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The aim of this study was to analyze the effect of graphene oxide on the germination of Persian clover seeds 

and its possible attenuating effect on aluminum stress. The seeds were sown on substrate paper and tested 

at varying concentrations of graphene oxide, aluminum and/or graphene oxide + aluminum concomitantly. 

They were then stored in a germination chamber at a temperature of 20 °C with a photoperiod of 12 h. The 

nanomaterials were characterized by Raman spectroscopy, X-ray diffraction, Fourier transform 

spectroscopy, and scanning electron microscopic. Seed germination and growth parameters (length and dry 

mass) of seedlings were evaluated. The nanomaterial did not cause adverse effects on Persian clover seed 

germination. However, the addition of aluminum above 125 mg L-1 was found to be harmful resulting in a 

decrease in germination, total and root length, and seedling dry mass. Nevertheless, simultaneous exposure 

to graphene oxide/aluminum, did not affect the initial growth nor the germination parameters of the seeds. 

Keywords: graphene, germination process, Trifolium resupinatum L. 

 

O objetivo deste estudo foi analisar o efeito do óxido de grafeno na germinação de sementes de trevo Persa 

e seu possível efeito atenuante no estresse por alumínio. As sementes foram semeadas em papel substrato 

e testadas em concentrações variadas de óxido de grafeno, alumínio e/ou óxido de grafeno + alumínio 

concomitantemente. Em seguida, foram armazenados em câmara de germinação à temperatura de 20 °C e 

fotoperíodo de 12 h. Os nanomateriais foram caracterizados por espectroscopia Raman, difração de raios 

X, espectroscopia por transformada de Fourier e microscopia eletrônica de varredura. Foram avaliados a 

germinação das sementes e os parâmetros de crescimento das plântulas) (comprimento e massa seca). O 

nanomaterial não causou efeitos adversos na germinação de sementes de trevo Persa. Entretanto, a adição 

de alumínio acima de 125 mg L-1 foi considerada prejudicial, resultando em diminuição da germinação, do 

comprimento total e radicular e da massa seca das plântulas. No entanto, a exposição simultânea ao óxido 

de grafeno/alumínio não afetou o crescimento inicial nem os parâmetros de germinação das sementes. 

Palavras-chave: grafeno, processo germinativo, Trifolium resupinatum L. 

1. INTRODUCTION 

The use of chemical compounds, mostly artificial, in crops, industries, and homes has led to 

an increase in the concentration of these substances in the environment, which can have harmful 

effects on plants and also on humans. The current trend in agriculture is to focus on more 

sustainable practices and fewer synthetic chemicals. It also highlights alternative strategies that 

can increase productivity and plant resistance to abiotic stresses while promoting environmental 

sustainability [1]. 

More recently, graphene-based nanomaterials and its derivatives, such as graphene oxide 

(GO), amino-Fe3O4-functionalized graphene oxide (GO-NH2-Fe3O4), and reduced graphene oxide 

(GOr) have been utilized in various fields, such as medicine, physics, energy, agriculture, and 

environmental science, and have potential to reduce harmful substances in the environment [2-5]. 

In addition, it has a high potential to be used as a stress-relieving tool due to its excellent 

properties. These include water solubility, non-toxicity, low cost compared to existing materials, 

and production on a large scale from graphite [6]. 
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However, its increased use in recent years has raised concerns about its potential biological 

and environmental risk [7], justifying a wide investigation regarding toxicity and safety 

assessments [8]. Studies on its positive or negative impacts on plants, as well as its possible role 

as an attenuator of stress caused by chemical elements are insufficient and sometimes 

controversial, for example, aluminum, which in excess, becomes toxic to plants and the 

surrounding environment. 

Aluminum (Al) is present in acidic soils in the form of trivalent ions (Al3+). At a pH below 

5.0, Al dissociates into toxic trivalent forms, and its concentration in the soil is deleterious for   

Al-sensitive plants (between 2 and 5 ppm), while above 5 ppm it is toxic for aluminum-tolerant 

species [9]. Most crops are sensitive to the micromolar concentration of toxicity from 

microelements, such as Al, with the root tip being the main target [10]. In this context, Al causes 

toxicity and irreversible damage to plant growth, consequently affecting the quality and 

productivity of crops [11]. 

In recent years, there has been growing concern about growing plants in soils with high 

concentrations of aluminum. Among them are those of the Trifolium genus, which, not only fixes 

nitrogen, but also grows quickly, allowing for rapid soil coverage, significantly contributing to 

the invasive plant control. However, most species do not develop in poor, sandy, and acidic soils. 

Their development is aggravated by toxic levels of aluminum, manganese, and phosphorus 

deficiencies. Associated with this, previous studies have shown that GO has low ecotoxicity [5, 

6, 8], raising the hypothesis that it may mitigate to the toxic effect of Al on seed germination. 

