 

influenced by intrinsic luminescence and quantum confinement effects (Hai et al., 2018). CQDs, known for their 

quantum confinement effect, exhibit superior optoelectronic properties (Skolariki et al., 2023) and have potential 

applications as visible light-activated antimicrobial agents (Heidari et al., 2022) and in diagnosing human 

coronavirus (HCoV-229E) (Saikia et al., 2024). CDs are also used in energy storage applications when mixed 

with various polymers (Huang et al., 2021) and as biosensing agents (Hussain et al., 2023). 

3. Carbon Nanodots: Synthesis and Characterisation 

3.1. Synthesis Method of CNDs 

3.1.1. Chemical Synthesis of CNDs 

Carbon nanodots (CNDs) are fluorescent nanoparticles with dimensions smaller than 10 nm, known for their 

unique propertiesThey can be synthesized primarily through top-down and bottom-up approaches (Singh et al., 

2018), as illustrated in Fig. . The top-down techniques involve using larger precursor molecules through physical 

methods such as arc-discharge, laser ablation, and plasma treatmentConversely, the bottom-up approach 

synthesizes CNDs from smaller precursor molecules, employing methods like hydrothermal/solvothermal 

synthesis, microwave-assisted synthesis, and thermal decomposition (Sharma & Das, 2019). The microwave and 

hydrothermal methods are two of the most common synthesis methods due to their effectiveness (Nguyen et al., 

2024). CDs are widely applied in sensing, catalysis, bioimaging, and biomedicine due to their excellent 

photoluminescence, water solubility, and low toxicity (Sharma & Das, 2019). Recent research has focused on 

developing large-scale production methods for CDs, including hydrothermal/solvothermal., microwave-assisted, 

and microfluidic techniques (Chen et al., 2023). These advancements in synthesis methods and functionalisation 

have expanded the potential applications of CDs in areas such as mechanical property enhancement, flame 

retardancy, and energy storage (Chen et al., 2023). 

3.1.2. Green Synthesis of CNDs 

Green synthesis of nanoparticles using plant extracts has emerged as an environmentally friendly alternative to 

traditional methods. This approach utilizes natural phytochemicals such as alkaloids, flavonoids, and terpenoids 

as reducing and stabilizing agents (Md Ishak et al., 2019; Singh et al., 2018). The process is simple, cost-

effective, and can be conducted at room temperature without hazardous chemicals (Khatami et al., 2018; Mittal 

et al., 2013). Various metal and metal oxide nanoparticles, including silver, gold, zinc oxide, and iron oxide, 

have been successfully synthesized using this method (Md Ishak et al., 2019; Singh et al., 2018). The resulting 

nanoparticles exhibit high stability, low toxicity, and enhanced solubility (Khatami et al., 2018). These green-

synthesized nanoparticles have potential applications in environmental remediation, such as antimicrobial 

activity, catalysis, pollutant removal., and heavy metal sensing (Singh et al., 2018). Additionally, they show 

promise in medical applications (Mittal et al., 2013). This eco-friendly approach represents a significant 

advancement in sustainable nanotechnology (Khatami et al., 2018). 
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Fig. 2. Schematic diagram of common synthesis method of carbon nanodots (CNDs) including A, 

chemical synthesis of CNDs and B, Green synthesis of CNDs. 

Recently, many researchers have chosen green synthesis as a new approach to synthesizing CNDs, as illustrated 

in Fig. 2. Various plant sources, including Trapa bispinosa peel (Mewada et al., 2013), guava leaves 

(Ramanarayanan & Swaminathan, 2020), and Lawsonia inermis leaves (Mary Alex et al., 2020), have been used 

to produce CNDs through methods such as hydrothermal synthesis and carbonization. These green synthesis 

approaches yield CNDs typically smaller than 10 nm, exhibiting fluorescent properties and good 

biocompatibility. Plant extract-derived CNDs demonstrate potential applications in cosmetics, offering 

antioxidant, anti-inflammatory, and UV protective properties (Ngoc et al., 2023). Additionally, they show 

promise in photocatalytic degradation of dyes for water purification (Ramanarayanan & Swaminathan, 2020). 

