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The distinctive characteristics and wide-ranging applications of gold nanoparticles (AuNPs) have sparked considerable scientific interest, leading to increased use and a rise in publications and patents. However, their environmental and genotoxic impact remains poorly understood. In this study, we evaluated the genotoxicity and mutagenicity of AuNPs in germinated roots of Vicia faba using three approaches: a comet assay to detect DNA damage, mitotic index analysis, and assessment of chromosomal abnormalities. We observed a reduced mitotic index, increased chromosomal abnormalities, and significant DNA damage in treated samples, indicating genetic alterations and a potential environmental risk. These findings underscore the significance of evaluating the biological effects of AuNPs and demonstrate that single-cell electrophoresis is a reliable tool for assessing genetic damage in plants.
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1 INTRODUCTION
Recently, nanotechnology has become an integral part of various industries, primarily due to the widespread use and development of nanoparticles (NPs), which have driven numerous advances (Malik et al., 2023). While most NPs are engineered, natural NPs also exist, formed in the environment by various physical, chemical, and biological processes.
These include (bio)chemical weathering of minerals, photooxidation, redox and precipitation reactions, and (bio)mineralization processes. Other processes are mechanical fragmentation and gas-solid nucleation in atmospheric systems (Lespes et al., 2020). These processes create many forms of natural nanomaterials in the environment. Such forms include biological structures, like viruses and proteins, and minerals, like clay. Natural colloids include milk and blood (liquid colloids), fog (aerosols), and jelly (gels). Mineralized materials include shells, nacre, bones, insect wings, and opals. Natural fibers, such as spider silk, and functional surfaces, like those of lotus leaves and gecko feet, also contain NPs. Particles from natural events, such as volcanic ash and sea spray, also contain NPs (Lin et al., 2020; Mekuye and Abera, 2023). Most of these NPs can move between Earth’s compartments, the biosphere, lithosphere, atmosphere, and hydrosphere (Lespes et al., 2020). In contrast, anthropogenic NPs originate from industrial processes associated with nanotechnology. These include carbon-based NPs, metallic NPs, dendrimers, and composites (Altammar, 2023; Kumari et al., 2023).
The release of nanomaterials and NPs into the environment can be unintentional or intentional. Unintentional release is often due to human activities. Examples include atmospheric emissions, industrial spills, and wash-off processes that contaminate waterways. Soil can also accumulate NPs from herbicides, electronic waste, and fuel batteries (Alkhaza’leh et al., 2025; Dhanapal et al., 2024; Hernández-Saravia et al., 2023; Martínez et al., 2020). Many airborne particles have been identified in the atmosphere. They come from internal combustion engines, burning of wood and biomass, fossil fuel combustion, natural gas, welding fumes, coal ash, and diesel soot (Donaldson et al., 2005; Portugal et al., 2024). Once dispersed, these NPs can affect air quality, the atmospheric radioactive balance, and hydrometeorological processes.
NPs are also intentionally released through agriculture, with NP-based fertilizers and pesticides developed to enhance crop growth (Mgadi et al., 2024; Tang et al., 2023). Yet, this leads to NPs accumulating in soils and ecosystems, raising long-term environmental concerns. Human-made aerosols, which contain nanoparticles, also influence climate and weather.
These particles scatter and absorb sunlight, which promotes cloud formation. Non-absorbing particles, such as sulfates, cool the climate, while the balance of absorption and scattering determines their net effect (Li et al., 2022; Xiong et al., 2022). Major sources include power plants and vehicles. Climate impact depends on particle growth by vapor condensation; organic NPs are important. Their rapid increase can alter cloud cycles in regions such as the Amazon (Zaveri et al., 2022).
Beyond the air, many NPs accumulate in landfills, where they can leach into the soil and sometimes reach groundwater, posing a risk to water quality and health (Alazaiza et al., 2021; Zahra et al., 2022). In soil, NPs can enter plants. Studies show that NPs smaller than 100 nm from aerosols can enter through leaves, move up stems, and reach the interior tissues (Ha et al., 2021; Yu et al., 2024). Internalization depends on factors such as size, shape, charge, hydrophobicity, chemistry, and stability (Augustine et al., 2020; Sanità et al., 2020).
The cellular uptake of NPOs involves three main mechanisms: endocytosis, phagocytosis, and pore formation in the cell membrane. The last is triggered by mechanical interactions between NPs and the lipid bilayer (Pang et al., 2020; Sousa De Almeida et al., 2021; Toscano and Torres-Arias, 2023). Once inside, NPs can move through plants by apoplastic or symplastic pathways. They cross plasmodesmata and are transported systemically through the xylem vessels (Abrica-González and Gómez-Arroyo, 2022; Djanaguiraman et al., 2024; Sembada and Lenggoro, 2024).
NPs can directly cause DNA damage through ionic dissociation. Indirect effects include membrane disruption, which causes the production of reactive oxygen species (ROS) or changes in antioxidant enzyme activity (Giorgetti, 2019). Their oxidation and breakdown release free radicals, which can inactivate enzymes, cause mutations, and ultimately lead to cell death. This degradation also removes their properties, such as magnetism and fluorescence (Sukhanova et al., 2018).
Metallic NPs harm both eukaryotic and prokaryotic cells by damaging cell walls and membranes, generating ROS and free radicals, and causing cytotoxicity (Girma, 2023; Gojznikar et al., 2022; Mammari et al., 2022; Sieprawska et al., 2024; Wypij et al., 2021; Zhou et al., 2024). ZnONPs affect corn seed germination and root growth, as well as 40% and 53% of the plumule (Ahmed et al., 2021; López-Moreno et al., 2017). CuNPs are toxic and damage root tissue in Allium cepa, lowering mitotic index and raising anomalies, with no normalization during recovery (Velumani et al., 2025).
Genotoxicity refers to the inherent ability of a substance to induce alterations or damage in the genetic material of a cell (Han et al., 2023). Currently, several methods are available to evaluate the genotoxicity of substances, particularly those of NPs. Among the most used methods are the following tests: the micronucleus assay, which detects an extranuclear structure containing unincorporated chromosomal fragments after cytokinesis, surrounded by its membrane and appearing as a small nucleus (Sommer et al., 2020; Vallabani and Karlsson, 2022). Mitotic spindle assembly assay, dividing cells are treated with the substance of interest, and any alterations in the formation of the mitotic spindle are observed (Gomes et al., 2022; Kim et al., 2022; Leem et al., 2022; Santibáñez-Andrade et al., 2022).
The chromosomal aberration test identifies and evaluates structural alterations in chromosomes, such as breaks and rearrangements, which may occur within one chromosome or between chromosomes (Ahluwalia et al., 2023; Hwang, 2024; Landsiedel et al., 2022). The comet assay, also known as single-cell alkaline electrophoresis, is another method. During electrophoresis, DNA fragments unwind and migrate toward the anode, forming a structure resembling a comet tail. The proportion of DNA in the tail indicates the frequency of strand breaks and thus the extent of the damage (Chang et al., 2020; Clementi et al., 2021; Copp et al., 2022; Cordelli et al., 2021; El Yamani et al., 2022; Møller et al., 2020). A relevant example is the use of industrial and consumer products containing gold nanoparticles (AuNPs). Due to their antibacterial properties, they could pose a potential risk to aquatic ecosystems (Adhikari et al., 2025; Mat Lazim et al., 2023).
With the increased commercialization of AuNPs, their release into the environment through manufacturing and waste is inevitable, affecting ecosystems (Teles, 2019). Exposure can occur through water, food, cosmetics, and medications, resulting in various toxicological effects (Sani et al., 2021; Zhang et al., 2024). Only a few studies have evaluated the environmental impact of AuNPs, whereas research on other NPs and their toxicological effects is extensive. However, knowledge in this area remains limited (Kang et al., 2024; Kumah et al., 2023; Rudolf et al., 2024b; 2024a; Wang F. et al., 2024). The use of AuNPs has grown, but their environmental impact, particularly in terms of genotoxicity, remains understudied. To assess the effects on ecosystems, research models are necessary. Plant bioindicators are a promising strategy.
