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Agriculture and food security face significant challenges due to population growth, climate change, and biotic and abiotic stresses. Enhancing crop productivity and quality through biotechnology is crucial in addressing these challenges. Genome engineering techniques, including gene cassette delivery into plant cells, aim to meet these demands. However, conventional biomolecule delivery methods have limitations such as poor efficacy, low regeneration capability, and potential cell damage. Nanoparticles, known for their success in drug delivery in animals, hold promise as DNA nanocarriers in plant sciences. This study explores the efficacy of carbon dots (CDs), synthesized rapidly and cost-effectively from citric acid monohydrate and β-alanine using a microwave-assisted method, as carriers for plasmid DNA delivery into plant tissues. The detailed characterization of carbon dots, evaluation of their binding ability with plasmid DNA, and phytotoxicity assessments were systematically conducted. The delivery and expression of plasmid DNA were successfully demonstrated in canola leaves via needleless syringe infiltration and in soybean root cells and protoplasts through passive diffusion. Additionally, the particle bombardment method facilitated the efficient delivery of plasmid DNA of varying sizes (4 kb, 11 kb, and 17 kb) into onion epidermal cells, as well as the successful delivery of plasmid DNA containing the GUS reporter gene into soybean embryos, using carbon dots as a binding agent between plasmid DNA and tungsten microcarrier. To our knowledge, this is the first study to report the use of carbon dots as a substitute for spermidine in such applications. Overall, our research presents a rapidly synthesized, cost-effective platform for efficient plasmid DNA delivery, establishing a foundation for using carbon dots as carriers for CRISPR and RNAi constructs in gene knockout and knockdown applications in plant tissues, with a comparison of their transformation efficiency against traditional delivery techniques.
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INTRODUCTION
Plant genetic engineering is a recent technological innovation in plant science, serving as a crucial tool for promoting sustainability, synthesizing natural products, and improving the quality and production of agricultural crops (Wang et al., 2016; Si et al., 2016). This technology can help meet the demands of a growing human population despite fluctuating global climatic conditions (Nidhi et al., 2021). In recent decades, there has been notable progress in biotechnology, particularly in the development of genome editing and sequencing technologies. These advancements have the potential to increase secondary metabolite in plants (Lv et al., 2019) and advance plant synthetic biology and bioengineering (Wang et al., 2017). Genetic engineering can be utilized in agriculture to enhance crop productivity and nutritional content. Additionally, genetically engineered crops can possess resistance to herbicides, insects, diseases, and abiotic stresses such as drought and heat (Daniell et al., 1998; Liu et al., 2015; Li et al., 2012; Zhang et al., 2009).
Despite considerable advancements in biotechnology, genetic transformation is considered as a main bottleneck in many plant species. This process involves transferring a foreign gene (known as a transgene) that encodes a desired trait into a plant cell, ultimately introducing the desired trait into a crop (Altpeter et al., 2016). One major obstacle to achieving successful plant genetic transformation is delivering biomolecules into plant cells, which is hindered by presence of the hard and thick cell wall. Agrobacterium-mediated transformation is a commonly employed approach in plant genetic engineering (Herrera-Estrella et al., 1983). However, it is only applicable to a limited range of plant species and lacks the ability to achieve transgene-free editing (Baltes et al., 2017). Gene-gun transformation, also known as biolistic particle transformation, is a delivery technology that can be used for any plant species. Despite its versatility, this method may cause tissue damage and often does not result in efficient integration of the genetic material (Wang Jun et al., 2018). Alternative techniques for delivering biomolecules, such as electroporation, polyethylene glycol (PEG), the pollen tube pathway, and cationic transport, face several drawbacks as well. These include low efficiency, limited regeneration capabilities, and potential harm to cells due to damage and cytotoxicity (Yoo et al., 2007; Ozyigit, 2020; Zeng et al., 1998). Overall, genetic engineering in plant systems has significantly lagged behind the advancements achieved in animal systems. Furthermore, plant genetic engineering lacks efficient techniques that allow the introduction of biomolecules into plant tissues using passive diffusion/cellular uptake without requiring external force, which causes considerable tissue damage, resulting in poor transformation efficiency and low regeneration rates. Therefore, it is essential to establish innovative and effective gene delivery approaches which can overcome the limitations associated with conventional gene delivery techniques and enable the passive transport of various biomolecules into a wider range of plant species. The most commonly used methods to deliver biomolecules into plant tissues using nanoparticles as carriers are syringe infiltration, vacuum infiltration, and cellular uptake or passive diffusion mechanisms. Furthermore, the biolistic gene transfer approach, utilizing a gene gun, is recognized as the fastest and most successful technology for inserting genes into various plant tissues (Maliga and Tungsuchat-Huang, 2014). This method employs gold or tungsten particles, typically ranging from 0.6 to 1.0 μm in diameter, co-precipitated with biomolecules using cationic agents and salts like calcium chloride to form a biomolecule-particle complex (Tian and Seguin, 2004). This complex is subsequently propelled by a gas burst in a gene gun instrument with sufficient force to penetrate the cell wall, efficiently reducing harm to the surrounding plant tissue (Liu et al., 2019). Considerable attention has been given to various phases of the bombardment process, including binding, bombardment, and release, with refined methods now available for numerous plant species (Fadeev et al., 2006; Ueki et al., 2009; Zilony et al., 2013). However, insufficient focus has been placed on the interaction between biomolecules and tungsten or gold particles during the binding and release phases, a crucial step in gene delivery. A pivotal element in both phases is the amine-coated cationic agent, which promotes binding between the biomolecule and the tungsten particle via electrostatic attraction. Currently, spermidine, which contains amine groups, is the only molecule used in the biolistic delivery technique (Hamada et al., 2017; Sawant et al., 2000; Zilony et al., 2013). However, spermidine is challenging to synthesize in a standard laboratory setting and is costly. Thus, it is necessary to investigate alternative molecules that can be synthesized in laboratories and are more cost-effective.
Nanoparticle-mediated gene delivery using a nanoscale particle smaller than 100 nm as carrier for various biomolecules offers a promising solution to the limitations of conventional delivery methods in plants (Yin et al., 2017). Nanoparticles exhibit high biocompatibility with host systems, efficiently bypass cellular membranes, and protect genetic cargo from nuclease degradation (Cunningham et al., 2018). Additionally, they enable the delivery of diverse payloads, facilitate precise targeting through chemical and physical modulation, and allow controlled cargo release. This approach addresses the low regeneration rates associated with traditional techniques by enabling direct germline modification in plant tissues (Zhao et al., 2017). Over the past decades, researchers have utilized various nanocarriers to deliver biomolecules such as plasmid DNA, proteins, siRNA, and dsRNA into a wide range of plant tissues across numerous plant species. Metallic nanocarriers, such as gold nanospheres, have been employed for siRNA delivery, achieving knockdown efficiencies exceeding 80%, while iron oxide clusters have been applied for pollen transformation (Zhang et al., 2022; Wang et al., 2022). Silica-based carriers, including mesoporous silica nanoparticles, have been used for protein delivery into intact plants (Martin-Ortigosa et al., 2014). Additionally, bio-inspired carriers, such as liposomes and vesicles, have demonstrated efficacy in delivering genes and proteins into protoplasts and various plant tissues (Mahmoud et al., 2022; Liu et al., 2020).
Carbon-based nanomaterials, including single-walled and multiwalled carbon nanotubes (CNTs) and CDs, have emerged as highly efficient carriers for the delivery of cargoes into plants due to their tunable physicochemical properties (Demirer et al., 2019b; Wang et al., 2020). These properties enable researchers to track the movement of nanoparticles inside plant tissues, providing real-time insight into the delivery process. To enhance their cargo-carrying capacity, these nanoparticles are often functionalized with various cationic polymers, such as polyethyleneimine (Schwartz et al., 2020; Kwak et al., 2019). Several delivery techniques, including syringe infiltration, vacuum infiltration, spray methods, and passive diffusion, have been employed to introduce a range of cargoes into plant tissues effectively to promote transient gene expression (Table 1). Despite the promising attributes of carbon-based nanomaterials, such as the presence of functional organic groups like amine groups on CDs, which can interact with and hold cargoes on their surface, their direct use in gene delivery systems in plants without the need for additional functionalization with cationic polymers through electrostatic union and their potential to promote stable gene expression remains underexplored. Furthermore, their potential as binding agents between plasmid DNA and microcarriers in particle bombardment techniques, as a replacement for currently used amine-coated molecules, has not yet been investigated. Overall, considering the cost, time, specialized skills, and instrumentation required for synthesizing carbon dots previously utilized for gene delivery in plants along with the potential risks associated with the functionalization of nanomaterials, such as polyethyleneimine and other molecules, due to their high cytotoxicity (Lungwitz et al., 2005), and the requirement to investigate an alternative molecule for spermidine in particle bombardment. There is a need to explore carbon dots that can be synthesized rapidly without requiring functionalization and can effectively deliver genes using various insertion techniques, including particle bombardment. CDs can generally be synthesized using two primary methods: the top-down approach and the bottom-up approach (Bruno et al., 2021). The top-down method involves the fragmentation of graphite compounds to produce CDs, while the bottom-up method typically utilizes microwave-assisted synthesis (Ma et al., 2019). In this bottom-up process, carbon sources such as citric acid or dextrin serve as precursors, and compounds like β-alanine or ethanolamine act as passivating agents. Subjecting this mixture to rapid heating in a microwave at specific power levels and durations promotes the carbonization of the precursor, resulting in fluorescent carbon dots with nitrogen incorporated into their backbone and the distribution of amine groups on the surface due to successful surface passivation facilitated by the passivating agents (Pinto et al., 2023). This method of synthesizing CDs is straightforward, rapid, and offers a one-pot synthesis approach. Notably, CDs synthesized using citric acid and β-alanine via the microwave-assisted method, without functionalization with cationic molecules after synthesis, have demonstrated the ability to bind with various plasmid DNA molecules and successfully deliver them into E. coli cells (Pandey et al., 2021). In this study, we report the synthesis of carbon dots using citric acid as a carbon source and β-alanine, a derivative of amino acid, to minimize potential phytotoxicity. The CDs were synthesized using a microwave-assisted method and evaluated for their potential as carriers to deliver plasmid DNA into various plant tissues. We present evidence for their use in delivering reporter genes including green fluorescent protein (GFP), red fluorescent protein (dsRED), β-glucuronidase (GUS), and rubyred into various plant tissues using different gene insertion techniques. These tissues include canola leaves via infiltration, soybean roots and soybean protoplasts through passive diffusion of carbon dots-plasmid complexes, and soybean embryos and onion epidermal cells. Additionally, we demonstrate that carbon dots can deliver plasmids containing reporter genes of up to 17 kb, including CRISPR constructs, into plant tissues. Our work provides a quick and affordable method to synthesize carbon dots and demonstrates their effective use as a gene delivery system for rapid gene expression.