The synthesis methods for plant-based CNDs include pyrolysis carbonization, chemical oxidation, hydrothermal, 

microwave-assisted, and ultrasonic techniques (Ngoc et al., 2023). These eco-friendly CNDs present 

opportunities for sustainable nanotechnology in various fields, including cosmetics and environmental 

applications. 
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3.2. Characterization of CNDs 

3.2.1. Optical Properties 

Carbon nanodots (CNDs) are luminescent carbon nanomaterials with unique optical properties, including UV-

Vis absorption, fluorescence, and phosphorescence (Lin et al., 2012; Zhao et al., 2020), illustrated in Fig. 3A. 

CNDs exhibit excitation-dependent and excitation-independent photoluminescence, with absorption peaks 

typically in the UV-Vis range (Zhao et al., 2015). Their fluorescence can be enhanced or quenched by various 

substances, suggesting potential applications in sensing and analysis (Lin et al., 2012). The optical properties of 

CNDs are attributed to surface defects, band bending, quantum confinement effects, and multiple emissive 

centers (Zhao et al., 2015; Liu, 2020). These properties can be tuned through synthesis methods and post-

treatment, such as UV irradiation (Zhao et al., 2015). CNDs show promise in various fields, including 

bioimaging, biosensing, catalysis, and energy harvesting (Zhao et al., 2015). Understanding the optical 

mechanisms of CNDs is crucial for developing tailored materials with specific functional purposes (Liu, 2020). 

3.2.2. Morphology and Structure 

The structure and morphology of CNDs can be characterized using various techniques, listed in Fig. 3B. 

Transmission Electron Microscopy (TEM) allows for probing single nanoscale objects, while X-ray Diffraction 

(XRD) provides structural information representative of the whole material volume (Jurkiewicz et al., 2018). 

These methods, along with Scanning Electron Microscopy (SEM), are crucial for analyzing the size, shape, and 

structural properties of CNDs (Mintz et al., 2021; Abinaya et al., 2022). Studies have shown that different types 

of CDs, such as black CNDs, carbon nitride dots, and yellow CNDs, exhibit varying degrees of functionalization 

and disorder (Mintz et al., 2021). The combination of TEM and XRD can reveal detailed information about 

complex microstructures in non-monodisperse quantum dots, including size, shape, and planar defects, which is 

essential for understanding their optoelectronic properties and potential applications (Neumann et al., 2020). 

3.2.3. Surface Chemistry 

The properties of CNDs can be tuned through surface modification (Ren et al., 2019; Zhou et al., 2019). Various 

characterization techniques are used to measure the surface chemistry of CNDs, including UV-vis absorption, 

photoluminescence spectroscopy, X-ray spectroscopy, and Fourier Transform Infrared (FTIR) spectroscopy (Ren 

et al., 2019; Fawaz et al., 2023) (Fig. 3C). These methods reveal the presence of functional groups such as 

carboxyl, amino, and hydroxyl on the CNDs surface, which influence their photoluminescence properties and 

interactions with water (Ren et al., 2019). X-ray photoelectron spectroscopy can determine the O/C atomic ratio, 

indicating the degree of oxidation (Tan et al., 2013). Surface passivation with ligands like TTDDA, PLL, 

cysteine, and chitosan can enhance fluorescence quantum yield (Tan et al., 2013). The surface chemistry of 

CNDs plays a critical role in their applications, particularly in biotechnology and bioimaging (Zhou et al., 2019; 

Fawaz et al., 2023). 

3.2.4. Surface Charge and Colloidal Stability 

Dynamic Light Scattering (DLS) and zeta potential measurements are essential techniques for characterizing 

CNDs, in terms of their size, surface charge, and colloidal stability (Carvalho et al., 2018) (Fig. 3D). DLS is used 

to determine particle size and evaluate stability over time, pH, and temperature conditions, while zeta potential 

provides information about surface charge and interactions (Carvalho et al., 2018). These techniques are crucial 

for assessing nanoparticle behavior in various solutions, including water and cell culture media, with or without 

serum (Murdock et al., 2008). Factors such as agglomeration, sonication, and solution composition can 

significantly impact nanoparticle characteristics and their subsequent biological interactions (Murdock et al., 

2008). Understanding these properties is vital for developing effective nano-formulations for therapeutic 

applications and accurately interpreting toxicity studies (Carvalho et al., 2018). Proper characterization using 

DLS and zeta potential measurements helps researchers optimize nanoparticle formulations for specific 

biomedical applications and target tissues. 
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Fig. 3. Characterization of carbon dots includes four primary groups: A, optical properties; B, 

morphology and structure; C, surface chemistry; D, surface charge and colloidal stability. 