Plants are strong indicators of environmental stress; the types and distribution of certain species show ecosystem health (Cakaj et al., 2024; 2023; Polechońska and Klink, 2023; Roy, 2022; Warnasuriya et al., 2023). Studies have tested genotoxicity in seed sprouts. For example, Allium Cepa sprouts exposed to agrochemicals showed chromosome, nucleus, and micronucleus damage (Camilo-Cotrim et al., 2022). Another study investigated the cytotoxic and genotoxic effects of lanthanides (cerium, gadolinium, lutetium) on Vicia faba using different media, with mitotic index and micronucleus frequency as markers (Romero-Freire et al., 2021).
Results showed that lanthanide toxicity depends on the exposure medium, with greater toxicity in the absence of phosphorus, suggesting nutrient availability may influence toxicity in plants (Romero-Freire et al., 2021). Another study assessed the genotoxic, mutagenic, and cytotoxic effects of diclofenac, sulfamethoxazole, and their combination at ambient concentrations in V. faba. Parameters analyzed included mitotic index, micronuclei, and chromosomal aberrations. Both drugs, even at ambient concentrations, produced cytotoxic and genotoxic effects in V. faba, underscoring the need to monitor pharmaceutical residues in the environment (Drzymała and Kalka, 2024).
In parallel, studies in mammals have also shown that AuNPs can induce size—and concentration—dependent genotoxic effects (Wang et al., 2020) reviewed multiple studies in mammalian cells confirming DNA damage and genome instability caused by AuNPs. Similarly, another study assessed AuNPs of 30, 50, and 90 nm both in vitro and in vivo, and found that intermediate—sized particles were associated with the most pronounced genotoxic effects (Ávalos et al., 2018). Moreover, another study highlighted that surface characteristics, coating, and dosage represent critical factors determining systemic toxicity in animal models. These references place nanosafety research into a broader context, showing both shared mechanisms and differences between plant and mammalian systems (Niżnik et al., 2024).
The V. faba beans is cultivated in over 70 countries, covering approximately 2.2 million hectares and yielding nearly 4 million tons annually (Warsame et al., 2018). This seed is commonly used for genotoxicity, mutagenicity, and cytotoxicity tests (Alavi et al., 2023; Drzymała and Kalka, 2024; Li et al., 2023; Lu et al., 2021; Madnay et al., 2022; Yang et al., 2022; Onisan et al., 2025). The NP market, especially for AuNPs, has expanded. These NPs exist in various environments, but their impact is understudied. In this study, we evaluated their genotoxicity and mutagenicity using the comet assay, mitotic index percentage, and chromosomal aberration analysis. This enabled the assessment of the effects of AuNPs on genetic material.
2 METHODOLOGY
2.1 Obtaining AuNPs
The AuNPs used in this study were purchased from Sigma-Aldrich in 5 nm (752,568–25 mL), 20 nm (753,610–25 mL), and 40 nm (753,637–25 mL) sizes. They were stabilized in 0.1 mM PBS at pH 7.0 and stored refrigerated according to the manufacturer’s instructions.
2.2 Characterization of AuNPs by TEM
For analysis, 100 μL of solution was transferred to 3 mL microtube and sealed with Parafilm for transport and storage. To ensure uniform dispersion, the samples were then sonicated for 8 min at 150 W. After sonication, 50 μL of the suspension was placed on a slide rack and dried under an incandescent lamp for 15 min. Subsequently, the morphological and structural characterization of the AuNPs was performed using a JOEL JEM-2100 transmission electron microscope at 200 kV (Liu et al., 2021; Patel et al., 2023). Images were acquired in bright-field mode using a high-sensitivity CCD camera, and all characterization procedures were conducted at the Centro de Nanociencias y Micro-Nanotecnologías (CNMN) at the Instituto politécnico Nacional (IPN).
2.3 Characterization AuNPs by UV-Vis
To characterize the AuNPs, 3 mL of solution was extracted using a micropipette. These were split into two 1.5 mL Eppendorf tubes and sealed with Parafilm for safe transport. The tubes were sonicated for 15 min at 150 W. Afterwards, 2.5 mL of the sample was withdrawn and placed in the sample holder. Characterization was performed using a Cintra 2020 spectrophotometer with Cintra version 2.6 software. Measurement specifications: high reading wavelength 700 nm, low 200 nm, reading speed 500 nm/min, step size 0.853 nm, slit width 2.0 nm, and absorbance mode (Biswas, 2021; Dheyab et al., 2020).
2.4 Hydrodynamic diameter, polydispersity index and zeta potential of AuNPs
The hydrodynamic diameter (Z-average), polydispersity (PDI), and zeta potential (ζ-potential) of 5, 20, and 40 nm AuNPs were determined using a Zetasizer Nano ZS (Malvern Panalytical, United Kingdom; He-Ne laser 633 nm, operated with Zeta Sizer software v7.13. The AuNPs, supplied in aqueous suspension of 01 mM PBS, were gently homogenized by inversion prior to analysis. For the surface potential measurements, approximately 1.5 mL of appropriate PNS dilute samples were used (1:20, 1:50, and 1:100). The samples were sonicated for 8 min at 25 °C ± 0.1 °C in disposable polystyrene cuvettes (DTS1060). Samples were equilibrated for 120 s at 25 °C ± 0.1 °C prior to each run. Three independent runs were performed per replicate. Z-average, PDI, and ζ-potential values were expressed as mean ± standard deviation. Data quality was considered acceptable for PDI ≤0.30 and technical variation <10% (Frickenstein et al., 2023; Reipa et al., 2025; Saidi et al., 2024), while ζ-potential values were considered stable when |ζ| ≥ 25 mV (Frickenstein et al., 2023; Reipa et al., 2025; Saidi et al., 2024), while ζ-potential values were considered stable when |ζ| ≥ 25 mV (Pourali and Benson, 2025; Wang J. et al., 2024).
2.5 UV-vis characterization of AuNPs as a function of pH
For characterization by pH, 5 mL of AuNP solution was transferred to a 5 mL beaker. The pH was adjusted to 3.0 with hydrochloric acid (HCl). After reaching a pH of 3.0, 2.5 mL was withdrawn and placed in a sample holder. Absorbance was first measured at pH 3.0. The pH was then raised stepwise with NaOH. Absorbance was measured at each pH: 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0. This process was repeated for each step, with the data recorded. pH was measured using a Corning Pinnacle 530 potentiometer (Alam et al., 2022).
2.6 Analysis of the size distribution of AuNPs
The size distribution analysis used TEM images. ImageJ version 1.52u was used for calibration with appropriate scale bars (10 nm for 5 nm AuNPs, 50 nm for 20 nm AuNPs, and 200 nm for 40 nm AuNPs). The diameters of 300 particles per sample were measured manually to ensure representative statistics.
The collected data were exported to OriginLab version 2019b (9.65). The average size, standard deviation, maximum, and minimum values were calculated. Histograms of the particle size distribution were constructed. Curves were fitted to assess uniformity and agreement with nominal values, allowing for a detailed characterization of the size distribution in all samples (Zhang and Wang, 2023).
2.7 Germination of Vicia faba (broad bean) seeds
Vicia faba (broad bean) seeds were selected for uniform size, ranging from 2.5 to 2.8 cm. Seeds were placed in water and rubbed to remove impurities. They were surface sterilized in 2.5% sodium hypochlorite for 10 min, then rinsed with sterile water to remove microbial contaminants. After disinfection, the seeds were soaked in clean water for 24 h. This increased their length by 10%–20%, reaching 2.8–3.2 cm.
Seeds were placed on moist cotton and kept in the dark for germination. By the fifth day, the seedlings had developed a primary root of approximately 2.3–2.8 cm. For each experiment, 80 germinating seeds were used, with a germination rate of 90%–95% (Equation 1) (Ali Fayez et al., 2024; Alngiemshy et al., 2020; Neme et al., 2023).
2.8 Preparation of controls
For this study, two control groups and nine experimental treatments were established. The negative control consisted of V. faba roots exposed only to distilled water (T-). In contrast, the positive control was exposed to potassium dichromate (K2Cr2O7) at a concentration of 200 μg/mL (T+), a widely recognized genotoxic agent. Both controls were evaluated in triplicate.