TABLE 1 | Evidence of carbon-based nanoparticle mediated successful delivery of various cargoes into crop plants using different gene insertion techniques to promote transient gene expression.
[image: Table 1]MATERIALS AND METHODS
Preparation of CDs
To synthesize CDs, a solution was prepared by combining citric acid monohydrate (Fisher #A104-500, Pittsburg, PA, United States) and β-alanine (Fisher Cat#AAA166650I, CAS: 107-95-9) in a molar ratio of 1:2. In a conical flask, 1.0 g of citric acid monohydrate and 0.9 g of β-alanine were dissolved in 10 mL of distilled water, with the pH adjusted to 3.0 using hydrochloric acid (HCl). The solution was homogenized using an ultrasonicator (Ultrasonic Cleaner FS30, Fisher Scientific, Pittsburg, PA, United States) and then heated in a commercial microwave oven (Model#JES2251SJ02, GE Appliance, Louisville, KY, United States) set to 70% power for 3 min. This process aims to achieve carbonization and surface passivation, resulting in the formation of a brownish solid. The solid product was then dissolved in 10 mL of distilled water with the pH adjusted to 3.0 using HCl. The carbon dot solution underwent purification through filtration using a 0.22 µm pore size filter, following the method described by Pandey et al. (2021) (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic representation of rapid synthesis of carbon dots.
Characterization and evaluation of DNA binding capacity of CDs
Photoluminescence properties, including absorbance wavelength, excitation wavelength, emission wavelength, and quantum yield of synthesized carbon dots were evaluated using a Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek, Winooski, VT, United States). The size and morphology of the CDs were examined via high-resolution transmission electron microscopy (HRTEM) using a JEOL JEM-2100 instrument with Bruker EDS and dark-field scanning transmission electron microscopy (STEM) performed using FEI Tecnai G2 Osiris microscope. The functional groups of the carbon dots were analyzed through Fourier-transform infrared (FTIR) spectroscopy using a Perkin Elmer Frontier Infrared Spectrometer (PerkinElmer, Waltham, MA, United States). This instrument was equipped with a liquid nitrogen-cooled mercury cadmium telluride (MCT-A) detector, and the optics compartment was supplied with CO2- and H2O-free air using a Balston-Parker air purifier. Electrostatic charge measurements for the CDs and CDs/pDNA complex were conducted using a Zetasizer Nano ZS (Malvern Panalytical Inc., Westborough, MA, United States).
Additionally, the experiment was conducted to evaluate the binding capacity between CDs and DNA using a gel electrophoresis assay. Plasmid DNA was mixed with varying concentrations of carbon dots, ensuring thorough homogenization by repeated pipetting. The DNA-CDs complexes were incubated at 37°C for 30 min. After incubation, 2 µL of loading dye was added to the complexes. Gel electrophoresis was then performed using a 1% agarose gel in 1x TBE buffer, with an applied voltage of 85 V for 60 min. The results were visualized under ultraviolet irradiation.
Evaluation of internalization and phytotoxic effects of CDs in plant tissues
In this experiment, fresh onions were cut into quarters, and sections of onion epidermis (measuring at least 3 × 3 cm) were prepared. These sections were then placed on a water agar medium. To assess whether the CDs could internalize into the onion epidermal cells through passive diffusion mechanism without requiring any external force, 10 µL of the prepared carbon dots were sprinkled onto the surface of each onion epidermis section. The sections were incubated at room temperature for 20 min for internalization analysis. After the incubation period, the epidermal strips were peeled off from each section and photographed using a confocal microscope (Leica STELLARIS 8) to observe the internalization of the carbon dots. Imaging was conducted using excitation wavelength of 370 nm and emission wavelength of 450 nm. To assess the phytotoxicity effects, the samples were incubated in the dark for 48 h. Following the incubation period, the epidermal strips were peeled off from each section and stained with 5 mg/mL fluorescein diacetate and 2 mg/mL propidium iodide to distinguish live and dead cells, respectively. The samples were then incubated in the dark for 10 min. After incubation, confocal microscopy analysis was performed to evaluate the viability of epidermal cells.
Infiltration of canola leaf tissues with CDs-RUBY
In this experiment, Canola seeds (Brassica napus L.) were surface sterilized using a 5% sodium hypochlorite solution for 10 min, followed by three washes with sterile distilled water. After sterilization, the seeds were sown in pots containing vermiculite to raise the seedlings. CDs and plasmid DNA containing the RUBY reporter gene were used to prepare CDs/plasmid DNA conjugates. The synthesized carbon dots and plasmid DNA were thoroughly mixed to form a conjugate with a final concentration of 30 ng/μL. After thorough vortexing, the mixture was incubated at 37°C for 30 min.
For the infiltration of the CDs/plasmid DNA into canola leaves, healthy leaves from 21 day-old canola seedlings were selected. Then, using a 1 mL needleless syringe, 100 µL of the CDs/plasmid DNA solution was carefully infiltrated into the leaves. The seedlings were then transferred to a growth chamber. After 7 days, the infiltrated leaves were visually inspected for phenotypic expression of the RUBY gene, followed by microscopic imaging to further validate the purple coloration, which indicates accumulation of betalains in the leaf cells (Jogam et al., 2024).
Delivery of green fluorescent protein (sfGFP)-CDs complex into soybean roots and protoplast by passive diffusion mechanism
In this experiment, William 82 soybean seeds were initially surface sterilized using a solution of 30% bleach and 0.01% Triton-X for 15 min. Following sterilization, the seeds were washed three times with sterile distilled water. The sterilized seeds were then placed on germination paper to initiate germination. After 2 days, soybean cotyledons with root lengths of approximately 5 cm were selected and incubated at room temperature for 24 h in a premixed solution containing plasmid DNA with the sfGFP gene and CDs at a final concentration of 30 ng/μL. Post-incubation, the bottom portion of the cotyledons were photographed using confocal microscopy to evaluate the internalization of the CDs/pDNA complex and the expression of the GFP gene within the cells To deliver plasmid DNA-CDs complexes into soybean protoplasts, the following procedure was employed. Soybean protoplasts were isolated using the protocol reported by Wu and Hanzawa (2018), with minor modifications to suit our experimental needs. Leaves from 21 day-old soybean plants were collected, and small leaf strips (0.5–1 mm) were prepared from the middle portion of the leaves using a sterile razor blade, avoiding tissue wounding. The leaf strips were then submerged in an enzyme solution containing 1.5% cellulase (RPI, Cat# C32200, CAS No: 9012-54-8) and 0.4% macerozyme (RPI, Cat#M22010, CAS No: 9032-75-1) in a petri dish and subjected to vacuum infiltration for 30 min. After releasing the vacuum, the digestion continued at room temperature overnight. The solution was subsequently centrifuged at 80 RPM for 2 min to release the protoplasts. The mixture of enzymes and protoplasts was filtered through a 75 µm nylon mesh to remove undigested leaf material. To stop the digestion and enhance protoplast recovery, 2 mL of W5 solution (154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 2 mM MES (pH 5.7) was added to the protoplast solution, followed by centrifugation at 1000 RPM for 2 min to obtain green pellets. These pellets were gently resuspended in W5 solution and kept on ice for 30 min. Afterward, the solution was centrifuged at 1000 RPM for 1 min, and the protoplasts were resuspended in MMG solution (0.4 M mannitol, 15 mM MgCl2, 4 mM MES (pH 5.7) (Figure 2A).
[image: Figure 2]FIGURE 2 | (A) Soybean protoplasts isolated through enzymatic digestion were resuspended in the W5 solution. (B) The isolated protoplasts were incubated in a CDs-sfGFP complex solution for 24 h (C) The embryonic axes of soybeans are arranged in a circular manner, with the apical meristematic region facing up in a petri dish containing bombardment media. (D) The carrier membranes contain tungsten-coated CD/Plasmid DNA (GUS reporter gene). (E) The soybean embryos, in a petri dish, positioned inside the gene gun for bombardment.
For the delivery of plasmid DNA containing the sfGFP gene and CDs into the protoplasts. Initially a CDs/plasmid DNA complex was prepared by gently mixing 5 µg of plasmid DNA with 100 µL (1.9 mg/mL) of carbon dots, followed by incubation at 37°C for 30 min. This complex was then slowly added, drop by drop, to 100 µL of protoplast solution and incubated in the dark at room temperature for 24 h (Figure 2B). After incubation, the solution containing the CDs/plasmid DNA complex and protoplasts was centrifuged at 600 RPM to pellet the protoplasts. The protoplasts were gently resuspended and subsequently photographed using confocal microscopy to assess the internalization of CDs and expression of the GFP gene. The mean fluorescence intensity in root cells and protoplast was analyzed using ImageJ software version 1.8.0. Statistical analysis using an independent two-sample t-test was performed with a custom Python script in Google Colaboratory (https://colab.research.google.com/). Statistically significant differences (P < 0.05) were denoted by distinct letters.
Delivery of plasmids with different sizes into onion epidermal cells using GeneGun
To evaluate the ability of synthesized CDs to deliver plasmid DNA as a substitution for spermidine, we conducted an experiment using a gene gun to deliver plasmids into onion epidermal cells, with spermidine as a control, following the protocol by Li et al. (2000). Initially, 25 µL of 1 µM tungsten particles were vortexed and sonicated for 30 s. Then, 5 µg of plasmid DNA and 25 µL of 2.5 M CaCl₂ were added to the tungsten particles during sonication and mixed thoroughly. Subsequently, 10 µL of either spermidine (positive control) or CDs were added, and the mixture was homogenized by pipetting up and down while sonicating for 3 min. The solution was then centrifuged at 3000 RPM for 30 s. The supernatant was discarded, and the pellet was resuspended in 180 µL of absolute ethanol. The solution was centrifuged again at 3000 RPM for 30 s, the supernatant was removed, and the pellet was resuspended in 45 µL of absolute ethanol and stored at −20°C until bombardment.