4. Agro-Applications of Carbon Nanodots (CNDs) 

Carbon nanodots (CNDs) exhibit biocompatibility, a high quantum yield, low toxicity, sustainability, excellent 

water solubility, and stability under light exposure (Xu et al., 2004). CNDs provide significant opportunities for 

various agricultural uses by utilizing their distinct characteristics. CNDs enhance photosynthesis and nutrient 

uptake (Wang et al., 2023a), promoting seed development (Chen et al., 2020a) and strengthening plant resilience 

(Wang et al., 2022); they also open new avenues for sustainable growth. Their multifunctional roles are essential 

for (1) monitoring soil and environmental health as CNDs-based sensors, (2) boosting plant growth and nutrient 

delivery, (3) protecting crops through disease management, and (4) optimizing photosynthesis for increased yield 

and resource efficiency, as illustrated in Fig. 4. 

Carbon nanodots exhibit unique photophysical characteristics, such as tunable fluorescence and high quenching 

efficiency, which makes them ideal for optical and electrochemical sensing applications (Buiculescu et al., 2016; 

Ding et al. 2015). Their broad fluorescence spectrum and controlled emission behavior enable the development 

of various optical biosensors (Buiculescu et al., 2016). CNDs can be used as fluorescent nanomaterials for 

sensing environmental pollutants (Rasheed, 2023a), especially detecting heavy metal pollution in water systems. 

Annamalai et al. (2022) developed CNDs-based sensors for simultaneously detecting Cr
6+

 and Hg
2+

, as the 

overuse of pesticides poses significant threats to human health and ecosystems, these CNDs-based sensors offer 

promising solutions for monitoring and controlling pesticide residues in food and the environment (Mishra et al., 

2022). CNDs have been used to create highly sensitive fluorescent sensors capable of detecting pesticides like 

diazinon, glyphosate, and amicarbazone at nanogram-per-milliliter levels in real samples (Ashrafi Tafreshi et al., 

2020). Wu et al(2022) developed a glyphosate nanosensor with an impressive detection limit of 0.8 ng/ml, 

utilizing an "off-on" fluorescence mechanismRed-emitting CNDs have been synthesized to detect 

organophosphorus pesticides at pg/L levels (Li et al., 2020b). These CND-based sensors can be integrated with 

various recognition elements such as antibodies, aptamers, enzymes, and molecularly imprinted polymers to 

enhance selectivity and sensitivity (Rasheed, 2023b). The fluorescent properties of CNDs can be greatly 

enhanced by doping and surface functionalization, adding to their versatility and efficacy (Nguyen et al., 2024). 

For example, one study involved the synthesis of S, N-doped CNDs to create paper-based chemiluminescence 
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sensors for detecting bendiocarb pesticides in fruit juice and water (Al Yahyai et al., 2021). The results revealed 

that adding potassium permanganate (KMnO4) elevated the fluorescence intensity significantly, indicating 

improved detection sensitivity. 

 

Fig. 4. Four primary applications of carbon nanodots (CNDs) in agriculture. 

Due to their small size, hydrophilic surface groups, and electron donor-acceptor properties, CNDs can enhance 

seed germination rates (Chen et al., 2020b; Guo et al., 2022; Liang et al., 2023), promote root development 

(Chen et al., 2020b), and increase biomass accumulation (Chen et al., 2020b; Han et al., 2022) in various plant 

speciesStudies have shown that CNDs can significantly improve crop yields and quality through various 

mechanismsWhen applied to hydroponic lettuce cultivation, pollen-derived CNDs demonstrated remarkable 

growth-promoting effects and potential as a bioimaging probe (Zheng et al., 2017). CNDs also can nutrient 

absorption and photosynthesis (Guo et al., 2022). In soybeans, soil application of CNDs improved nitrogen 

bioavailability and drought tolerance by enhancing nitrogen fixation, regulating rhizosphere processes, and 

upregulating key genes involved in nutrient transport (Wang et al., 2022). The versatility of CNDs extends to 

targeted delivery of agrochemicals, stress resistance improvement, and post-harvest applications, making them a 

valuable tool for sustainable agriculture (Guo et al., 2022). 