Experimental treatments included AuNPs of three sizes (5, 20, and 40 nm) at three concentrations per size (10, 20, and 30 μg/mL), for nine total conditions. Each condition was tested in triplicate with a 1-h exposure. After treatment, the roots used for mitotic index and chromosomal abnormality analysis were placed in resting conditions for 24 h of recovery.
2.9 Comet test
To perform this experiment, the slides were thoroughly cleaned. The slides were held up to light to ensure that no visible traces of stains or grease remained. The slides were then sprayed with distilled water to remove any salt residue that may have been present in the tap water. Finally, they were dried in an oven at 37 °C for 20 min. Once the slides were cleaned, they were coverslipped with 40 µL of standard melting point agarose (NMPA) and allowed to dry. Once covered, they were stored for use on the day of the experiment.
To collect the nuclei, Petri dishes were prepared on ice, and 250 µL of cold phosphate-buffered saline (PBS) was added. A high-carbon steel scalpel blade was used, always kept at a temperature of 3 °C. A broad bean seed was taken, and a 2 cm cut was placed inside a Petri dish containing 250 µL of PBS. After obtaining the broad bean roots were obtained, the end of one of the tips was held with forceps, and seven cuts were made; then, it was placed in the PBS solution. After the nuclei were obtained, the preparations were made on slides that had been previously coated with standard melting point agarose. For this procedure, 10 µL of the cell suspension was combined with 75 µL of low-melting-point agarose (LMPA) inside a 0.5 mL Eppendorf microcentrifuge tube. After combining the nuclei and agarose solution are combined, the mixture is gently blended.
A 75 µL of the mixture is then applied to a slide that has been previously coated with NMPA. A coverslip is then applied to disperse the nuclei on the surface. After this step, the slide is placed on a cold tray to solidify the LMPA with the nuclei for 5 min. After this time, the coverslip is gently removed, and a new layer of 75 µL of NMPA is added. A new coverslip is then applied and left on the cold tray for another 5 min to solidify. Finally, the coverslip is removed. The uncovered slides are submerged in a chilled lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris pH 10, 1% Triton X-100, 10% DMSO) for a minimum duration of 1 hour. From this point on, work should be conducted in dim light to maintain optimal conditions for the nuclei. Subsequently, the coverslips are removed from the lysis solution, carefully cleaned on the back, and placed in a horizontal electrophoresis chamber containing a buffer at a pH greater than 13 and maintained at cold conditions.
The samples are incubated for 20 min to enable DNA unwinding, after which electrophoresis is carried out under the same time conditions, applying 20 V and 200 mA. An Amersham Pharmacia Biotech electrophoresis chamber, model EPS 601, was used for this procedure. Excess alkaline electrophoresis solution was then removed using neutral buffer (0.4 M Tris), and the sample was immersed in the buffer for 5 min on three occasions. Slides were then fixed with 100% ethanol. Slides were stained with 50 µL of ethidium bromide of 2 μg/mL and subsequently observed by fluorescence microscopy.
Analysis was carried out using a ZEISS Axio Scope. A1 optical microscope equipped with a ZEISS Axiocam high-resolution camera. Observations were made at excitation/emission wavelengths of 520–540 nm and 590–620 nm, respectively. The microscope’s optical system is infinity-corrected and features interchangeable objectives with magnifications ranging from ×10 to ×100. DNA analysis, including tail length, percentage of DNA in the tail, and tail timing, was performed using Comet Assay IV software, version 4.3. Data on genetic damage parameters were subjected to statistical analysis using GraphPad Prism software (version 10.4.1). Before analysis of variance, an outlier detection test was performed using the Grubbs method to ensure data homogeneity and exclude values that could distort the results. A one-way ANOVA was then applied to assess significant differences between experimental groups.
In cases where statistically significant differences were detected (p < 0.05), Tukey’s post hoc test was applied to perform multiple pairwise comparisons. Data are expressed as mean ± standard deviation (SD), with a significance threshold set at p < 0.05 (Collins et al., 2023; 2008; Collins et al., 2017; 2002; Darwish et al., 2023; El Yamani et al., 2022; Khalid et al., 2022).
2.10 Calculation of mitotic index and chromosomal aberrations by confocal microscopy
Vicia faba seeds were used, previously washed, disinfected, and germinated according to the protocol described in the previous section. The roots were exposed to AuNPs of three different sizes (5, 20, and 40 nm) at a concentration of 30 μg/mL. After the exposure period concluded, the roots were gently rinsed with deionized water and placed on a layer of damp cotton for 24 h to facilitate recovery. After this time, approximately 2 cm was cut from the apical region of each root and placed on a concave slide, where they were treated with 5N HCl for 8 min to facilitate cell disaggregation. Subsequently, the acid residues were removed, and two drops of Hoechst 33342 were added at a concentration of 10 mg/mL.
Staining was carried out for 15 min at room temperature in the dark. After the staining time was completed, the samples were carefully washed with distilled water to remove excess fluorochrome. A drop of acetic acid was then added to enhance fixation. The stained root was covered with a coverslip, and gentle pressure (squash) was applied to spread the meristematic cells into a monolayer. The edge of the coverslip was sealed with clear varnish to prevent the sample from drying out during observation. Visualization and analysis were performed using an LSM 710 NLO multiphoton confocal microscope (Carl Zeiss), equipped with a 405 nm excitation laser, which is suitable for detecting the Hoechst 33,342 fluorochrome. Emission was captured between 430 and 480 nm, and ×40 and ×63 infinity-corrected immersion objectives were used.
To ensure statistical representativeness of the analysis, 500 cells were counted for each of the three independent replicates (n = 1,500 cells per experimental condition). The mitotic index was determined by calculating the percentage of cells undergoing division (including prophase, metaphase, anaphase, telophase, and interphase) of the total number of cells counted (Equation 2). Mitotic alterations were classified and identified based on their morphology and frequency. Images were captured digitally with the Zeiss system’s integrated camera, and two independent, double-blind observers quantified events. Results were expressed as percentages of cells with alterations relative to the total number of cells analyzed. The data were then statistically analyzed using one-way ANOVA, followed by Tukey’s test to determine significant differences between treatments (p < 0.05), as described in Section 3.8 (Klein et al., 2021; Ma et al., 1995; Serrano Ortíz et al., 2024).
3 RESULTS
3.1 Characterization of AuNPs by TEM
TEM images of the 5 nm AuNPs (Figures 1A,B) particularly show predominantly spherical particles with a homogeneous distribution over the support. The uniformity in shape and size is evident, with few particles outside the expected range. TEM images of the 20 nm AuNPs (Figures 1C,D) reveal mostly spherical particles, with a uniform distribution along the support and minimal evidence of agglomeration. The AuNPs present well-defined edges and, in some cases, internal patterns that could reflect crystalline characteristics. The TEM images of the 40 nm AuNPs (Figures 1E,F) show mostly spherical particles with some slight irregularities in their shape. Some particles exhibit internal contrasts that may be associated with crystalline facets or the material’s structural characteristics.
[image: Electron microscopy images of nanoparticles. Panel A shows spherical particles distributed randomly. Panel B provides a closer view of similar particles. Panel C shows particles interacting with a nanostructure. Panel D displays a high concentration of particles near the structure's edge. Panel E presents distinct, multifaceted particles. Panel F depicts a cluster of particles with varying sizes and densities. Each panel has a scale bar indicating the nanometer measurement.]FIGURE 1 | TEM images of AuNPs of different sizes. (A,B) 5 nm, (C,D) 20 nm, and (E,F) 40 nm particles. Representative micrographs illustrate the morphology and distribution of the nanoparticles at each nominal size.3.2 Characterization of AuNPs by UV-Vis and as a function of pH
The graph shows the absorbance values of 5 nm AuNPs as a function of pH from 3.0 to 9.0 (Figure 2A). In all cases, a maximum absorbance peak (λ max) of 528 nm is observed. At a pH of 7.0, the absorbance peak is higher, indicating optimal stability conditions. On the other hand, at extreme pHs (8.0 and 9.0), the absorbance is slightly lower, which could indicate a reduction in colloidal stability due to possible interactions between the particles. The following graph (Figure 2B) displays the absorbance spectra as a function of pH for 20 nm AuNPs, evaluated within the same range, with a maximum absorbance (λ max) of 535 nm. This is compared to smaller AuNPs, which reflects the increase in size that influences the plasmon resonance. Under neutral conditions (pH), the absorbance is higher, indicating high colloidal stability in this environment. At extreme pH (pH 8.0–9.0), a slight decrease in absorbance is observed. The following graph shows the absorbance spectra of 40 nm AuNPs at different pH values (Figure 2C). A maximum absorbance (λ max) is observed centered at 550 nm, consistent with the increase in size of the NPs. At pH 7, the absorbance is higher compared to basic pH 8.0 and 9.0.