For plasmid delivery into onion epidermal cells, fresh onions were cut into quarters, and sections of the epidermis (≥3 × 3 cm) were prepared and placed on water agar medium. The CDs/plasmid DNA coated tungsten particles were retrieved from −20°C, and 15 µL of the suspension was spread on the center of the carrier disk while sonicating. The carrier was then air-dried to facilitate the evaporation of ethanol. Bombardment was performed using a BioRad gene gun (Model PDS-1000/He Biolistic Particle Delivery System), following the protocol by Li et al. (2000).
After bombardment, the onion tissues were incubated in the dark at room temperature for 48 h. The epidermal strips were then peeled off using sterile forceps, laid on a slide, and the expression of reporter genes was examined using confocal microscopy and mean fluorescence intensity was analyzed using ImageJ software version 1.8.0. Statistical analysis, including ANOVA and Tukey’s test, was conducted using a custom Python script in Google Colaboratory (https://colab.research.google.com/). Categories with statistically significant differences (P < 0.05) were indicated with distinct letters.
CDs-plasmid DNA delivery into soybean embryos using biolistic method
In this experiment, Williams 82 soybean seeds were surface sterilized using 30% bleach and 0.01% Triton-X for 15 min, followed by three washes with sterile distilled water. After sterilization, the seeds were incubated in sterile distilled water at room temperature overnight in a conical flask. Following incubation, the soybean embryos were separated from the cotyledons using sterile micro forceps and a stainless-steel blade and transferred to bombardment media consisting of Murashige and Skoog salt, 3% sucrose, and 0.5% agar, adjusted to a final pH of 5.7 (Figure 2C).
The preparation of CDs/plasmid DNA-coated tungsten particles and bombardment was performed similar to the previous experiment (Li et al., 2000) (Figures 2D, E). Immediately after bombardment, the embryos were transferred to shoot induction media containing Murashige and Skoog salt, 22.2 mM BAP, 3% sucrose, and 0.5% agar, with a final pH of 5.7, and incubated in the dark for 24 h. Subsequently, the embryos were transferred to the culture media containing Murashige and Skoog salt, 3% sucrose, and agar, supplemented with kanamycin and 5 mg/L silver nitrate. After 7 days, the embryos were removed from the media, and a GUS gene expression assay was performed using the protocol established by Jefferson (1987). The embryos were then kept in a 95% ethanol solution overnight to remove chlorophyll, followed by transient GUS expression analysis using a stereo microscope.
RESULTS AND DISCUSSION
CDs were synthesized in a one-pot method using microwave-assisted synthesis, with citric acid as the carbon source and β-alanine, an amino acid derivative, as the passivating agent to minimize phytotoxicity. The pH of the buffer used during the synthesis played a critical role in determining the effectiveness of gene delivery. CDs synthesized at lower pH levels (pH 3–5) demonstrated superior gene delivery efficacy compared to those synthesized at higher pH levels (Pandey et al., 2021). This enhanced efficacy can be attributed to differences in the size and density of oxygen-containing functional groups, such as hydroxyl (-OH), carboxyl (-COOH), and carbonyl (C=O), on the surface of the CDs (Wongso et al., 2019). At lower pH, the synthesis environment promotes the formation of a higher density of these functional groups, which catalyze the carbonization process by effectively fragmenting larger precursor molecules into smaller clusters (Ehtesabi et al., 2020). This prevents the formation of larger carbonaceous structures, resulting in smaller CDs. Additionally, the abundant functional groups improve the solubility and stabilization of the smaller CDs in the synthesis medium, preventing aggregation of CDs and maintaining their actual size (Mansuriya and Altintas, 2021), which is critical for efficient conjugation with plasmid DNA.
Smaller CDs possess better penetration capabilities in comparison to their larger counterparts synthesized at higher pH levels (Jung et al., 2015; Wongso et al., 2019; Zhang et al., 2020). Furthermore, synthesizing CDs at lower pH levels facilitates the protonation of hydroxyl groups (-OH) on their surface, reducing the negative charge. This reduction in surface charge minimizes the electrostatic repulsion between the negatively charged plasmid DNA and the CDs, thereby increasing the binding efficiency of the plasmid DNA with the carbon dots.
Following the synthesis of carbon dots, their characterization was carried out to investigate their photoluminescent properties. The analysis revealed two distinct absorption peaks at 280 nm and 342 nm (Figure 3A) (Kim et al., 2014; Choi et al., 2014). The peak observed at 280 nm is indicative of the presence of an aromatic system within the carbon dots, signifying the existence of an sp2 carbon network. Meanwhile, the peak at 342 nm corresponds to the n–π* electronic transition of carbonyl functional groups presents on the surface of the synthesized carbon dots (Mewada et al., 2014). The fluorescence characterization of the carbon dots revealed a maximum emission wavelength at 453 nm when excited at 364 nm, which aligns with common characteristics reported for carbon dots in previous studies (Figure 3B) (Carbonaro et al., 2018). Additionally, quantum yield analysis was conducted using Rhodamine B as a reference. The results of this analysis determined the quantum yield of carbon dots to be 18.75% (Pandiyan et al., 2020). The FTIR spectra of the synthesized carbon dots were obtained from a liquid sample to analyze the surface characteristics and functional groups present in the material (Figure 3C). The FTIR analysis revealed several significant peaks. A prominent peak at 2,937 cm⁻1 was assigned to C-H stretching vibrations, characteristic of the alkane group. The peak at 1,401 cm⁻1, corresponding to C-N stretching, is particularly notable as it indicates the successful passivation of the carbon dots with beta-alanine. Furthermore, a peak at 1,690 cm⁻1, attributed to C=O stretching, suggests the presence of ketone groups. Another peak at 1,101 cm⁻1 was identified, corresponding to C-O stretching vibrations related to the stereochemistry of the carbonyl group. These findings collectively confirm the successful synthesis and passivation of carbon dots with beta-alanine (Pandey et al., 2021; Jung et al., 2015). Recent studies have shown that nanoparticles with diameters up to 50 nm are capable of permeating plant cell walls, although the exact mechanisms underlying this process remain unclear (Wang et al., 2016; Schwab et al., 2016). Furthermore, research has suggested that nanomaterials with sizes around 20 nm can be successfully internalized in plant species such as tobacco, wheat, and cotton (Demirer et al., 2019a; Giraldo et al., 2014). To evaluate the particle size of the synthesized carbon dots, which is a critical parameter for their application in gene delivery, STEM and TEM imaging were performed. The analysis revealed a particle size distribution ranging from approximately 5 nm–20.2 nm, with an average size of 13.5 ± 5.6 nm, based on measurements of 266 individual particles, which is similar to the carbon dots reported by (Meloni et al., 2022; Zhang et al., 2018; Pandiyan et al., 2020; Pan et al., 2020). These findings indicate that carbon dots with this size range are likely capable of bypassing plant cell wall barriers. Most of the carbon dots exhibited a spherical morphology, confirming the successful synthesis of zero-dimensional (0D) structures. However, occasional observations of layered carbon structures resembling two-dimensional (2D) graphene sheets were also noted (Figure 4A). Selected Area Electron Diffraction (SAED) patterns revealed bright spots, indicating the crystalline nature of the synthesized particles. The SAED patterns displayed distinct hexagonal symmetry, characterized by bright diffraction spots and rings. These features are hallmark indicators of graphitic materials, reflecting the crystalline arrangement of sp2-hybridized carbon atoms. The observed hexagonal symmetry strongly indicate that the primary structural component of the synthesized carbon dots is sp2-hybridized carbon, consistent with the typical properties of graphitic domains.
[image: Figure 3]FIGURE 3 | (A) Absorption spectrum of the synthesized CDs, displaying prominent peaks at 280 nm and 342 nm. (B) Fluorescence spectra of the synthesized CDs, including excitation and emission spectra. (C) FTIR spectrum illustrating the functional groups present in the Citric acid/β-alanine-derived carbon dots.
[image: Figure 4]FIGURE 4 | (A) High-resolution transmission electron microscopy (HRTEM) and Dark-field scanning transmission electron microscopy (STEM) images of carbon dots. (B) Zeta-potential of carbon dots (CDs), plasmid DNA (pDNA) and the complex of carbon dots and plasmid DNA (Complex).
To evaluate the surface electric charge of the synthesized CDs, zeta potential analysis was performed. The CDs exhibited a zeta potential of −5.76 ± 4.14 mV, indicating a slightly negative surface charge. This negative charge is attributed to the presence of two negatively charged functional groups, specifically C=O and C-O, on the surface. Additionally, this negative surface charge contributes to the colloidal stability of the CDs. To assess the ability of the CDs to conjugate with plasmid DNA, a critical step in the gene delivery process, the plasmid DNA was mixed with the CDs and incubated at 37°C for 30 min. Zeta potential analysis of the mixture, containing plasmid DNA with an initial zeta potential of −27 ± 4.3 mV and CDs, revealed a significant decrease in the zeta potential to −19.2 ± 4.14 mV (Figure 4B). This change confirms the successful interaction between the negatively charged phosphate backbone of the plasmid DNA and the surface of the CDs, which contains positively charged amine groups introduced during the passivation process with β-alanine. This interaction results in the amine groups neutralizing part of the negatively charged DNA phosphate groups, leading to the observed reduction in zeta potential. The decrease in zeta potential provides strong evidence of effective electrostatic interaction and conjugation between the negatively charged plasmid DNA and the surface of the CDs, which is crucial for their potential application in gene delivery systems. These findings align with studies showing that negatively charged nanoparticles, such as nanohydroxyapatites functionalized with arginine, can successfully bind plasmid DNA and achieve gene delivery due to amine groups introduced by arginine (Izuegbunam et al., 2021). Similarly, negatively charged carbon dots have been shown to bind plasmid DNA and deliver genes effectively, facilitated by amine functionalization (Pandey et al., 2021). Recent studies have shown that negatively charged CDs can move through plant roots using both symplastic and apoplastic pathways, whereas positively charged CDs mainly use the apoplastic pathway. Negatively charged CDs were also found to move more efficiently from roots to leaves compared to positively charged ones. This indicates that a negative charge can improve the delivery efficiency of CDs in plants. As a result, negatively charged CDs complexed with plasmid DNA, with overall negative charge, offer a promising approach for effective gene delivery into plant tissues (Chen et al., 2024). To further assess the capacity of the synthesized CDs to load plasmid DNA, a binding efficiency