Carbon nanodots have shown promising applications in plant-pathogen control and crop stress 

managementStudies demonstrate that CNDs can inhibit the growth of various plant pathogens, including 

Phytophthora infestans and fungal species (Kostov et al., 2022). When complexed with dsRNA, functionalized 

CNDs enhance spray-induced gene silencing efficacy against Phytophthora pathogens, reducing the need for 

chemical fungicides (Wang et al., 2023b). CNDs can penetrate plant cells, reach the nucleus, and boost growth 

by increasing enzyme activity and carbohydrate generation (Li et al., 2018). They also improve plant tolerance to 

various stresses, including heat, drought, and pathogens (Zia et al., 2024). Notably, CNDs can enhance rice plant 

disease resistance by increasing thionin gene expression and can be degraded to form plant hormone analogs, 

promoting growth and increasing yield (Li et al., 2018). 

Carbon nanodots (CNDs) can penetrate plant cells and integrate with chloroplasts because of their nano-size, 

enhancing electron transfer and increasing light absorption (Wang et al., 2023b). They act as both 

photosensitizers and light converters, transforming ultraviolet light into usable blue light for photosynthesis (Hu 

et al., 2024; Lv et al., 2023). Applying CNDs has increased photosynthetic parameters, pigment content, and 

biomass in various plants, including maize (Milenković et al., 2021), Arabidopsis thaliana (Hu et al., 2024), 

wheat seedlings (Lv et al., 2023), and lettuce (Hu et al., 2022). Additionally, CNDs can mitigate UV light stress 
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and enhance CO2 fixation rates(Hu et al., 2024; Lv et al., 2023). Cheng et al (2023) reported that CNDs can 

promote chlorophyll synthesis, increase enzyme activity, and upregulate gene expression associated with 

photosynthesis, leading to higher net photosynthetic rates and increased biomass production. 

5. Carbon Nanodots for Soil Health 

Maintaining soil health is essential for sustainable agriculture and environmental protection. However, intensive 

farming, pollution, and climate change compromise soil quality, posing serious threats to global food security 

and ecosystem stability (Tahat et al., 2020). Recently, nanotechnology, particularly carbon nanodots (CNDs), has 

emerged as a promising solution for improving soil health. These nano-enabled methods are anticipated to play a 

pivotal role in the forthcoming agritech revolution by providing sustainable ways to manage biotic and abiotic 

stresses in agriculture (Bartolucci et al., 2022). Moreover, CNDs offer several advantages, including better 

nutrient availability, increased microbial activity, and reduced soil contaminants (Ahmed et al., 2023). Recently, 

the application of engineered nanomaterials (ENMs) as nano-agrochemicals has shown great promise in 

improving pest and pathogen management. ENMs can enhance crop yields and functionality by precisely and 

selectively enriching beneficial microbiomes, reducing agriculture's environmental impact (An et al., 2022). 

ENMs are typically categorized into four types: inorganic or metal-based, carbon-based, polymer-based, and 

composite-based (Mitchell et al., 2021). Carbon-based ENMs, such as carbon nanotubes, carbon dots, and 

graphene nanoparticles, have been studied for their role in engineering plant-associated microbiomes in 

agriculture (Karadurmus et al., 2022). For example, Chen et al(2022b) found that adding multi-walled carbon 

nanotubes (MWCNTs) at a concentration of 1000 mg kg−1 improved the beneficial microbial community in the 

soil of black nightshade (Solanum nigrum L.). Nano-enabled agrochemicals can enhance crop resilience and 

efficiency by improving microbiomes (Zhang et al., 2020). These nano-agrochemicals have boosted nutrient-use 

efficiency and soil function by altering the rhizospheric microbiome, enhancing nitrifying and denitrifying 

bacterial communities (Kalwani et al., 2022). Additionally, recent studies have shown that engineered 

nanomaterials (ENMs) have significant plant growth-promoting potential due to their ability to modify plant-

beneficial microbes, which undergo physical, chemical., and biological transformations once in the environment 

(Kumar et al., 2021). 

These transformations, such as accumulation, dissolution, sedimentation, corona formation, and oxidation-

reduction, result in modified ENMs with properties different from the original material. These changes affect the 

behavior, fate, and biological impact of ENMs in the environment (Fincheira et al., 2021). Engineered 

nanomaterials (ENMs) have been demonstrated to boost agricultural productivity by enhancing nutrient 

utilization efficiency, improving soil conditioning, modulating soil microbes, and promoting sustainable 

agriculture. Recent research has shown that applying carbon dots at a concentration of 5 mg kg
−1

 significantly 

improved soybean (Gmax) growth by increasing nitrogenase activity by 8.6% and stimulating the secretion of 

root exudates, including polyketides (69.0%), fatty acids (163.5%), and organic acids (102.0%). This application 

also enhanced beneficial microbiota such as Actinobacteria, Proteobacteria, Gemmatimonadetes, and 

Acidobacteria (Wang et al., 2022). Additionally, nano-enabled strategies have been employed as sustainable 

methods to enhance plant resilience to abiotic stresses like drought, salt, heavy metals, and heat (Kah et al., 

2019). 