[image: Graphs A, B, and C depict absorbance versus wavelength for gold nanoparticles at various pH levels, showing peaks at 528 nm, 535 nm, and 550 nm respectively. Histograms D, E, and F display the size distribution of gold nanoparticles at 5 nm, 20 nm, and 40 nm, respectively, with means of 5.5854 nm, 20.4142 nm, and 40.8882 nm. Each histogram indicates the range and average size with standard deviation.]FIGURE 2 | Characterization of AuNPs. UV-Vis spectra of (A) 5 nm, (B) 20 nm, and (C) 40 nm AuNPs at different pH values, showing the corresponding surface plasmon resonance peaks. Size distribution histogram for (D) 5 nm, (E) 20 nm, and (F) 40 nm AuNPs obtained from TEM measurements.3.3 Hydrodynamic diameter, polydispersity index, CRand zeta potential of AuNPs
The mean hydrodynamic diameter (Z-average) of 5, 20, and 40 nm AuNPs was determined by DLS (Table 1). The measured values were 40.58 ± 0.35 nm for 5 nm AuNPs, 30.55 ± 0.17 nm for 20 nm AuNPs, and 55.73 ± 0.57 nm for 40 nm AuNPs, all consistent with stable scattering profiles and a technical variation below 10%. The polydispersity index (PDI) values obtained were 0.187 ± 0.010 for 5 nm, 0.197 ± 0.010 for 20 nm, and 0.106 ± 0.015 for 40 nm AuNPs. All values were ≤0.30, indicating monodisperse suspensions and validating the reliability of the hydrodynamic diameter measurements.
TABLE 1 | Hydrodynamic diameter, polydispersity index (PDI), zeta potential, and pH values of AuNPs (5, 20, and 40 nm) measured by DLS and UV–Vis.	Size (nm)	λ (nm)	Hydrodynamic diameter (mean ± SD)	PDI (mean ± SD)	Zeta potential (mean ± SD)	pH
	5	499.98	40.58 ± 0.35 nm	0.187 ± 0.010	−26.30 ± 2.72 mV	8.32
	20	521.94	30.55 ± 0.17 nm	0.197 ± 0.010	−24.20 ± 2.80 mV	7.23
	40	531.00	55.73 ± 0.57 nm	0.106 ± 0.015	−32.63 ± 0.78 mV	7.50


Values are expressed as mean ± standard deviation (n = 3).
The zeta potential (ζ-potential) values were −26.30 ± 2.72 mV (5 nm), −24.20 ± 2.80 mV (20 nm), and −32.63 ± 0.78 mV (40 nm), confirming suitable colloidal stability since values with |ζ| ≥ 25 mV are generally considered acceptable. The pH values of the suspensions were 8.32, 7.23, and 7.50 for 5, 20, and 40 nm AuNPs, respectively, remaining within a physiologically stable range. Together, these findings confirm the stable colloidal properties of the AuNPs under the tested conditions (Bhattacharya et al., 2022; Gharibkandi et al., 2023; Maguire et al., 2018).
3.4 Size distribution analysis of AuNPs
The histogram shows the size distribution of 5 nm AuNPs (Figure 2D). The calculated average size is 5.6 nm, with a standard deviation of ±0.62 nm, indicating a reasonably uniform distribution around the mean. The observed size distribution spans from 4.11 nm to 6.96 nm.
The following histogram represents the size profile of the 20 nm AuNPs (Figure 2E). Statistical analysis reveals an average diameter of 20.41, with a standard deviation of ±2.24, indicating slight variability in diameters. The size range spans from a minimum of 16.08 nm to a maximum of 26.79 nm.
Representing a nominal size of 40 nm, the analysis yields an average size of 40.88 nm with a standard deviation of ±4.09, indicating a wider variation compared to smaller sizes. The range goes from a minimum of 30.70 to a maximum of 49.97 (Figure 2F).
3.5 Comet assay
3.5.1 Tail intensity
The Tail Intensity of the comet assay (Figure 3A) shows that 5 nm AuNPs generate DNA damage in a concentration-dependent manner, as assessed by tail intensity. Compared to the negative control (H2O), AuNPs at 10 μg/mL increased the tail intensity in a statistically significant manner (‡ p < 0.01), indicating a moderate level of DNA damage.
[image: Bar charts depicting the effects of different concentrations of gold nanoparticles (10, 20, 30 micrograms per milliliter) on tail intensity, length, and moment across nanoparticle sizes (5, 20, 40 nanometers). The controls used are a negative control (water) and a positive control (potassium dichromate at 200 micrograms per milliliter). Statistical significance is indicated by symbols: ‡, †, ¶, §. Each chart is labeled from A to I, showing comparisons between conditions.]FIGURE 3 | Comet Assay parameters in Vicia faba root cells exposed to AuNPs. Tail intensity (A–C), tail length (D–F), and tail moment (G–I) were evaluated for 5, 20, and 40 nm AuNPs at different concentrations (10, 20, and 30 μg/mL). Negative control: H2O; positive control K2Cr2O7 (200 μg/mL). Data are presented as mean ± SD. Statistical significance: † p < 0.05, ‡ p < 0.01, § p < 0.001, and ¶ p < 0.0001.When exposed to a concentration of 30 μg/mL, the extent of damage intensified notably, showing a highly significant difference relative to the negative control (§ p < 0.001). At 20 μg/mL, the damage is considerably lower than at concentrations of 10 and 20 μg/mL, but still significantly lower than the positive control (K2Cr2O7, 200 μg/mL, ¶ p < 0.0001), which has the highest tailing intensity and serves as a reference for severe DNA damage. For 20 nm AuNPs (Figure 3B), the damage increases in a concentration-dependent manner after treatment. The negative control (H2O) has the lowest value, while the damage increases significantly at 10, 20, and 30 μg/mL († p < 0.05, † p < 0.05, and ¶ p < 0.0001) compared to the negative control.
The positive control (K2Cr2O7, 200 μg/mL) exhibits the highest damage (¶ p < 0.0001) only with the negative control group, 10 and 20 μg/mL (¶ p < 0.0001, ‡ p < 0.01, and ‡ p < 0.01). In the 40 nm AuNPs (Figure 3C), the negative control (H2O) presents low values, reflecting a basal level of genotoxic damage. At 10 μg/mL, a significant increase is observed (§ p < 0.001) compared to the negative control, indicating notable genotoxic damage. At a concentration of 20 μg/mL, although damage persists at an elevated level, no statistically significant difference was observed compared to the negative control. At 30 μg/mL, the value decreases slightly compared to 20 μg/mL, but there are no statistically significant differences. The positive control K2Cr2O7 shows a significantly higher value than all AuNPs concentrations, being (‡ p < 0.01) with the 30 μg/mL AuNPs, († p < 0.05) with the 20 μg/mL AuNPs, and (¶ p < 0.0001) with the negative control.
3.5.1.1 Tail length
The radar graph shows a concentration-dependent increase with 5 nm AuNPs (Figure 3D). The negative control (H2O) has the lowest value, while genotoxic damage increases significantly at 10, 20, and 30 μg/mL, and the positive control (¶ p < 0.0001, † p < 0.05, ¶ p < 0.0001 and ¶ p < 0.0001). Compared to the positive control, there is a statistical difference in all groups, being (¶ p < 0.0001) for all groups. The 20 μg/mL group showed a statistically significant difference compared to the 30 μg/mL group (§ p < 0.001).