investigation was conducted using various concentrations of CDs. CDs at concentrations of 9.5 μg/μL, 6.3 μg/μL, and 4.75 μg/μL were mixed with plasmid DNA and incubated for 30 min at 37°C. The CDs-plasmid DNA complexes and a negative control (naked DNA) were then subjected to agarose gel electrophoresis at 85 V for 60 min, and the results were visualized using ultraviolet irradiation. The delay in the movement of the complex compared to plasmid DNA on the gel was attributed to its lower negative charge and higher molecular weight, as the complex consists of both plasmid DNA and carbon dots. This also resulted in the appearance of larger bands in the lanes containing the CDs-plasmid DNA mixture. The darker bands observed in the assay compared to the negative control were attributed to the fluorescent properties of the CDs. This was confirmed by exposing the complex mixtures and naked pDNA to UV light without adding loading dye, where significant fluorescence was observed in the complex mixtures, but not in the pDNA, confirming the fluorescence property of the CDs (Figure 5A). After adding loading dye, fluorescence was observed in all the tubes. However, the complex showed significantly higher intensity due to the combined fluorescence properties of the CDs and the loading dye, whereas the fluorescence in pDNA was solely due to the loading dye (Figure 5B). Hence, the delay in the movement of the complex and the appearance of larger and darker bands compared to plasmid DNA confirm the efficient binding of plasmid DNA with CDs, aligning with the findings of the zeta potential studies (Figure 5C). Our hypothesis for this study was that the positively charged amine groups on the surface of CDs would electrostatically interact with the negatively charged plasmid DNA, thereby facilitating its passage through the plant cell wall and membrane to ultimately reach the cytosol. In the cytosol, the plasmid DNA could either detach and enter the nucleus and chloroplast independently or be transported by the CDs across the membranes to initiate gene expression (Figure 5D).
[image: Figure 5]FIGURE 5 | (A) Assessment of the fluorescent properties of CDs compared to plasmid DNA without loading dye. (B) Assessment of the fluorescent properties of CDs compared to plasmid DNA with loading dye. (C) Binding analysis of Carbon Dots (CDs) to plasmid DNA. Agarose gel electrophoresis showing naked plasmid DNA (Lane 1) and CDs/DNA complexes at different concentrations of CDs: 4.75 μg/μL (CD1), 6.3 μg/μL (CD2), and 9.5 μg/μL (CD3) in Lanes 2 to 4, respectively. (D) Mechanism of internalization of the CDs/plasmid DNA complex into plant cells and the subsequent transient gene expression involves several steps. Upon application of the CDs/plasmid DNA complex through various insertion techniques such as infiltration, passive diffusion, or particle bombardment. The CDs/plasmid DNA complex passes through the plant cell wall and membrane to ultimately reach the cytosol. In the cytosol, the plasmid DNA could either detach and enter the chloroplast and nucleus independently or be transported by the CDs across the membranes to initiate gene expression.
To investigate whether the synthesized CDs can internalize into plant tissues, we applied 10 µL of CDs onto sections of onion epidermis. After a 20 min incubation at room temperature, we conducted a confocal microscopy analysis using excitation wavelength of 370 nm and emission wavelength 450 nm to confirm the internalization of CDs into the epidermal cells. The appearance of blue, fluorescent signals during confocal microscopy revealed significant internalization of the CDs into the onion epidermal cells within the 20 min incubation period (Figure 6A), whereas the signal was absent under the control condition (Figure 6B). To assess the phytotoxicity of the synthesized carbon dots, onion epidermal samples were treated with carbon dots at a concentration of 19 mg/mL, consistent with the concentration used for internalization studies. The samples were incubated in the dark for 48 h. Following incubation, the cells were stained with propidium iodide (PI) and fluorescein diacetate (FDA) to evaluate cell viability. PI selectively binds to the DNA of dead cells, emitting red fluorescence, while FDA is enzymatically converted into the green fluorescent compound fluorescein by the esterase activity of viable cells, indicating cell viability (Jones et al., 2016). Confocal microscopy showed that most onion epidermal cells remained viable, with no signs of cell death after treatment (Figure 6C). These results were similar to the control group treated with sterile water, indicating that the carbon dots had no toxic effects on the cells (Figure 6D). These findings are consistent with previous reports indicating that carbon dots do not cause adverse effects on plant cells (Wang et al., 2020). Onion epidermal cells, known for their high sensitivity, exhibited no toxic effects when exposed to the carbon dots. In comparison, other plant tissues, being more structurally robust, are not expected to exhibit toxicity. These findings indicate that carbon dots are safe and suitable for use as carriers in gene delivery applications for plant tissues. To ensure that the synthesized CDs can act as selective plasmid DNA carriers in intact canola leaves, leading to transient expression of the RUBY reporter gene, we mixed the CDs with plasmid DNA containing the RUBY reporter gene at a final concentration of 30 ng/μL. This mixture was incubated for 30 min at 37°C to form a complex. The CDs-plasmid DNA complex was then infiltrated into 21 day-old canola leaves using a needleless syringe.
[image: Figure 6]FIGURE 6 | (A) The confirmation of internalization of CDs (Indicated by the arrows) into onion epidermal cells was achieved through confocal imaging the epidermal cells after they were sprayed with CDs and incubated at room temperature for 20 min (scale bar = 10 μm). (B) Absence of blue fluorescent signals in onion epidermal cells sprayed with sterile water and incubated at room temperature for 20 min (Control) (scale bar = 10 μm). Assessment of the phytotoxic effects of carbon dots on onion epidermal cells using PI and FDA staining. (C) Confocal image of the epidermal cells after treatment with carbon dots and incubation at room temperature for 48 h (scale bar = 100 μm). (D) Confocal image of the epidermal cells after treatment with sterile water and incubation at room temperature for 48 h (scale bar = 100 μm).
Following the infiltration, the leaves exhibited a clearly visible slight pinkish coloration after 7 days, indicating the expression of the RUBY gene in the infiltrated intact canola leaves (Figure 7A), whereas the same coloration was not noticed in the case of control condition where the leaf was injected with plasmid DNA alone (Figure 7C). To further confirm the expression of the RUBY gene within the cells, microscopy analysis was performed, revealing a vibrant purple coloration in the epidermis, consistent with previous findings (Jogam et al., 2024). This observation confirms the accumulation of betalain in the epidermis. Notably, betalain accumulation was detected in approximately 34.5% of the epidermal cells, indicating partial but significant gene expression within the tissue. (Figure 7B). This investigation demonstrates the effectiveness of our carbon dots in delivering plasmid DNA into leaf tissues via the infiltration technique, thereby facilitating functional DNA insertion. Additionally, it suggests that these carbon dots can be employed in other plant species for delivering functional DNA using the same infiltration technique. Syringe infiltration is a versatile technique widely used in plant genetic engineering. It facilitates the rapid assessment of transient gene expression, evaluation of gene knockdown efficiency using siRNA and dsRNA either alone or in combination with nanocarriers and gene knockout using CRISPR technologies (Přibylová et al., 2022). The use of siRNA or dsRNA for knocking down genes of interest in disease and pest management has been shown to be significantly more efficient when applied using nanoparticles as carriers, as they increase stability compared to their naked application. This makes syringe infiltration a valuable tool, regardless of the type of carrier employed (Lei et al., 2020). Hence, the synthesized CDs can be used in such applications to further advance plant protection and plant genetic engineering.
[image: Figure 7]FIGURE 7 | Delivery of CDs/plasmid DNA containing the RUBY reporter gene into intact canola leaves through infiltration. (A) Intact canola leaves were infiltrated with a 30 ng/μL CDs/plasmid DNA (RUBY) complex using a needleless syringe. The phenotypic expression of the RUBY gene (indicated by the white arrow) is visible in the leaf after 7 days of infiltration. (B) The expression of the ruby red gene in canola leaf cells was further confirmed through microscopy analysis (scale bar = 25 μm). (C) The absence of RUBY gene expression in canola leaf which is injected with plasmid DNA alone.
After that, we investigated the potential of synthesized CDs as carriers for functional DNA into root cells. Plant cell walls are traditionally regarded as barriers to biomolecule transport, with a reported size exclusion limit of approximately 5–20 nm (Cunningham et al., 2018). Despite this, recent studies have demonstrated that nanoparticles with diameters of up to 50 nm can penetrate cell walls, though the mechanisms underlying this process remain unclear (Wang et al., 2016; Schwab et al., 2016). Notably, nanoparticles with sizes around 20 nm have been successfully internalized in tobacco, wheat, and cotton plants (Demirer et al., 2019a). Furthermore, negatively charged carbon dots have shown superior effectiveness in reaching the roots of cucumber and cotton plants compared to positively charged CDs. Additionally, negatively charged CDs exhibit more efficient translocation from roots to leaves in cucumber and cotton, highlighting their potential for enhanced delivery efficiency in plants. We hypothesized that CDs with a diameter of 13.5 nm could bypass this barrier and facilitate the internalization of plasmid DNA containing the sfGFP reporter gene into root cells without the need for external agents like gene guns or ultrasound. Soybean seeds were germinated on germination paper until they reached a root length of 3–4 cm. To prepare the DNA delivery system, CDs were mixed with plasmid DNA containing the GFP reporter gene to a final concentration of 30 ng/μL and incubated at 37°C for 30 min. The soybean cotyledons with roots were then incubated in the CDs/plasmid DNA conjugate solution for 24 h. Confocal microscopy analysis of the demonstrated the expression of transient GFP inside the root cells and cytoplasm (Figures 8A,B), suggesting that our CDs successfully delivered the plasmid DNA into root cells and facilitated subsequent gene expression via a cellular uptake mechanism, whereas the absence of GFP gene expression was observed in the control conditions (Figures 8C, D). The expression of the reporter gene was quantified by measuring mean fluorescence intensity resulting from the delivery of the plasmid using CDs as a carrier compared to plasmid delivery without a carrier. The results showed a mean fluorescence intensity of GFP in root cells of 78.92 ± 4.17, while GFP expression was completely absent under the control condition (Figure 8E). This study highlights the effectiveness of CDs as carriers for DNA delivery into plant root cells. Hence, these carbon dots can be utilized for the delivery of various gene-editing constructs, such as siRNA, dsRNA, and CRISPR constructs, through passive diffusion mechanisms via root feeding. The negatively charged carbon dots have demonstrated the capability to efficiently translocate from the roots to various parts of the plant (Chen et al., 2024). Therefore, the synthesized carbon dots present a promising option as carriers for gene knockout or knockdown applications, targeting genes with significant expression in different parts of the plant through root feeding.