Numerous studies have highlighted nano-agrochemicals' potential to alleviate environmental stresses (Kalwani et 

al., 2022). For instance, applying carbon dots (CDs) at a concentration of 5 mg l
−1

 to soybean foliage reduced 

drought stress by enhancing crop yield (21.5%), photosynthesis (32.6%), carbohydrate transport (35.4%), 

nitrogen content (13.2%), and scavenging of reactive oxygen species (ROS). Additionally, this amendment 

significantly increased the secretion of root exudates (auxins, organic acids, and amino acids), leading to a 37% 

rise in beneficial microbiomes such as Glomeromycota, Actinobacteria, Acidobacteria, and Ascomycota in the 

rhizospheric soil (Ji et al., 2023). Conversely, specific carbon nanotubes can mitigate the harmful effects of toxic 

substances and enhance microbial functions. For example, multi-walled carbon nanotubes (MWCNTs) can 

provide additional surface area for the sorption of poly-aromatic hydrocarbons (PAHs), thereby boosting the 

population of microorganisms like gram-positive bacteria that are sensitive to PAHs (Shrestha et al., 2015). 

Applying single-walled carbon nanotubes (0.5–5.0 g kg
−1

 directly to soil) increased the relative abundance of 

Proteobacteria and Bacteroidetes while decreasing Actinobacteria and Chloroflexi, thereby reducing organic 
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matter degradation due to changes in microbial functions (Wu et al., 2019). Additionally, using carbon black 

(0.1–1000 mg kg
−1

) for soybean plants (Gmax) boosted the abundance of bacteria that decompose organic matter 

but decreased methanogenic, chitinolytic, and nitrate-reducing bacteria. This application also enhanced microbial 

functions, improving xylanolytic and cellulolytic activity and aerobic ammonia oxidation (Ge et al., 2018). 

Carbon nanodots (CNDs) aim to develop a more efficient and sustainable agricultural system that enhances plant 

growth and health by reducing dependence on synthetic fertilizers and pesticides, thus lessening agriculture's 

negative environmental and human health impacts. 

6. Nanotoxicity of Carbon Nanodots   

Nanotoxicology investigates the potential toxicity of nanoscale materials to live organisms and biological 

systems, establishing it as a specialized domain within nano-science. Although carbon is not viewed as an 

innately hazardous element, the precise material and structural configurations of CNDs may constitute potential 

dangers to human health, hence generating public concern (Zhu et al., 2007; Seabra et al., 2014). Oh et al., 

(2016) reported that quantum dots toxicity may be associated with physicochemical characteristics, including 

core/shell materials, sizes, surface charge, the nature of surface ligands (which confer colloidal stability), the 

existence of additional surface modifications, and interactions with diverse molecules (such as proteins) found in 

biological environments (Oh et al., 2016). There is a significant impact of surface functionalization of carbon 

nanodots on cell survival., reactive oxygen species production, and cell cycle. Havrdova et al., (2016) found that 

the negatively charged CNDs halted the G2/M phase of the cell cycle, promoted proliferation, and resulted in 

increased oxidative stress; however, they did not penetrate the cell nucleus. The outcomes of radio-labeling 

CNDs indicated their excretion via the kidneys and stool. This indicates that CNDs do not accumulate and are 

not significantly detrimental to live organisms (Malhan et al., 2024). Conversely, positively charged CNDs 

exhibit the highest cytotoxicity, penetrating the cell nucleus and causing significant alterations in the G0/G1 

phase of the cell cycle, even at concentrations of 100 µg mL
-1 

(Havrdova et al., 2016). However, Wang et al 

(2013) produced photoluminescent CNDs with good stability, water solubility, and great dispersibility. The 

results showed that the fluorescent CNDs at varied doses did not impose any substantial harmful effect on rats 

and mice under the different doses. There were no physical abnormality or injury as well as no gene toxicity was 

found. Often CNDs toxicity is related to its production or fabrication methods, precursors used and its dosage 

(Fig. 5).  