In Figure 3E, attributed to the 20 nm AuNPs, it is observed that the negative control has the lowest value. Compared to the negative control at 10 μg/mL, the damage increases significantly (¶ p < 0.0001), and at 20 μg/mL, the damage is greater, with statistically significant differences of (¶ p < 0.0001). At 30 μg/mL, it reaches its highest value among the AuNPs concentrations, being significantly higher and statistically significant (¶ p < 0.0001). Compared to the positive control, a significant difference is found in the groups of 10 and 20 µg/mL AuNPs (¶ p < 0.0001, ¶ p < 0.0001) and the negative control (¶ p < 0.0001). Between the AuNPs groups, there is a significant difference with those of 10 and 20 µg/mL AuNPs compared to the concentration of 30 µg/mL being (‡ p < 0.01 and ‡ p < 0.01).
For the 40 nm AuNPs (Figure 3F), the negative control reflects minimal levels of DNA damage under normal conditions. At 10 μg/mL of AuNPs, the increase is significant compared to the negative control (¶ p < 0.0001). At 20 μg/mL, the damage remains high, with significant differences compared to the negative control (‡ p < 0.01) and a slight decrease compared to 30 μg/mL († p < 0.05), which may reflect variability in the cellular response. The positive control presents the highest value, significantly higher than two concentrations of 40 nm AuNPs of 20 and 30 μg/mL (¶ p < 0.0001). Between groups of AuNPs, there is a significant difference compared to those at 20 and 30 μg/mL, with a concentration of 10 μg/mL being († p < 0.05 and ‡ p < 0.01).
3.5.1.2 Tail moment
For the 5 nm AuNPs (Figure 3G), the negative control (H2O) exhibits nearly negligible values in contrast to the positive control. No statistically significant differences were observed among the AuNPs-treated groups; significance was found only when compared to the positive control (¶ p < 0.0001). Compared to the positive control, statistically significant differences are found for the three groups of AuNPs at 10, 20, and 30 μg/mL, with p-values of (¶ p < 0.0001) for all three groups. There are no statistically significant differences between the AuNPs groups.
For the 20 nm AuNPs (Figure 3H), genotoxic damage increases in a concentration-dependent manner. The negative control presents practically null values; similarly, there are no statistically significant differences compared to the AuNPs groups. In comparison to the positive control, statistically significant differences were observed in the groups treated with 10 and 20 μg/mL AuNPs, as well as in the negative control, with significance levels of (§ p < 0.001, § p < 0.001, and ¶ p < 0.0001), respectively. Between groups of AuNPs, statistically significant differences were observed in the concentrations of 10 and 20 μg/mL compared to the concentration of 30 μg/mL († p < 0.05).
And for those of 40 nm (Figure 3I), the negative control has the lowest value. At 10 µg/mL of AuNPs, a significant increase is observed (‡ p < 0.01) compared to the negative control. At 20 µg/mL and 30 µg/mL, there are no statistically significant differences compared to the negative control. Compared to the positive control, there is a statistically significant difference in the AuNPs groups of 20 and 30 μg/mL, being (‡ p < 0.01) for both groups. Among the AuNPs groups, the only significant difference was between the 10 and 30 μg/mL groups († < 0.05).
Figure 4 shows images obtained from the Comet Assay program during sample analysis, representing the intensity distribution of genotoxic damage in an optical context. In the negative control (H2O), the nuclei are compact and lack visible tails, confirming the absence of genotoxic damage.
[image: Sixteen photographs show luminescent spots under dark backgrounds, demonstrating different conditions. Labels indicate varying concentrations of nanoparticles: three sizes (5 nanometers, 20 nanometers, 40 nanometers) across three concentrations (ten, twenty, thirty micrograms per milliliter) compared to negative and positive controls.]FIGURE 4 | Representative images from the Comet Assay program showing the distribution of DNA damage in Vicia faba root cells. Negative control Negative control (H2O) displays intact nuclei without visible tails, while the positive control (K2Cr2O7, 200 μg/mL) exhibits extensive tails. Images correspond to AuNPs of 5, 20, and 40 nm at concentrations of 10, 20, and 30 μg/mL.In the 5 nm AuNP samples, at 10 μg/mL, genotoxic damage is mild; however, at 20 μg/mL and especially 30 μg/mL, the damage increases significantly, indicating that higher concentrations induce greater DNA fragmentation and migration.
In the 20 nm AuNPs, concentration-dependent genotoxic damage is observed, although to a lesser extent than in the 5 nm samples. At 10 μg/mL, the damage is mild, while at 20 μg/mL it reaches a moderate level, and at 30 μg/mL, greater genotoxic damage is observed.
At 40 nm, the behavior is different. At 10 μg/mL, genotoxic damage is moderate, but at higher concentrations (20 and 30 μg/mL), a decrease in the length and intensity of the tail is observed, indicating less genotoxic damage. On the other hand, the positive control (K2Cr2O7, 200 μg/mL) shows extensive and intense tails in all images, reflecting severe genotoxic damage.
3.6 Mitotic index percentage
3.6.1 Mitotic index percentage by phase
The figure shows the mitotic index (%) for each cell cycle stage—prophase, metaphase, anaphase, telophase, and interphase—in cells treated with AuNPs of 5, 20, and 40 nm at a concentration of 30 μg/mL (Table 2). Each percentage was calculated using Equation 1 for each phase, based on a total count of 1,500 cells obtained from confocal microscopy images. Representative confocal microscopy images for each cell cycle stage under all treatments are shown in Figure 5.
TABLE 2 | Distribution of mitotic index phases (% ± SD) and total mitotic index (TMI % ± SD).	Species	Groups	Concentrations	Prophase cells (%)	Metaphase cells (%)	Anaphase cells (%)	Telophase cells (%)	Interphase cells (%)	TMI (% ± SD)
	Vicia faba	(−) Negative control (H2O)	—	37.00 ± 2.17	11.20 ± 1.40	5.73 ± 1.04	0.00 ± 0.00	46.40 ± 2.24	53.93 ± 2.77
	AuNPs - 5 nm	30 μg/mL	37.00 ± 2.17	9.67 ± 1.34	4.67 ± 0.95	0.33 ± 0.26	48.33 ± 2.24	51.67 ± 2.67
	AuNPs - 20 nm	30 μg/mL	36.86 ± 2.17	7.27 ± 1.16	4.80 ± 0.96	0.07 ± 0.12	51.00 ± 2.24	48.99 ± 2.55
	AuNPs - 40 nm	30 μg/mL	33.66 ± 2.12	11.13 ± 1.40	6.40 ± 1.10	0.33 ± 0.26	48.46 ± 2.24	51.52 ± 2.71
	(+) Positive control (K2Cr2O7)	200 μg/mL	53.73 ± 2.23	10.67 ± 1.38	4.46 ± 0.93	0.13 ± 0.16	31.00 ± 2.08	68.99 ± 2.73


[image: Microscope images showing cell division stages under different conditions. Rows represent negative control with water, gold nanoparticles (AuNPs) at sizes five, twenty, and forty nanometers, and positive control with dichromate. Columns depict phases: prophase, metaphase, anaphase, telophase, and interphase. Fluorescent green markers highlight cellular structures in each phase.]FIGURE 5 | Confocal microscopy images of Vicia faba root cells at different cell cycle stage (prophase, metaphase, anaphase, telophase, and interphase). Representative images correspond to negative control (H2O), AuNPs of 5, 20, and 40 nm at 30 μg/mL, and positive control (K2Cr2O7, 200 μg/mL).Images were analyzed with ImageJ software to identify each phase. Data were expressed as percentages using GraphPad Prism. Outliers were identified, and data distribution was assessed using the Shapiro-Wilk normality test. A one-way ANOVA and Tukey’s post hoc test evaluated group differences.
3.6.1.1 Prophase
The highest value corresponds to the positive control with 53.73%, followed by the 5 nm AuNPs and the negative control with 37%, the 20 nm AuNPs with 36.86%, and finally the 40 nm AuNPs with 33.66%.
3.6.1.2 Metaphase
The highest value is observed in the negative control with 11.20%, followed by 40 nm AuNPs with 11.13%, the positive control with 10.67%, 5 nm AuNPs with 9.67%, and finally, the lowest value of 20 nm AuNPs with 7.27%.
3.6.1.3 Anaphase
40 nm AuNPs have the highest value at 6.40%, followed by the negative control at 5.73%, 20 nm AuNPs at 4.80%, 5 nm AuNPs at 4.67%, and finally, the positive control at 4.46%.