[image: Figure 8]FIGURE 8 | Delivery of CDs-sfGFP into soybean root cells and protoplast was achieved by incubating them in a CDs-sfGFP complex for 24 h and subsequent expression analysis via confocal imaging. (A) Transient GFP reporter gene expression was observed in the soybean root cells after incubation in a 30 ng/μL CDs-sfGFP complex solution for 24 h (scale bar = 25 μm). (B) The merged image shows GFP expression and the internalization of carbon dots into root cell (scale bar = 25 μm). (C) Absence of transient GFP reporter gene expression in the soybean root cells after incubation in a solution containing plasmid DNA alone for 24 h (scale bar = 25 μm). (D) The internalization of carbon dots into root cell after incubation in a CDs solution alone for 24 h (scale bar = 25 μm). (E) Graph representing the mean fluorescence fntensity of GFP in root cells, where the plasmid was delivered using CDs as carrier (sfGFP_CDs) and without CDs as a carrier (Control). Different letters indicate significant differences between treatments (P < 0.0001). (F) Absence of transient expression of GFP fusion proteins in isolated soybean protoplasts and chloroplast, after incubation in the solution containing plasmid DNA alone (Scale bar = 5 μm). (G) Transient expression of GFP fusion proteins in isolated soybean protoplasts (Scale bar = 5 μm) (H) Transient expression of GFP fusion protein in chloroplast, images showing GFP and chlorophyll autofluorescence, indicative of fluorescent expression, along with merged and bright field images, are provided (Scale bar = 5 μm). (I) Graph representing the mean fluorescence intensity of GFP in protoplast, where the plasmid was delivered using CDs as a carrier (sfGFP_CDs) and without CDs as a carrier (Control). Different letters indicate significant differences between treatments (P < 0.0001).
In this next investigation, we aimed to demonstrate the delivery of DNA into protoplast and chloroplasts, subsequent transient expression of reporter genes using manufactured CDs as carriers for plasmid DNA. We obtained soybean mesophyll protoplasts from 21 day-old soybean plants through an enzymatic digestion technique. The CDs were mixed with plasmid DNA containing the GFP reporter gene and incubated at 37°C for 30 min to facilitate binding. Subsequently, the protoplasts were cultured with the CDs-plasmid DNA complex for 24 h in a dark environment at room temperature. Confocal microscopy analysis following the incubation period showed that the CDs-plasmid DNA conjugate had penetrated the protoplasts and chloroplast membranes, localizing within the chloroplasts (Figure 8G). This was confirmed by monitoring the autofluorescence of chlorophyll and the combined image of GFP expression and chlorophyll autofluorescence, which exhibited the complete co-localization of GFP and the chloroplasts (Figure 8H). Absence of transient expression of GFP fusion proteins was noticed in the isolated soybean protoplasts and chloroplasts following incubation with the solution containing plasmid DNA alone (Figure 8F). The expression of the reporter gene was quantified by measuring mean fluorescence intensity following plasmid delivery with CDs as a carrier and without a carrier. In protoplasts, the mean fluorescence intensity of GFP was 83.9 ± 5.03, whereas no GFP expression was detected in the control condition where no carrier was used (Figure 9I). Therefore, our CDs-mediated functional DNA delivery system allows for the quick and passive diffusion of plasmid DNA into protoplasts, resulting in efficient transgenic expression without any noticeable negative impact on protoplast viability. This study demonstrates the potential of CDs as effective carriers for functional DNA delivery into chloroplasts.
[image: Figure 9]FIGURE 9 | Confocal microscopy images of the epidermal cells of onion, which were bombarded with CDs/plasmid DNA coated microparticles and spermidine/plasmid DNA coated microparticles. (A) Fluorescence field, bright field, and merged field images of onion epidermal cells 48 h after bombardment with CDs/plasmid DNA-coated microparticles and spermidine (SPDS)/plasmid DNA-coated microparticles. The expression of the sfGFP reporter gene (4 kb) was observed (scale bar = 100 μm). (B) Fluorescence field, bright field, and merged field images of onion epidermal cells 48 h after bombardment with CDs and spermidine as DNA carriers, showing the expression of the dsRED reporter gene (11 kb) in the onion epidermal cells (scale bar = 100 μm). (C) Fluorescence field, bright field, and merged field images of onion epidermal cells 48 h after bombardment with CDs and spermidine as DNA carriers, showing the expression of the CRISPR construct (17 kb) in the onion epidermal cells (scale bar = 100 μm). (D) Absence of fluorescent signals in onion epidermal cells where neither spermidine nor carbon dots were used as binding agents to coat the DNA with tungsten particles before bombardment into the epidermal cells (Control). (E) Graph representing the mean fluorescence intensity of sfGFP reporter gene in epidermal cells, where the plasmid was delivered using CDs (sfGFP_CDs), spermidine (sfGFP_SPD) as binding agents, and without a binding agent (control). Different letters indicate significant differences between treatments (P < 0.0001). (F) Graph representing the mean fluorescence intensity of dsRED reporter gene in epidermal cells, where the plasmid was delivered using CDs (dsRED_CDs), spermidine (dsRED _SPD) as binding agents, and without a binding agent (control). Different letters indicate significant differences between treatments (P < 0.0001). (G) Graph representing the mean fluorescence intensity of pTSU-GFP reporter gene in epidermal cells, where the plasmid was delivered using CDs (pTSU-GFP _CDs), spermidine (pTSU-GFP _SPD) as binding agents, and without a binding agent (control). Different letters indicate significant differences between treatments (P < 0.0001).
To explore the potential of carbon dots as a substitute for spermidine in plant genetic engineering, we investigated their ability to facilitate the binding of negatively charged DNA with negatively charged tungsten microcarriers. Furthermore, we aimed to determine the maximum plasmid size that could be introduced into plant tissues using these CDs. This study focused on testing plasmids of varying sizes, including 35Sp_sfGFP_nosT (4 kb), pPSU1-dsRED (11 kb), and a CRISPR construct, pTSU-GFP (17 kb), to evaluate the versatility and efficiency of CDs in DNA delivery.
The experiment began with the preparation of onion epidermal sections measuring ≥3 × 3 cm, which were placed on water agar medium. Tungsten microparticles were coated with plasmid DNA and CDs, or alternatively with plasmid DNA and spermidine, to serve as the delivery vehicles. These prepared microcarriers were then bombarded into the onion epidermal cells. Following the bombardment, the samples were incubated in the dark at room temperature for 48 h. After incubation, confocal microscopy was used to analyze the expression of the plasmids in the epidermal cells. Microscopy analysis revealed the expression of reporter genes, such as sfGFP in both CDs and spermidine (Figure 9A), DsRed in CDs and spermidine (Figure 9B), and pTSU-GFP in both CDs and spermidine (Figure 9C). And the absence of gene expression was observed in the control group, where neither carbon dots nor spermidine were used as binding agents between the DNA and tungsten particles (Figure 9D). The expression of the reporter gene was quantified by measuring fluorescence resulting from plasmid delivery using CDs and spermidine as binding agents, compared to delivery without a binding agent. For the smallest plasmid, 35Sp_sfGFP_nosT (4 kb), the mean fluorescence intensity was significantly higher with CDs (70.15 ± 4.86) compared to spermidine (61.2 ± 4.32) (Figure 9E). Similarly, for the medium-sized plasmid, pPSU1-dsRED (11 kb), CDs achieved a mean fluorescence intensity of 75.8 ± 6.44, exceeding that of spermidine (66.3 ± 4.5) (Figure 9F). Notably, the largest plasmid, pTSU-GFP (17 kb), also demonstrated enhanced expression with CDs (73.85 ± 6.06) compared to spermidine (58.4 ± 3.9) (Figure 9G). Overall, this study demonstrates that carbon dots are a highly effective alternative to spermidine for DNA delivery in plant tissues. However, this study focuses solely on plasmid DNA delivery and does not evaluate gene editing or gene knockdown efficiency. While CDs have shown significant promise in facilitating DNA binding and delivery with higher fluorescence intensity compared to spermidine, these findings only confirm their potential as an alternative for plasmid delivery, not their overall efficiency in other applications. To establish their efficacy as a reliable replacement for spermidine, further research is necessary to assess their performance in gene editing and gene knockdown techniques. In conclusion, this study demonstrates that CDs synthesized using citric acid and β-alanine are a highly effective alternative to spermidine for DNA delivery in plant tissues. The results indicate that these CDs can effectively deliver plasmids up to 17 kb, including CRISPR constructs, into plant tissues. This highlights the potential of rapidly synthesized and cost-effective CDs as DNA carriers. Their ability to successfully bind plasmid DNA onto tungsten microcarriers makes them a promising tool for applications in both plant and animal science research.
However, this study focuses solely on plasmid DNA delivery and does not evaluate gene editing or gene knockdown efficiency. While the findings confirm that CDs can replace spermidine as DNA carriers, they do not establish their overall efficiency in other applications. Spermidine, though effective, is costly and challenging to synthesize in standard laboratories. CDs, therefore, offer a practical and accessible alternative. To fully validate their efficiency and utility, further studies are needed to explore their performance in gene editing and gene knockdown applications.
In the next investigation, we aimed to assess the potential of CDs for gene delivery into soybean embryos using a biolistic delivery system. This study employed genetic transformation via nanoparticle-mediated particle bombardment of soybean, coupled with a regeneration system utilizing embryogenic axes. The selection of explants was based on their straightforward extraction process from overnight-soaked soybean seeds and the high proliferation rate of meristems, which resulted in rapid shoot regeneration (Liu et al., 2004).