Cong et al. (2019) found low toxicity from the CNDs from the duck roast even after the prolonged exposure of 

36 h with 91.2% viability in PC12 cells. Janus et al. (2019) found the N-doped chitosan-based CNDs had 94% 

viability for 48 h in human skin fibroblasts. Pulmonary delivery of nucleic acid by carbon dot-based nanocarriers 

was done by Pierrat et al. (2015) where higher level of transgene expression was observed in the cytoplasmic 

membrane with lesser toxicity under in vivo and invitro conditions. Fan et al. (2019) highlighted the importance 

of other more specific CNDs factors, such as nitrogen concentration, nature of the passivation agent and 

carbonization technique, in CNDs toxicity Altogether, not a single CNDs component appears as a most crucial 

characteristic, pointing to the complexity of forecasting the safety of CNDs, most probably due of interplays 

between their varied physicochemical qualities. Liu et al. (2021) found that laboratory-synthesized and 

commercial CNDs exposed to white, fluorescent light can decompose into hazardous compounds, toxic to both 

normal HEK-293 cells and malignant HeLa and HepG2 cells. They identified 1431 compounds, 499 of which 

are associated with cytotoxicity. In contrast to earlier assertions of biocompatibility, their findings demonstrate 

that CNDs photodegrade and produce chemicals capable of inducing cytotoxicity in human cells. This photo 

inducing toxicity depends on the concentration of CNDs used and irradiation period (Liu et al., 2021). At the 

microscopic level, CNDs can induce oxidative stress, inflammation, and cytotoxicity, leading to various adverse 

effects, including cellular death. The consequences are generally attributed to the generation of reactive oxygen 

species (ROS), impairment of cellular membranes, and disruption of essential cellular functions such as 

mitochondrial function and DNA repair. By investigating the essential mechanisms underlying these 

interactions, scientists can endeavour to develop nanomaterials that are not as harmful and possess less adverse 

effects. Moreover, it is essential to comprehend the aspects influencing the behaviour of carbon-based 

nanomaterials in biological systems, including their size, surface characteristics, and aggregation state (Seabra et 

al., 2014; Havrdova et al., 2016; Malhan et al., 2024). 
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Fig. 5. Suggested nanotoxicity of carbon nanodots in plants. 

7. Conclusions and Future Perspectives 

This review offers valuable insights into the current knowledge of carbon nanodots (CNDs) but also highlights 

limitations in their synthesis, understanding of photo-physics, structural variability, and the need for further 

research to exploit the potential of CNDs fully. Future research should aim to develop more effective synthesis 

methods to better control the size, structure, and surface functionalization of CNDs, allowing for tailored 

properties for specific applications. There is a need for deeper investigation into the fundamental photo-physical 

properties of CNDs, focusing on the mechanisms behind their fluorescence and the influence of structural 

features on their optical behavior. This understanding is crucial for optimizing CNDs for applications such as 

bioimaging and nanosensing. The paper stresses the importance of conducting field trials to validate the 

effectiveness of CNDs in sustainable agriculture and improved crop health, as well as understanding their long-

term impacts. Without these trials, the practical application of CNDs in agriculture remains uncertain. Future 

research should explore the relationship between the structural characteristics of CNDs and their optical 

responses, studying different sub-types to understand how variations in core and surface structures affect their 

photoluminescence and other properties. 

Additionally, future work should investigate the application of CNDs in various fields, including nano-medicine, 

environmental sensing, and energy harvesting, to optimize them for specific uses. Given the potential toxicity of 

some nanomaterials, comprehensive studies on the biocompatibility and ecological impact of CNDs in 

agroecosystems are necessary. Standardized assessment methods are needed to evaluate their safety and 

effectiveness in the plant-soil system and understand their interactions with microorganisms, especially at field 

scales. Understanding these interactions is essential for safe applications in bioimaging and therapeutics. The 

paper emphasizes the need for interdisciplinary collaborations among nanotechnologists, microbiologists, 

chemists, agriculturists, and engineers to advance the field of CNDs. In summary, it suggests that future research 

should focus on improving synthesis methods, deepening the understanding of photo-physics, exploring 

structure-property relationships, investigating application-specific uses, and addressing environmental and 

toxicity concerns to harness CNDs' potential fully. 
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