3.6.1.4 Telophase
The highest level is 5 and 40 nm AuNPs with 0.33%, followed by the positive control with 0.13%, 20 nm AuNPs with 0.07%, and the negative control with the lowest value of 0.00%.
3.6.1.5 Interphase
The highest value is observed in 20 nm AuNPs with 51.00%, followed by 40 nm AuNPs with 48.46%, 5 nm AuNPs with 48.33%, and the negative control with 46.40%. Finally, the lowest value is shown by the positive control with 31.00%
3.6.2 Mitotic index percentage
Experimental measurements determined the percentage of cells in prophase, metaphase, anaphase, and telophase (Figure 6A). These values were combined to calculate the mitotic index (%MI), excluding interphase, as it does not involve cell division. This method produced an accurate measure of mitotic activity in each group.
[image: Bar graphs labeled A and B compare mitotic index and total mitotic abnormalities in treatment groups with AuNPs at thirty micrograms per milliliter. Controls include negative (H2O) and positive (K2Cr2O7, 200 micrograms per milliliter). AuNPs sizes are 5 nm, 20 nm, and 40 nm. Graph A indicates higher mitotic index percentages, while Graph B shows higher total abnormalities with positive control. Statistical significance is marked with symbols.]FIGURE 6 | Mitotic index and mitotic abnormalities in Vicia faba root cells exposed to AuNPs. (A) Mitotic index (%) and (B) total mitotic abnormalities (%) in cells treated with 5, 20, and 40 nm AuNPs at 30 μg/mL, compared with negative (H2O) and positive (K2Cr2O7, 200 μg/mL) controls. Data are represented as mean ± SD. Statistical significance: † p < 0.05; ‡ p < 0.01; ¶ p < 0.0001.Outlier testing removed values that could skew the analysis. The Shapiro-Wilk normality test was used to verify the data distribution. If normality was established, a one-way ANOVA was used to compare group means. Tukey’s post hoc test identified significant differences between specific groups. Statistical analysis revealed substantial differences among groups.
The negative control (H2O), which represents the basal conditions without treatment, showed a statistically significant difference when compared to each group treated with 5, 20, and 40 nm AuNPs, as well as the positive control (K2Cr2O7). The comparison yielded p-values of (‡ p < 0.01) for 5 nm AuNPs, (¶ p < 0.0001) for 20 nm AuNPs, (‡ p < 0.01) for 40 nm AuNPs, and (¶ p < 0.0001) for the positive control. Additionally, the 5 nm AuNPs group differed significantly from the 20 nm AuNPs group († p < 0.05) and the positive control (¶ p < 0.0001). Significant differences were also observed between the 20 nm AuNPs and 40 nm AuNPs groups († p < 0.05), as well as between 20 nm AuNPs and the positive control (p < 0.0001).
The 40 nm AuNPs group also showed a significant difference compared to both the smaller AuNPs (5 and 20 nm) and the positive control (¶ p < 0.0001). These results indicate that AuNPs affect cell division depending on particle size, with 20 nm AuNPs exhibiting a more pronounced inhibitory effect than the other sizes. The response observed with potassium dichromate further validates the experimental design by clearly inducing marked cellular changes. These results underscore the importance of considering nanoparticle size and dosage when assessing their biological effects.
3.6.3 Percentage of chromosomal abnormalities by type
Table 3 displays the percentage of each mitotic abnormality type for all treatments: negative control, 5, 20, and 40 nm AuNPs at 30 μg/mL, and positive control (K2Cr2O7) at 200 μg/mL.
TABLE 3 | Mitotic abnormalities frequency (%) and total mitotic abnormalities (TMA % ± SD) in Vicia faba root meristem cells exposed to AuNPs.	Species	Groups	Concentrations	Micronuclei	Chromosomal bridges	Binucleated cells	Multipolarity	Chromosomal fragmentation	Anucleated cells	TMA (% ± SD)
	Vicia faba	(−) Negative control (H2O)	—	1.00 ± 0.13	0.27 ± 0.13	0.13 ± 0.12	0.13 ± 0.11	0.13 ± 0.11	0.00 ± 0.00	1.65 ± 0.26
	AuNPs - 5 nm	30 μg/mL	5.53 ± 0.35	1.80 ± 0.27	1.20 ± 0.18	1.00 ± 0.18	0.60 ± 0.16	0.27 ± 0.10	10.39 ± 0.54
	AuNPs - 20 nm	30 μg/mL	9.53 ± 0.31	2.73 ± 0.15	1.80 ± 0.24	1.20 ± 0.16	1.60 ± 0.25	0.60 ± 0.10	17.46 ± 0.52
	AuNPs - 40 nm	30 μg/mL	8.00 ± 0.15	2.20 ± 0.15	1.20 ± 0.24	1.00 ± 0.16	1.40 ± 0.25	0.47 ± 0.10	14.27 ± 0.44
	(+) Positive control (K2Cr2O7)	200 μg/mL	15.00 ± 0.33	4.47 ± 0.30	2.20 ± 0.18	2.22 ± 0.27	3.00 ± 0.18	1.20 ± 0.23	28.08 ± 0.62


3.6.3.1 Micronuclei
The positive control showed the highest percentage (15.00%), indicating severe genetic damage and genotoxicity caused by potassium dichromate. The 20 nm AuNPs showed a notable increase (9.53%) compared to the negative control (1.00%), suggesting a greater genotoxic impact due to this specific NP size. The 5 and 40 nm AuNPs also showed increases in micronuclei (5.53% and 8.00% respectively), but lower than the 20 nm ones.
3.6.3.2 Chromosomal bridges
The positive control also showed a significantly higher percentage (4.47%), indicating alterations in chromosome segregation. The 20 nm AuNPs showed the highest values among the NPs (2.73%), followed by the 40 nm (2.20%) and 5 nm (1.80%) ones. In contrast, the negative control is (0.27%).
3.6.3.3 Binucleated cells
The positive control stood out with (2.20%), reflecting a higher incidence of cells with errors in cytokinesis. Among the AuNPs, those of 20 nm showed a higher percentage (1.80%), followed by 5 nm AuNPs and 40 nm AuNPs, for both groups (1.20%). The negative control had the lowest value (0.13%).
3.6.3.4 Multipolarity
The positive control had a higher incidence (2.20%). The 20 nm AuNPs were the highest among the groups (1.20%). The 5- and 40-nm AuNPs had similar values (1.00%). The negative control was the highest value (0.13%).
3.6.3.5 Chromosomal fragmentation
The positive control presented the highest percentage (3.00%), highlighting its impact on genomic stability. The 20 nm AuNPs (1.60%) are the highest group among AuNPs, followed by 40 nm AuNPs (1.40%) and 5 nm AuNPs with a value of 0.60%. The negative control remained low with a value of 0.13%.
3.6.3.6 Anucleated cells
The positive control presented the highest percentage with (1.20%), followed by 20 nm AuNPs with (0.60%), 40 nm AuNPs with (0.47%), and 5 nm AuNPs with (0.27%).
The negative control remained at 0%, serving as the lowest reference group. Results indicate that AuNPs generate mitotic abnormalities depending on size, with 20 nm AuNPs being most genotoxic, followed by 40 nm and 5 nm. The positive control confirms severe damage, validating the experimental model.
3.6.4 Percentage of mitotic abnormalities
Total mitotic abnormalities were quantified as the sum of identified events (micronuclei, chromosome bridges, binucleated cells, multipolarity, chromosome fragmentation, and anucleated cells) out of 1,500 analyzed cells per treatment using confocal microscopy images analyzed with ImageJ (Figure 6B).
Statistical analyses included outlier identification, assessment of normality (Shapiro-Wilk), and a one-way ANOVA followed by Tukey’s post hoc test to assess group differences.
The negative control showed the lowest basal levels of abnormalities, serving as a reference for normal conditions. 5 nm AuNPs showed a statistically significant increase in abnormalities compared to the negative control (¶ p < 0.0001), indicating a mild genotoxic effect. On the other hand, 20 nm AuNPs exhibited a greater genotoxic effect, with highly significant differences compared to the negative control (¶ p < 0.0001) and the 5 nm AuNPs (¶ p < 0.0001), indicating that they were the most harmful among the treatments evaluated.