For this purpose, soybean embryos were initially extracted from William 82 seeds. Tungsten microparticle-coated plasmid DNA/CDs were prepared and bombarded into the soybean embryos following a previously established protocol. The bombarded embryos were placed in shoot induction media for 24 h in the dark and subsequently transferred to a culture medium for 7 days. Following this period, the regeneration efficiency of the explants remained consistent between the CDs and spermidine treatments, indicating that carbon dots do not influence the regeneration efficiency, either positively or negatively, compared to spermidine, which has already been demonstrated to be safe with no adverse impact. To evaluate the gene expression in cultured embryos, histochemical analysis was performed, followed by an overnight treatment with 95% ethanol to remove chlorophyll. The embryos were subsequently imaged using a stereo microscope for detailed examination. Microscopy analysis revealed increased GUS expression in 20% of embryos bombarded with carbon dot-mediated delivery compared to spermidine condition (Figures 10B, C), whereas the absence of GUS gene expression was observed in the control group, where neither carbon dots nor spermidine were used as binding agents between the DNA and tungsten particles (Figure 10A). Compared to plant species like tobacco, wheat, and rice, soybeans exhibit significantly lower transformation efficiency and transgenic line production capabilities. However, the enhanced detection of GUS expression in 20% of developing soybean embryos highlights the potential of carbon CDs to deliver genetic material and achieve stable genetic transformation in reproductive tissues. Future optimizations in the transformation protocol, along with the use of plasmids containing desirable promoters for delivering gene-editing constructs, could substantially improve transformation efficiency in soybeans. The enhanced detection of GUS expression in the developing soybean embryos demonstrated the capability of CDs to deliver genetic material and achieve stable genetic transformation in reproductive tissues. The outcome of this experiment clearly illustrated that CDs can be used as an effective replacement for spermidine as a DNA carrier to bind plasmid DNA onto tungsten microcarriers. The special surface properties of CDs, such as the presence of various functional groups, enhance their interaction with plant cell membranes. This, in turn, has the potential to improve the absorption and incorporation of DNA into the plant genome compared to spermidine.
[image: Figure 10]FIGURE 10 | (A) Absence of GUS gene expression in soybean embryos where neither spermidine nor carbon dots were used as binding agents to coat the DNA with tungsten particles prior to bombardment. (B) GUS expression in soybean embryos following positive control spermidine-mediated gene delivery, with arrows indicating regions of GUS reporter gene expression. (C) GUS expression in soybean embryos following carbon dot-mediated gene delivery, with arrows indicating regions of GUS reporter gene expression.
CONCLUSION
We have demonstrated the potential of citric acid/β-alanine carbon dots as innovative nanocarriers for delivering functional DNA into various plant tissues. This study evaluated and confirmed the plasmid DNA binding efficiency of our carbon dots, a crucial factor to consider before initiating gene delivery experiments. Additionally, we showed the capability of CDs to internalize into onion epidermal cells, thereby proving their ability to penetrate plant tissues. In our investigation of carbon dot-mediated plasmid DNA delivery, we demonstrated that CDs could act as effective DNA carriers for delivering functional DNA into diverse plant tissues, including leaves, protoplasts, root cells, embryos, and epidermal cells. Various gene insertion techniques were employed, such as infiltration, passive diffusion, cellular uptake, and particle bombardment using a gene gun. Furthermore, we established that CDs could serve as an alternative to spermidine for binding plasmid DNA to tungsten microparticles during particle bombardment experiments. We also showcased the efficiency of our CDs in delivering plasmids up to 17 kb in size, including CRISPR constructs, into plant tissues. Overall, we demonstrated the rapid synthesis and cost-effectiveness of carbon dots, which can be prepared in approximately 5 minutes using only 1 g of citric acid, 0.9 g of β-alanine, and a microwave, which are commonly available in laboratories. The minimum preparation volume of these CDs is 10 mL, and only a few microliters are required per plasmid delivery experiment. These carbon dots can be stored at room temperature and used for future experiments by vortexing and sonicating for 30 s before use. Since the carbon dot synthesis method is straightforward, low-cost, rapid, and requires minimal reaction conditions, it offers significant advantages for large-scale production. Additionally, this method does not require specialized instruments for preparation, making it accessible and cost-effective. Unlike other methods that rely on functionalization with potentially risky agents such as polyethyleneimine (PEI) in some conditions, this approach avoids such concerns, ensuring a safer synthesis process. Further research is required to determine the maximum plasmid size that can be effectively delivered using these carbon dots. Additionally, it is essential to assess the potential application of these carbon dots as DNA carriers in CRISPR-Cas9-mediated gene editing experiments and for the delivery of double-stranded RNA (dsRNA) and small interfering RNA (siRNA) for gene knockdown in different plant tissues using different insertion techniques to evaluate whether the CDs show any preference for specific plant tissues or cell types and gene insertion method in different crop species.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
KS: Data curation, Formal Analysis, Methodology, Validation, Visualization, Writing–original draft, Writing–review and editing. SM: Conceptualization, Investigation, Validation, Visualization, Writing–original draft, Writing–review and editing. ZY: Writing–original draft, Writing–review and editing, Conceptualization, Investigation, Project administration, Validation. VP: Formal Analysis, Methodology, Software, Writing–original draft, Writing–review and editing. RS: Methodology, Writing–original draft, Writing–review and editing, Formal Analysis, Software. KD: Conceptualization, Investigation, Visualization, Writing–original draft, Writing–review and editing, Methodology. AT: Conceptualization, Investigation, Validation, Visualization, Writing–original draft, Writing–review and editing, Funding acquisition, Project administration, Resources.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was supported in part by the intramural research program of the U.S. Department of Agriculture, National Institute of Food and Agriculture, Evans-Allen: 7000916, USDA 1890 Capacity Building Grant: 2023-38821-39803 and the College of Agriculture, TSU.
ACKNOWLEDGMENTS
The authors wish to thank Rakshit (Tennessee State University) for providing FTIR analyser. Peter Prestwich for this assistance.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ali, Z., Serag, M. F., Demirer, G. S., Torre, B., Di Fabrizio, E., Landry, M. P., et al. (2022). DNA–Carbon nanotube binding mode determines the efficiency of carbon nanotube-mediated DNA delivery to intact plants. ACS Appl. Nano Mat. 5, 4663–4676. doi:10.1021/acsanm.1c03482
 Altpeter, F., Springer, N. M., Bartley, L. E., Blechl, A. E., Brutnell, T. P., Citovsky, V., et al. (2016). Advancing crop transformation in the era of genome editing. Plant Cell 28 (7), 1510–1520. doi:10.1105/tpc.16.00196
 Baltes, N. J., Gil-Humanes, J., and Voytas, D. F. (2017). Genome engineering and agriculture: opportunities and challenges. Prog. Mol. Biol. Transl. Sci. 149, 1–26. doi:10.1016/bs.pmbts.2017.03.011
 Bruno, F., Sciortino, A., Buscarino, G., Soriano, M. L., Ríos, Á., Cannas, M., et al. (2021). A comparative study of top-down and bottom-up carbon nanodots and their interaction with mercury ions. Nanomaterials 11, 1265. doi:10.3390/nano11051265
 Carbonaro, C. M., Chiriu, D., Stagi, L., Casula, M. F., Thakkar, S. V., Malfatti, L., et al. (2018). Carbon dots in water and mesoporous matrix: chasing the origin of their photoluminescence. J. Phys. Chem. C 122, 25638–25650. doi:10.1021/acs.jpcc.8b08012
 Chen, L., Zhu, L., Cheng, H., Xu, W., Li, G., Zhang, Y., et al. (2024). Negatively charged carbon dots employed symplastic and apoplastic pathways to enable better plant delivery than positively charged carbon dots. ACS Nano 18, 23154–23167. doi:10.1021/acsnano.4c05362
 Choi, Y., Kim, S., Choi, M., Ryoo, S., Park, J., Min, D., et al. (2014). Highly biocompatible carbon nanodots for simultaneous bioimaging and targeted photodynamic therapy in vitro and in vivo. Adv. Funct. Mater. 24, 5781–5789. doi:10.1002/adfm.201400961
 Cunningham, F. J., Goh, N. S., Demirer, G. S., Matos, J. L., and Landry, M. P. (2018). Nanoparticle-mediated delivery towards advancing plant genetic engineering. Trends Biotechnol. 36 (9), 882–897. doi:10.1016/j.tibtech.2018.03.009
 Daniell, H., Datta, R., Varma, S., Gray, S., and Lee, S.-B. (1998). Containment of herbicide resistance through genetic engineering of the chloroplast genome. Nat. Biotechnol. 16 (4), 345–348. doi:10.1038/nbt0498-345
 Delgado-Martín, J., Delgado-Olidén, A., and Velasco, L. (2022). Carbon dots boost dsRNA delivery in plants and increase local and systemic siRNA production. IJMS 23, 5338. doi:10.3390/ijms23105338
 Demirer, G. S., Zhang, H., Goh, N. S., Chang, R., and Landry, M. P. (2019). Nanotubes effectively deliver siRNA to intact plant cells and protect siRNA against nuclease degradation. BioRxiv 564427. doi:10.1101/564427
 Demirer, G. S., Zhang, H., Matos, J. L., Goh, N. S., Cunningham, F. J., Sung, Y., et al. (2019). High aspect ratio nanomaterials enable delivery of functional genetic material without DNA integration in mature plants. Nat. Nanotechnol. 14 (5), 456–464. doi:10.1038/s41565-019-0382-5
 Dunbar, T., Tsakirpaloglou, N., Septiningsih, E. M., and Thomson, M. J. (2022). Carbon nanotube-mediated plasmid DNA delivery in rice leaves and seeds. IJMS 23, 4081. doi:10.3390/ijms23084081
 Ehtesabi, H., Hallaji, Z., Najafi Nobar, S., and Bagheri, Z. (2020). Carbon dots with pH-responsive fluorescence: a review on synthesis and cell biological applications. Microchim. Acta 187, 150. doi:10.1007/s00604-019-4091-4
 Fadeev, V., Blinkova, O., and Gaponenko, A. (2006). Optimization of biological and physical parameters for biolistic genetic transformation of common wheat (Triticum aestivum L.) using a particle inflow gun. Russ. J. Genet. 42, 402–411. doi:10.1134/S1022795406040077
 Giraldo, J. P., Landry, M. P., Faltermeier, S. M., McNicholas, T. P., Iverson, N. M., Boghossian, A. A., et al. (2014). Plant nanobionics approach to augment photosynthesis and biochemical sensing. Nat. Mater 13, 400–408. doi:10.1038/nmat3890
 Golestanipour, A., Nikkhah, M., Aalami, A., and Hosseinkhani, S. (2018). Gene delivery to tobacco root cells with single-walled carbon nanotubes and cell-penetrating fusogenic peptides. Mol. Biotechnol. 60, 863–878. doi:10.1007/s12033-018-0120-5
 Hamada, H., Linghu, Q., Nagira, Y., Miki, R., Taoka, N., and Imai, R. (2017). An in planta biolistic method for stable wheat transformation. Sci. Rep. 7, 11443. doi:10.1038/s41598-017-11936-0
 Herrera-Estrella, L., Depicker, A., Van Montagu, M., and Schell, J. (1983). Expression of chimaeric genes transferred into plant cells using a Ti-plasmid-derived vector. Nature 303 (5914), 209–213. doi:10.1038/303209a0
 Izuegbunam, C. L., Wijewantha, N., Wone, B., Ariyarathne, M. A., Sereda, G., and Wone, B. W. M. (2021). A nano-biomimetic transformation system enables in planta expression of a reporter gene in mature plants and seeds. Nanoscale Adv. 3, 3240–3250. doi:10.1039/d1na00107h
 Jefferson, R. A. (1987). Assaying chimeric genes in plants: the GUS gene fusion system. Plant Mol. Biol. Rep. 5, 387–405. doi:10.1007/BF02667740
 Jogam, P., Anumula, V., Sandhya, D., Manokari, M., Venkatapuram, A. K., Achary, V. M. M., et al. (2024). Monitoring genetic transformation with RUBY visible reporter in Nicotiana tabaccum L. Plant Cell Tiss. Organ Cult. 157 (1), 23. doi:10.1007/s11240-024-02752-2
 Jones, K., Kim, D. W., Park, J. S., and Khang, C. H. (2016). Live-cell fluorescence imaging to investigate the dynamics of plant cell death during infection by the rice blast fungus Magnaporthe oryzae. BMC Plant Biol. 16, 69. doi:10.1186/s12870-016-0756-x
 Jung, Y. K., Shin, E., and Kim, B.-S. (2015). Cell nucleus-targeting zwitterionic carbon dots. Sci. Rep. 5 (1), 18807. doi:10.1038/srep18807
 Kim, D., Choi, Y., Shin, E., Jung, Y. K., and Kim, B.-S. (2014). Sweet nanodot for biomedical imaging: carbon dot derived from xylitol. RSC Adv. 4, 23210. doi:10.1039/c4ra01723d