Considering that, so far, the studies on the phytotoxicity of isolated GO do not provide an 

understanding of the potential interactions of GO with other contaminants in the environment 

[12], the purpose of this study was to analyze the effect of GO on the germination of Persian 

clover seeds (Trifolium resupinatum L.) and its possible attenuating effect on Al stress. 

2. MATERIAL AND METHODS 

2.1 Plant material 

The pelleted seeds of Persian clover (Trifolium resupinatum L.), cultivar Lightning, were 

purchased from a traditional seed trading company (PGG Wrightson Seeds Brasil). 

2.2 GO (graphene oxide) synthesis 

The GO synthesis followed the methodology of Salles et al. (2020) [13], and the final 

concentration resulted in approximately 1.5 g. 

GO was characterized by different techniques. Crystallinity was determined by Raman 

spectroscopy (Renishaw inVia spectrometer system) and X-ray diffraction (Bruker 

diffractometer, model D2 Phaser). Functional groups were established using Fourier Transform 

Spectroscopy (Perkin-Elmer, Spectro One model), and the morphology was analyzed in scanning 

electron microscopy (Zeiss Sigma 300 VP). 

2.3 Graphene oxide in seed germination 

Persian clover seeds were subjected to different concentrations of GO: 0 (control), 125, 125, 

250, 500, and 1000 mg L-1. In the control treatment (0), only distilled water was used. 

2.4 Aluminum in seed germination 

During germination and initial development, Persian clover seeds were exposed to 0 (control), 

125, 250, 500, 1000, and 2000 mg L-1 of aluminum chloride (Al2Cl3.2H2O). 
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2.5 Graphene oxide and aluminum stress 

To analyze the potential of GO as a possible attenuator of the toxic effect of aluminum, 

concentrations of 0, 125, 250, 500, and 1000 mg L-1 of GO were joined and mixed with                  

125 mg L-1 of Al2Cl3.2H2O (the concentration considered toxic in the previous step considering 

the results obtained in the seedling length test). 

2.6 Experiments with seed germination 

In the three stages, the germination of Persian clover seeds were evaluated by subjecting them 

to graphene oxide and/or aluminum chloride, as previously mentioned. Four repetitions of 50 

seeds were distributed on germitest paper and placed in transparent plastic boxes (gerbox). Then 

the boxes with the seeds were stored in a germination chamber (20 °C and photoperiod of 12 h). 

The count of normal seedlings was performed, according to Brasil (2009) [14], on the 7th day 

after sowing. Together with germination, the emerged seedlings were counted daily (until the 7th 

day), calculating the germination speed index (GSI) [15].  

To determine the length (cm) and dry mass (mg) of the seedlings, the methodology described 

by Krzyzanowski et al. (2020) [15] was used. Four replications of 20 seeds were sown in two 

rows in the upper third of the germitest paper and maintained under the same condition as the 

germination test. On the 7th day after sowing, the lengths of 10 normal seedlings of each 

replication were measured. Following the procedure, ten normal seedlings were chosen from each 

replicate of the seedling length test to determine the seedling dry mass (mg). The seedlings were 

weighed on a precision balance (of 0.001 g) after drying the material in a forced ventilation oven 

at 60 ± 5 °C for 48 h. 

2.7 Statistical analysis 

The experimental design was completely randomized, with treatments consisting of different 

concentrations of graphene and/or aluminum oxide. The data was submitted to an analysis of 

variance using the F (p ≤ 0.05) test and, when significant, a regression analysis was performed 

using the program Sisvar 5.6 software. The presentation of column graphs was chosen for better 

viewing of the results. 

3. RESULTS AND DISCUSSION 

3.1 Graphene oxide characterization 

The GO characterization is shown in Figure 1. X-ray diffraction (XRD) (Figure 1a) of carbon 

nanomaterials showed complete oxidation of precursor material (graphite) for the absence of a 

peak around 2θ ≈ 26° and the appearance of an intense signal at 2θ ≈ 11.4° (001) which is 

characteristic of graphene oxide [16]. The functional groups of GO are shown in Figure 1b. 

According to the FTIR (Fourier-Transform Infrared Spectroscopy) a large signal at 3405 cm-1 

related to the stretching vibration of OH groups [8]. The bands around 1734.02, 1650.71, 1342.65, 

and 1050 cm-1 correspond respectively to the C=O stretch vibration, C=C, C-OH, and C-O bonds 

[17]. 

The Raman Spectroscopy shows the three characteristic bands in the GO spectrum (Figure 1c). 

The D, G, and 2D bands are associated with the defects and disorder of graphite structure, sp2 

vibration by carbon atoms, and second order of the D band, respectively [18]. However, the ID/IG 

ratio of GO was 0.96, which reveals a high-quality carbon nanomaterial [16]. The morphological 

structure of GO is exhibited in Figure 1d. According to the SEM results, it is possible to observe 

a wrinkles sheet, corresponding to a nanomaterial with a few layers [19]. 
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Figure 1. XRD (a), FTIR (b), Raman Spectroscopy (c) and SEM (d) of graphene oxide. 