The 40 nm AuNPs also showed a significant increase in anomalies compared to the negative control (¶ p < 0.0001) and the 5 nm AuNPs (¶ p < 0.0001). The AuNPs showed to be the treatment that induced the least damage, with significant differences from all groups, as indicated by a value of (¶ p < 0.0001) for all groups. The positive control showed the highest percentage of mitotic abnormalities, with a statistically significant difference from the negative control (¶ p < 0.0001).
3.6.5 Mitotic abnormalities
Figure 7 shows different chromosomal and nuclear alterations under various experimental conditions (negative control, treatment with AuNPs of different sizes, and positive control). Among these alterations are micronuclei, small, spherical bodies composed of chromosomal fragments or entire chromosomes that failed to incorporate into the central nucleus during mitosis, serving as indicators of genetic damage. Their presence is a recognized biomarker of genotoxicity, associated with clastogenic or aneugenic effects. According to OECD Guideline 474, their typical morphology includes defined borders, a size less than one-third of the central nucleus, and homogeneous staining.
[image: Fluorescent microscopy images showing cellular abnormalities in six categories: micronuclei, chromosomal bridges, binucleated cells, multipolarity, chromosomal fragmentation, and anucleated cells. Rows represent controls and treatments: Negative control (H₂O), gold nanoparticles (AuNPs) at 5 nm, 20 nm, and 40 nm, and a positive control (H₂Cr₂O₇). Each treatment shows varying degrees of cellular effects under each category, highlighting potential toxicity.]FIGURE 7 | Representative confocal microscopy images of mitotic abnormalities in Vicia faba root cells. Show are micronuclei, chromosomal bridges, binucleated cells, multipolarity, chromosomal fragmentation, and anucleated cells in samples treated with AuNPs of 5, 20, and 40 nm (30 μg/mL), compared with negative (H2O) and positive (K2Cr2O7, 200 μg/mL) controls.Chromosomal bridges: Chromosomal bridges are filamentous structures observed during mitosis, serving as anaphase or telophase, which connect opposite poles of a dividing cell. These structures reflect errors in chromosome segregation, such as dicentric fusions, poorly repaired chromosome breaks, or failures in sister chromatid disjunction. Their presence constitutes a cytological marker of genomic instability and genotoxicity. According to OECD Guideline 487 (2020), these abnormalities can be identified by specific nuclear stains, and their analysis is valid for detecting clastogenic activity in plant cells.
Binucleated Cells: Binucleated cells are those that contain two nuclei within the same cytoplasm, resulting from nuclear division without the corresponding cytokinesis. Their presence indicates alterations in the cell cycle, particularly in the final phase of mitosis, and is commonly associated with cytotoxic effects or dysfunctions in the mitotic spindle machinery. These structures are considered a biomarker of interference in normal cell division, as established by OECD Guideline 487 (2020) for genotoxicity studies. In plant cells, their morphology is characterized by nuclei of similar size contained within a single delimited cell.
Multipolarity: Multipolarity is a mitotic alteration characterized by the formation of more than two poles during cell division, which can lead to abnormal chromosome segregation and result in daughter cells with an unequal number of chromosomes, known as aneuploidies. This aberration is typically associated with the disorganization of the mitotic spindle and the malfunction of the microtubule-organizing centers. According to OECD Guideline 487 (2020), multipolarity is a typical manifestation of aneugenic activity and can be identified by optical or confocal microscopy in cells in metaphase or anaphase.
Chromosomal fragments: Chromosomal fragments are small structures, not linked to the mitotic spindle, that result from breaks in chromosomes due to severe clastogenic damage. These fragments lack a centromere, so they are not adequately distributed during mitosis, remaining free in the cytoplasm or giving rise to micronuclei. Their presence reflects a severe disorganization of the genetic material and is a direct indicator of genotoxicity. According to OECD Guideline 487 (2020), their observation in plant cells is valid for identifying clastogenic agents. Morphologically, they are identified as small bodies, separated from the central nucleus, with homogeneous staining.
Anucleated cells: Anucleated cells are those that have entirely lost their nucleus, indicating an extreme level of cellular damage or progression to cell death. In the context of genotoxicity studies, their presence serves as a morphological indicator of severe cytotoxicity, possibly induced by exposure to chemical agents that disrupt nuclear integrity or cause advanced apoptosis. According to OECD guidelines (TG 487, 2020), these cells should be considered when assessing cytotoxic effects along with other nuclear abnormalities (Animasaun et al., 2024; DiPeso et al., 2025; OECD, 2016; Liman et al., 2025; Owolarafe et al., 2020; Sarsar et al., 2025; Üstündağ et al., 2023; Zarnescu et al., 2024).
4 DISCUSSION
The morphology and even distribution of AuNPs seen in the TEM images suggest a controlled and reproducible synthesis (Jiménez-Martínez et al., 2024; Song et al., 2011). Internal patterns and contrasts in 20- and 40-nm AuNPs may result from the formation of specific crystalline facets during particle growth (Liu et al., 2007). AuNP characteristics match the supplier’s specifications. In UV-Vis characterization, the absorbance of AuNPs at extreme pH values (8 and 9) decreases slightly, potentially indicating reduced colloidal stability due to particle interactions (Pourali et al., 2021). Larger AuNPs show greater absorbance, likely due to size effects on plasmon resonance that shift the SPR peaks to higher wavelengths (Annur et al., 2018; Ershov et al., 2016). Absorption between 500 and 550 nm confirms these are gold nanoparticles (Oliveira et al., 2023; Santhoshkumar et al., 2017). The presented histograms show average sizes of 5.5854, 20.4142, and 40.8882 nm. Notably, size variability increases with the size of AuNPs (Melo et al., 2021). Smaller particles display uniform size distributions, while larger ones have more dispersed diameters, in line with other reports (Xia et al., 2019).
The hydrodynamic diameter obtained by DLS were consistently larger than those observed by TEM, particularly for the smallest nanoparticles. This discrepancy is well documented and arises from the contribution of the solvation shell and the electrical double layer, which account for a greater fraction of the apparent size in ultrasmall particles. Therefore, DLS does not contradict TEM structural findings but rather complements them by capturing particle—medium interactions. The polydispersity index (PDI) values remained below 0.30 across all AuNPs sizes, confirming monodispersity and validating the reliability of the hydrodynamic diameter measurements. This narrow size distribution supports the reproducibility and stability of the nanoparticles suspensions, an essential criterion for biological and environmental applications.
Regarding colloidal stability, the negative zeta potentials obtained are consistent with citrate-stabilized AuNPs under similar conditions, as reported in recent studies. Although intermediate-sized particles exhibited slightly lower magnitudes, the values remained within the acceptable threshold for stability (|ζ| ≥ 20 mV). These findings confirm that the suspensions retained sufficient electrostatic repulsion to prevent aggregation. Taken together—considering UV-Vis spectra, size distribution by TEM, DLS-derived hydrodynamic diameters and PDIs, and ζ-potential values—the AuNPs demonstrate physicochemical robustness. These results align with recent reports on AuNPs with biomedical potential, supporting their reliability as experimental nanomaterials (Fathy et al., 2023; Filippov et al., 2023; Kuznetsova et al., 2022).
The results of the comet assay (Tail Intensity) demonstrate that AuNPs induce genotoxic damage in a manner dependent on both size and concentration. This effect is consistent with the higher specific surface area an increased cellular interaction of smaller particles, which facilitates stronger biological activity (Li et al., 2010; Pan et al., 2007). In the case of 20 nm AuNPs, significant genotoxicity was also detected, though to a lesser extent than with 5 nm AuNPs, particularly at higher concentrations. This indicates a reduced reactivity compared to smaller particles, a trend supported by the literature, which reports decreasing DNA damage as particle size increases (Mironava et al., 2010; Woźniak et al., 2017). Finally, 40 nm AuNPs displayed nonlinear behavior, with the greatest DNA damage observed at 10 μg/mL but lower effects at higher concentrations, which may be related to reduced cellular interaction under these conditions—a phenomenon previously described in other studies (Barillet et al., 2010; Shukla et al., 2011).