 Kwak, S.-Y., Lew, T. T. S., Sweeney, C. J., Koman, V. B., Wong, M. H., Bohmert-Tatarev, K., et al. (2019). Chloroplast-selective gene delivery and expression in planta using chitosan-complexed single-walled carbon nanotube carriers. Nat. Nanotechnol. 14 (5), 447–455. doi:10.1038/s41565-019-0375-4
 Law, S. S. Y., Kuzumoto, M., Fujita, S., Fujigaya, T., and Numata, K. (2024). Carbon nanotubes functionalized with α-aminoisobutyric acid-containing peptide increase gene delivery efficiency in plant mitochondria. Polym. J. 56, 915–924. doi:10.1038/s41428-024-00927-4
 Law, S. S. Y., Liou, G., Nagai, Y., Giménez-Dejoz, J., Tateishi, A., Tsuchiya, K., et al. (2022). Polymer-coated carbon nanotube hybrids with functional peptides for gene delivery into plant mitochondria. Nat. Commun. 13, 2417. doi:10.1038/s41467-022-30185-y
 Lei, W.-X., An, Z.-S., Zhang, B.-H., Wu, Q., Gong, W.-J., Li, J.-M., et al. (2020). Construction of gold-siRNANPR1 nanoparticles for effective and quick silencing of NPR1 in Arabidopsis thaliana. RSC Adv. 10, 19300–19308. doi:10.1039/d0ra02156c
 Li, J., Wang, X.-Q., Watson, M. B., and Assmann, S. M. (2000). Regulation of abscisic acid-induced stomatal closure and anion channels by guard cell AAPK kinase. Science 287 (5451), 300–303. doi:10.1126/science.287.5451.300
 Li, T., Liu, B., Spalding, M. H., Weeks, D. P., and Yang, B. (2012). High-efficiency TALEN-based gene editing produces disease-resistant rice. Nat. Biotechnol. 30 (5), 390–392. doi:10.1038/nbt.2199
 Liu, H.-K., Yang, C., and Wei, Z.-M. (2004). Efficient Agrobacterium tumefaciens-mediated transformation of soybeans using an embryonic tip regeneration system. Planta 219 (6), 1042–1049. doi:10.1007/s00425-004-1310-x
 Liu, J., Nannas, N. J., Fu, F., Shi, J., Aspinwall, B., Parrott, W. A., et al. (2019). Genome-scale sequence disruption following biolistic transformation in rice and maize. Plant Cell 31, 368–383. doi:10.1105/tpc.18.00613
 Liu, W., Rudis, M. R., Cheplick, M. H., Millwood, R. J., Yang, J.-P., Ondzighi-Assoume, C. A., et al. (2020). Lipofection-mediated genome editing using DNA-free delivery of the Cas9/gRNA ribonucleoprotein into plant cells. Plant Cell Rep. 39, 245–257. doi:10.1007/s00299-019-02488-w
 Liu, Y., Wu, H., Chen, H., Liu, Y., He, J., Kang, H., et al. (2015). A gene cluster encoding lectin receptor kinases confers broad-spectrum and durable insect resistance in rice. Nat. Biotechnol. 33 (3), 301–305. doi:10.1038/nbt.3069
 Liu, Y., Yang, F., Jing, X., Liu, X., Wang, G., Jian-Ping, A., et al. (2023). A biomimetic nanoparticle for pDNA delivery and expression in plant cells in a pH-dependent manner. ACS Agric. Sci. Technol. 3, 631–641. doi:10.1021/acsagscitech.3c00068
 Lungwitz, U., Breunig, M., Blunk, T., and Göpferich, A. (2005). Polyethylenimine-based non-viral gene delivery systems. Eur. J. Pharm. Biopharm. 60 (2), 247–266. doi:10.1016/j.ejpb.2004.11.011
 Lv, Z., Guo, Z., Zhang, L., Zhang, F., Jiang, W., Shen, Q., et al. (2019). Interaction of bZIP transcription factor TGA6 with salicylic acid signaling modulates artemisinin biosynthesis in Artemisia annua. J. Exp. Bot. 70 (15), 3969–3979. doi:10.1093/jxb/erz166
 Ma, X., Li, S., Hessel, V., Lin, L., Meskers, S., and Gallucci, F. (2019). Synthesis of luminescent carbon quantum dots by microplasma process. Chem. Eng. Process. - Process Intensif. 140, 29–35. doi:10.1016/j.cep.2019.04.017
 Mahmoud, L. M., Kaur, P., Stanton, D., Grosser, J. W., and Dutt, M. (2022). A cationic lipid mediated CRISPR/Cas9 technique for the production of stable genome edited citrus plants. Plant Methods 18, 33. doi:10.1186/s13007-022-00870-6
 Maliga, P., and Tungsuchat-Huang, T. (2014). “Plastid transformation in nicotiana tabacum and nicotiana sylvestris by biolistic DNA delivery to leaves,” in Chloroplast biotechnology ed . Editor P. Maliga (Totowa, NJ: Humana Press), 147–163. doi:10.1007/978-1-62703-995-6_8
 Mansuriya, B. D., and Altintas, Z. (2021). Carbon dots: classification, properties, synthesis, characterization, and applications in health care—an updated review (2018–2021). Nanomaterials 11, 2525. doi:10.3390/nano11102525
 Martin-Ortigosa, S., Peterson, D. J., Valenstein, J. S., Lin, V. S.-Y., Trewyn, B. G., Lyznik, L. A., et al. (2014). Mesoporous silica nanoparticle-mediated intracellular cre protein delivery for maize genome editing via loxP site excision. Plant Physiol. 164, 537–547. doi:10.1104/pp.113.233650
 Meloni, M., Stagi, L., Sanna, D., Garroni, S., Calvillo, L., Terracina, A., et al. (2022). Harnessing molecular fluorophores in the carbon dots matrix: the case of safranin O. Nanomaterials 12, 2351. doi:10.3390/nano12142351
 Mewada, A., Pandey, S., Thakur, M., Jadhav, D., and Sharon, M. (2014). Swarming carbon dots for folic acid mediated delivery of doxorubicin and biological imaging. J. Mat. Chem. B 2, 698–705. doi:10.1039/C3TB21436B
 Nidhi, S., Anand, U., Oleksak, P., Tripathi, P., Lal, J. A., Thomas, G., et al. (2021). Novel CRISPR-Cas systems: an updated review of the current achievements, applications, and future research perspectives. Int. J. Mol. Sci. 22 (7), 3327. doi:10.3390/ijms22073327
 Ozyigit, I. I. (2020). Gene transfer to plants by electroporation: methods and applications. Mol. Biol. Rep. 47 (4), 3195–3210. doi:10.1007/s11033-020-05343-4
 Pan, N., Okonjo, P. A., Wang, P., Tang, Y., Sun, Y.-P., and Yang, L. (2020). Optical and photodynamic properties of carbon/TiO2 hybrid dots in different nanoscale configurations. Chem. Phys. Lett. 743, 137208. doi:10.1016/j.cplett.2020.137208
 Pandey, A., Devkota, A., Sigdel, A., Yadegari, Z., Dumenyo, K., and Taheri, A. (2021). Citric acid/β-alanine carbon dots as a novel tool for delivery of plasmid DNA into E. coli cells. Sci. Rep. 11 (1), 23964. doi:10.1038/s41598-021-03437-y
 Pandiyan, S., Arumugam, L., Srirengan, S. P., Pitchan, R., Sevugan, P., Kannan, K., et al. (2020). Biocompatible carbon quantum dots derived from sugarcane industrial wastes for effective nonlinear optical behavior and antimicrobial activity applications. ACS Omega 5, 30363–30372. doi:10.1021/acsomega.0c03290
 Pinto, T. D. S., Paula, E. L. D., Mesquita, J. P. D., and Pereira, F. V. (2023). Carbon dots prepared by different bottom-up methods: a study on optical properties and the application as nanoprobes for metal ions detection. Fullerenes, Nanotub. Carbon Nanostructures 31, 641–651. doi:10.1080/1536383X.2023.2198227
 Přibylová, A., Fischer, L., Pyott, D. E., Bassett, A., and Molnar, A. (2022). DNA methylation can alter CRISPR/Cas9 editing frequency and DNA repair outcome in a target- specific manner. New Phytol. 235, 2285–2299. doi:10.1111/nph.18212
 Santana, I., Jeon, S.-J., Kim, H.-I., Islam, M. R., Castillo, C., Garcia, G. F. H., et al. (2022). Targeted carbon nanostructures for chemical and gene delivery to plant chloroplasts. ACS Nano 16, 12156–12173. doi:10.1021/acsnano.2c02714
 Sawant, S. V., Singh, P. K., and Tuli, R. (2000). Pretreatment of microprojectiles to improve the delivery of DNA in plant transformation. BioTechniques 29, 246–248. doi:10.2144/00292bm09
 Schwab, F., Zhai, G., Kern, M., Turner, A., Schnoor, J. L., and Wiesner, M. R. (2016). Barriers, pathways and processes for uptake, translocation and accumulation of nanomaterials in plants–Critical review. Nanotoxicology 10 (3), 257–278. doi:10.3109/17435390.2015.1048326
 Schwartz, S. H., Hendrix, B., Hoffer, P., Sanders, R. A., and Zheng, W. (2020). Carbon dots for efficient small interfering RNA delivery and gene silencing in plants. Plant Physiol. 184 (2), 647–657. doi:10.1104/pp.20.00733
 Si, L., Chen, J., Huang, X., Gong, H., Luo, J., Hou, Q., et al. (2016). OsSPL13 controls grain size in cultivated rice. Nat. Genet. 48 (4), 447–456. doi:10.1038/ng.3518
 Tian, L., and Seguin, A. (2004). Microprojectile particle effect on stable transformation of black spruce via bombardment. Plant Mol. Biol. Rep. 22, 199. doi:10.1007/BF02772729
 Ueki, S., Lacroix, B., Krichevsky, A., Lazarowitz, S. G., and Citovsky, V. (2009). Functional transient genetic transformation of Arabidopsis leaves by biolistic bombardment. Nat. Protoc. 4, 71–77. doi:10.1038/nprot.2008.217
 Wang, B., Huang, J., Zhang, M., Wang, Y., Wang, H., Ma, Y., et al. (2020). Carbon dots enable efficient delivery of functional DNA in plants. ACS Appl. Bio Mat. 3 (12), 8857–8864. doi:10.1021/acsabm.0c01170
 Wang, P., Lombi, E., Zhao, F.-J., and Kopittke, P. M. (2016). Nanotechnology: a new opportunity in plant sciences. Trends Plant Sci. 21, 699–712. doi:10.1016/j.tplants.2016.04.005
 Wang, Y., Li, R., Li, D., Jia, X., Zhou, D., Li, J., et al. (2017). NIP1; 2 is a plasma membrane-localized transporter mediating aluminum uptake, translocation, and tolerance in Arabidopsis. Proc. Natl. Acad. Sci. 114 (19), 5047–5052. doi:10.1073/pnas.1618557114
 Wang, Z., Zhang, Z., Zheng, D., Zhang, T., Li, X., Zhang, C., et al. (2022). Efficient and genotype independent maize transformation using pollen transfected by DNA-coated magnetic nanoparticles. JIPB 64, 1145–1156. doi:10.1111/jipb.13263
 Wang Jun, W. J., Fu AiGen, F. A., Xu Min, X. M., and Wang YuHua, W. Y. (2018). Research progress of gene gun bombardment in genetic transformation. doi:10.5555/20183117175
 Wongso, V., Sambudi, N., Sufian, S., and Abdullah, B. (2019). The effect of pH in the synthesis of carbon quantum dots from rice husk on their photoluminescence properties. IOP Conf. Ser. Earth Environ. Sci. 268, 012087. doi:10.1088/1755-1315/268/1/012087
 Wu, F., and Hanzawa, Y. (2018). A simple method for isolation of soybean protoplasts and application to transient gene expression analyses. JoVE (131), e57258. doi:10.3791/57258
 Yin, K., Gao, C., and Qiu, J.-L. (2017). Progress and prospects in plant genome editing. Nat. Plants 3 (8), 17107–17116. doi:10.1038/nplants.2017.107
 Yoo, S.-D., Cho, Y.-H., and Sheen, J. (2007). Arabidopsis mesophyll protoplasts: a versatile cell system for transient gene expression analysis. Nat. Protoc. 2 (7), 1565–1572. doi:10.1038/nprot.2007.199
 Zeng, J., Wu, Y., Wang, D., Zhang, J., Ma, Z., and Zhou, Z. (1998). Genetic expression in progeny of transgenic plants obtained by using pollen-tube pathway (or delivery) method and approach to the transformation mechanism. Chin. Sci. Bull. 43, 798–803. doi:10.1007/BF03182737
 Zhang, G., Chen, M., Li, L., Xu, Z., Chen, X., Guo, J., et al. (2009). Overexpression of the soybean GmERF3 gene, an AP2/ERF type transcription factor for increased tolerances to salt, drought, and diseases in transgenic tobacco. J. Exp. Bot. 60 (13), 3781–3796. doi:10.1093/jxb/erp214
 Zhang, H., Goh, N. S., Wang, J. W., Pinals, R. L., González-Grandío, E., Demirer, G. S., et al. (2022). Nanoparticle cellular internalization is not required for RNA delivery to mature plant leaves. Nat. Nanotechnol. 17, 197–205. doi:10.1038/s41565-021-01018-8
 Zhang, H., Zhang, H., Demirer, G. S., González-Grandío, E., Fan, C., and Landry, M. P. (2020). Engineering DNA nanostructures for siRNA delivery in plants. Nat. Protoc. 15 (9), 3064–3087. doi:10.1038/s41596-020-0370-0
 Zhang, T., Zhao, F., Li, L., Qi, B., Zhu, D., Lü, J., et al. (2018). Tricolor white-light-emitting carbon dots with multiple-Cores@Shell structure for WLED application. ACS Appl. Mat. Interfaces 10, 19796–19805. doi:10.1021/acsami.8b03529
 Zhao, X., Meng, Z., Wang, Y., Chen, W., Sun, C., Cui, B., et al. (2017). Pollen magnetofection for genetic modification with magnetic nanoparticles as gene carriers. Nat. Plants 3, 956–964. doi:10.1038/s41477-017-0063-z
 Zilony, N., Tzur-Balter, A., Segal, E., and Shefi, O. (2013). Bombarding cancer: biolistic delivery of therapeutics using porous Si carriers. Sci. Rep. 3, 2499. doi:10.1038/srep02499
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Shivashakarappa, Marriboina, Yadegari, Paduri, Sachan, Dumenyo and Taheri. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-13-1542504-g005.gif





OPS/images/fchem-13-1542504-g006.gif





OPS/images/fchem-13-1542504-g003.gif





OPS/images/fchem-13-1542504-g004.gif
i
]

.





OPS/images/fchem-13-1542504-g009.gif





OPS/images/fchem-13-1542504-g007.gif
(A) (é)

)





OPS/images/fchem-13-1542504-g008.gif
®

o





OPS/xhtml/nav.xhtml
Contents

		Cover

		DNA delivery into plant tissues using carbon dots made from citric acid and β-alanine		Introduction

		Materials and methods		Preparation of CDs

		Characterization and evaluation of DNA binding capacity of CDs

		Evaluation of internalization and phytotoxic effects of CDs in plant tissues

		Infiltration of canola leaf tissues with CDs-RUBY

		Delivery of green fluorescent protein (sfGFP)-CDs complex into soybean roots and protoplast by passive diffusion mechanism

		Delivery of plasmids with different sizes into onion epidermal cells using GeneGun

		CDs-plasmid DNA delivery into soybean embryos using biolistic method





		Results and discussion

		Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Generative AI statement

		Publisher’s note

		References









OPS/images/cover.jpg
’ frontiers | Frontiers in Chemistry

DNA delivery into plant tissues
using carbon dots made from
citric acid and p-alanine





OPS/images/fchem-13-1542504-g001.gif
CAmonayite  gigp Step2 Step3

“‘;\K/’Q 19 GA monsycte

g
g e P ——
o L BNSEI, M sk
59 o ML G r 3, oS0l roma
s
s
Steps stops
3
mm\m m‘mgnua . The solution was then

mors wos haledin s dssved i 0mL e by passing
Mirowae o minel el wier(pH ) Drough 2022 m poro
00w sz o





OPS/images/fchem-13-1542504-g002.gif





OPS/images/fchem-13-1542504-t001.jpg
Carrier Species Targeted Insertion Expression Reference
tissues method type
PEI functionalized SWCNT  Nicotiana Leaves Plasmid DNA Syringe infiltration | Transient Demirer et al.
benthamiana (20192)
Eruca sativa
Triticum aestivum
Gossypium hirsutum
Chitosan functionalized Nicotiana tabacum | Leaves Plasmid DNA Syringe infiltration | Transient Kwak et al. (2019)
SWCNT Erucasativa Protoplast Passive diffusion
Nasturtium officinale
Spinacia oleracea
Arabidopsis thaliana
PEI functionalized CDs Oryza Sativa Leaves Plasmid DNA Vacuum infiltration | Transient Wang et al. (2020)
Triticum aestivum Root Passive diffusion
Phaseolus radiatus | Calli Spray method
PEI functionalized CDs Nicotiana Leaves SIRNA Spray method Transient Schwartz et al.
benthamiana (2020)
Solanum lycopersicum
PEI functionalized CDs Cucunmis sativus Leaves dsRNA Spray method Transient Martin et al. (2022)
PEI functionalized SWCNT  Oryza sativa Leaves Plasmid DNA and Syringe Infiltration | Transient Dunbar et al. (2022)
Embryo CRISPR construct Vacuum infiltration
PEI functionalized SWCNT | Arabidopsis thaliana | Leaves Plasmid DNA Spray method Transient Santana et al. (2022)
p-cyclodextrin Arabidopsis thaliana | Leaves Plasmid DNA and Spray method Transient Santana etal. (2022)
functionalized CDs Peptide
Amine functionalized carbon | Nicotiana Leaves Plasmid DNA Syringe infiltration | Transient Liu et al. (2023)
dots benthamiana
Arginine functionalized Nicotiana Roots Plasmid DNA Passive diffusion | Transient Golestanipour et al.
SWCNTs benthamiana (2018)
PEI functionalized SWCNTs  Nicotiana Leaves Plasmid DNA Syringe infiltration | Transient Ali et al. (2022)
benthamiana
Polymer-coated SWCNTSs Arabidopsis thaliana | Seedlings Plasmid DNA Vacuum infiltration | Transient Law et al. (2022)
a-aminoisobutyric acid Arabidopsis thaliana | Seedlings Plasmid DNA Vacuum infiltration | Transient Law et al. (2024)

functionalized CNTs






OPS/images/fchem-13-1542504-g010.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Chemistry