Tail Moment results confirm that AuNPs cause genotoxic damage in a size- and concentration—dependent manner. Exposure to 5 nm AuNPs produced a significant increase in Tail Moment with rising concentrations, which reflects the strong biological activity associated with their high surface-to-volumen ratio and capacity for cellular interaction (Hu et al., 2022; Lebedová et al., 2018). Similarly, 20 nm AuNPs caused a significant rise in the Tail Moment at medium and high concentrations, indicating a moderate genotoxic potential, as reflected in studies on intermediate-sized NPs affecting plant root cells and mitosis (Debnath et al., 2018; Siddiqi and Husen, 2017). For 40 nm AuNPs, the most significant DNA damage was observed at low concentrations, with decreasing effects at higher doses, a nonlinear trend that may be related to changes in particles behavior under these conditions—a pattern also described in other studies (Štefanić et al., 2021).
In the percentage of mitotic index, the positive control presented the highest rate, probably due to a compensatory proliferative response to the genotoxic damage induced by potassium dichromate. This phenomenon has been documented in studies on genotoxic stress in plant cells (Patlolla et al., 2009; Mitra and Chattopadhyay, 2013; Uyeki et al., 1983). The negative control showed a basal percentage, reflecting normal growth conditions without extreme stress (Kato and Haskins, 2023; Lotze et al., 2004). Treatment with 5 nm AuNPs resulted in a moderate reduction in the mitotic index relative to the negative control. Their small size facilitates interaction with meristematic cells, which can interfere with cycle progression and reduce cell division frequency (Li et al., 2010; Pan et al., 2009; Ramalingam et al., 2016). In contrast, 40 nm AuNPs caused a more significant reduction in the mitotic index. Their larger size favors agglomeration, which limits cellular uptake but can still disrupt mitotic organization, leading to altered division patterns (Li et al., 2018a; Pan et al., 2007; Rajeshwari et al., 2016). The most pronounced effect was observed with 20 nm AuNPs, which produced the lowest mitotic index. This size appears to be particularly effective at interfering with cellular components, disrupting mitotic dynamics and causing cell cycle arrest (Debnath et al., 2018; Li et al., 2018b; Nirmala and Lopus, 2019).
The results from chromosomal aberrations demonstrate that the genotoxic effect is size—dependent, with 20 nm AuNPs inducing the highest percentage of aberrations, followed by 40 nm and 5 nm AuNPs, respectively. This behavior suggests that 20 nm AuNPs represent an optimal size for cellular internalization and interaction with components of the mitotic apparatus and genetic material, which enhances the likelihood of chromosomal alterations (Tsai et al., 2022; Vales et al., 2020). In contrast, smaller AuNPs (5 nm) may be more prone to aggregation or elimination, while larger ones (40 nm) mayhave a reduced ability to penetrate cells, resulting in comparatively lower levels of aberrations (Carnerero et al., 2020; Fu et al., 2021; Xia et al., 2019).
Taken together, the results demonstrate that AuNPs induce significant alterations in the mitotic apparatus and compromise the stability of genetic material in the meristematic cells of V. faba. These effects are clearly size—dependent. The chromosomal abnormalities identified—including chromatid bridges, fragments, micronuclei, and binucleated cells—represent direct consequences of AuNPs interaction with critical components of the cell cycle, particularly during mitotic progression.
AuNPs internalized by plant cells may localize in the cytoplasm and, depending on their size and active surface, can cross the nuclear envelope. Once inside, they can interact directly with proteins that are essential for cell function. For instance, they alter α/β tubulins, which are required for microtubule polymerization. They can also interfere with cell cycle regulators, such as cyclins and cyclin-dependent kinases (CDKs), as well as proteins responsible for the spindle assembly checkpoint. These disruptions ultimately result in errors in mitotic spindle assembly, improper kinetochore capture, and failures in the segregation of chromosomes or chromatids. These cellular disruptions result in distinct structural changes. Chromosome bridges may form from poorly repaired breaks or dicentric fusions. Chromosome fragments can result from unsegregated acentric breaks. Micronuclei arise when some genetic material is left out of the main nucleus after telophase. The presence of binucleated cells suggests direct interference with cytokinesis, possibly due to damage to contractile ring proteins or problems with late mitotic signals.
In terms of size, 20 nm AuNPs produced the most significant mitotic disruption. This effect is attributed to the optimal size for cellular internalization, which provides greater contact with sensitive intracellular structures, such as centrosomes, chromosomes, and microtubules. Their high surface-to-volume ratio further enhances the likelihood of interactions with protein residues and DNA nucleobases, potentially leading to structural alterations such as alkylation or cross-linking that compromise genomic integrity. Collectively, these results demonstrate that AuNPs act as physical entities capable of initiating molecular responses that effect cell cycle regulation, chromosome stability, and overall cell viability. Their size-dependent genotoxic and cytotoxic effects underscore the importance of considering physicochemical parameters when designing and applying AuNPs in agricultural, biomedical, and environmental contexts, particularly when targeting highly proliferative organisms (Kato and Haskins, 2023; Warr et al., 1993; Yoon et al., 2025).
Overall, the results obtained in V. faba are consistent with those reported in mammalian models, where smaller AuNPs exhibit grater genotoxicity due to their higher specific surface area (Mironava et al., 2010; Vales et al., 2020). However, notable differences are observed: in some plants, larger particles still induce chromosomal abnormalities attributable to mitotic alterations, whereas in animal cells their effect tends to be lower due to limited internalization, depending on the size, surface, and functionalization of AuNPs (De Berardis et al., 2020; Niżnik et al., 2024; Xia et al., 2017).
These contrasts reflect that, although there is common size- and concentration-dependent pattern across biological systems, the magnitude and mechanisms of damage depend on the experimental model used. Our study provides evidence in higher plants that complements what has been observed in animal cells, reinforcing the idea that nanosafety evaluation of AuNPs should consider both plant and animal organisms.
5 CONCLUSION
This study evaluated the effects of AuNPs of different sizes (5, 20, and 40 nm) on the meristematic cells of V. faba roots. For mitotic index and chromosomal aberration analysis, only the 30 μg/mL concentration was used, as it showed significant and differentiated variation in the comet assay (Tail Intensity, Tail Length, Tail Moment). This allowed for a targeted analysis of effects after acute exposure (1 h) and a 24-h recovery period. Among comet parameters, the Tail Moment was chosen as the primary indicator of genotoxic damage, providing a comprehensive view of DNA breakage by combining tail length and intensity, rather than using each parameter separately.
Tail Moment results across the three sizes at a concentration of 30 revealed an order of increasing damage: positive control >20 nm AuNPs >5 nm > 40 nm > negative control. This indicates that 20 nm AuNPs are the most efficient in generating DNA breaks, likely due to their optimal size for cell penetration and interaction with nuclear structures. Accordingly, the total mitotic signature, assessed after 24 h of recovery, showed a significant decrease in cells treated with AuNPs in the order: positive control > negative control >5 nm AuNPs >40 nm > 20 nm. This pattern reflects a cell cycle arrest in response to genetic damage. The reduction in the mitotic index suggests that cells activate checkpoint mechanisms to prevent the proliferation of cells with compromised DNA integrity. Analysis of the total percentage of chromosomal aberrations reinforced these findings, with the following pattern observed: positive control >20 nm AuNPs >40 nm AuNPs >5 nm > negative control.
The 20 nm AuNPs caused the highest number of structural alterations during mitosis, suggesting a direct interference with the mitotic spindle and chromosome condensation. This contributes to greater genetic instability. Together, the integrated results of the three parameters indicate a direct correlation between DNA damage, mitotic disruption, and chromosomal abnormalities, most pronounced with 20 nm AuNPs. The 5 nm particles exhibited an intermediate effect, possibly limited by aggregation or elimination, but still caused genetic damage. In contrast, 40 nm particles exhibited a lower penetration capacity.
These results underscore the importance of AuNP size in assessing biological safety and confirm the sensitivity of the V. faba assay to study nanomaterial genotoxicity for applications in agriculture and biomedicine.
6 EQUATIONS
GP %=number of germinated seedstotal seeds sown  x 100(1)
Equation 1: Germination Percentage
MI=Number of cells in mitosisTotal number of cells x 100(2)
Equation 2: Mitotic Index
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