3.2 Graphene oxide in seed germination 

Through data analysis, it is possible to observe that in the absence of GO (the control), the 

seeds presented an average of 97% of normal seedlings in the germination test (Figure 2a), with 

no significant decrease in the percentage of normal seedlings at the concentrations tested. Thus, 

it is possible to state that GO concentrations up to 1000 mg L-1 (the highest concentration used) 

did not have a toxic effect on the germination of Persian clover seeds. Furthermore, no significant 

difference was observed in germination speed and seedling dry mass (Figures 2b and 2d). On the 

other hand, seedling length showed a reduction only at the highest concentration used, with values 

ranging from 5.97 cm (control) to 4.21 cm (1000 mg L-1) (Figure 2c). 

Similar results to this study were observed by Park et al. (2020) [20], in which the seed 

germination of Arabidopsis thaliana (L.) Heynh. was not affected by the GO doses tested (100, 

1000, and 10000 mg L-1) and were similar to the results of Kazlauskas et al. (2023) [12] in 

Lepidium sativum L. (1-80 mg L-1). According to Yang et al. (2022) [5], the action of GO on plant 

growth depends on the genotypic characteristics and the concentration used. 
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Figure 2. Germination (a) and seed germination speed (b), length (c), and dry mass (d) of Persian clover 

seedlings submitted to different concentrations of graphene oxide (GO). 

The majority of studies show that the presence of GO can stimulate germination, which is the 

first stage of vegetable development, enabling the seeds to absorb water [21]. There are reports in 

the literature of the use of GO to promote seed germination in spinach [21]; the accumulation of 

root biomass and the morphological development of tomato seedlings [22]; the promotion of tap 

root length and lateral roots in A. thaliana [23], as well as positive effects on the germination of 

persian clover and buckwheat (Fagopyrum esculentum Moench) seeds [24], cotton - Gossypium 

hirsutum L. [22] and alfalfa - Medicago sativa L. [25]. The positive effect can be attributed to the 

fact that GO penetrates the seed coat, facilitating water absorption, resulting in stimulation of 

germination and root development [26]. In contrast, in other reports, GO inhibited seed 

germination in rice – Oryza sativa L. [27], had no effect on root growth in wheat – Triticum 

aestivum L. [28] and, in white clover (Trifolium repens L.), exposure to GO had negative effects 

on seedling growth, and nutrient uptake by the shoot system, with a more relevant effect observed 

with increasing concentration and exposure time [7]. 

3.3 Aluminum in seed germination 

The percentage of seed germination and seedling growth of Persian clover decreased with 

increasing aluminum concentrations (Figure 3). In the absence of Al, the seeds showed a rate of 

average germination of 97% (Figure 3a), with a significant reduction in normal seedlings from 

125 and 250 mg L-1 (90% each). The germination speed index decreased from 500 mg L-1 (Figure 

3b). Root length, total length, and dry mass of seedlings decreased from 125 mg L-1 (Figures 3c 

and 3d). Furthermore, the roots presented a brown color and a fragile structure. 
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Figure 3. Germination (a) and germination speed (b) of seeds, total seedling and root lengths (c), and dry 

mass (d) of Persian clover seedlings submitted to different aluminum concentrations (Al2Cl3.2H2O). 

Aluminum toxicity in acidic soils is regarded as one of the main restrictions on seed 

germination and plant development [29]. As the first interaction zone of germinated seeds and 

metals is the root [30], these organs are the first to find and respond to soil pollutants, and their 

anatomical structure may reflect their adaptation strategy to the external environment [31]. When 

plants are exposed to Al stress, the inhibition of root elongation is the most prominent symptom, 

consequently, these changes in root structure will directly affect the absorption of water and 

nutrients [32]. Al toxicity disrupts the root system by inhibiting cell elongation and cell division, 

disorganizing various metabolic processes, and promoting cell death, leading to a decrease in 

growth, a loss of yield, or total crop damage [33]. 

3.4 Graphene oxide and aluminum stress 

The analysis of variance indicated that there was no significant influence of the simultaneous 

application of graphene oxide and aluminum (125 mg L-1) on the germination, germination speed, 

length, and dry mass of Persian clover seedlings (Figure 4). 

The absorption and accumulation of metals in plant tissues depend on several factors, such as 

the stability of the metal in the biotic and abiotic environment, its bioavailability in water, and the 

transfer rate through the plant membrane [34]. The exposition of GO combined with cadmium 

(Cd2+) on rice seed germination were investigated by Yin et al. (2018) [35] in which they 

concluded that graphene oxide can adsorb cadmium in solution and, increased concentrations of 

GO, proportionally lower the residual concentration of the metal. 

Additionally, Hu et al. (2018) [36] evaluated the influence of GO (1 and 5 mg L-1) on copper 

(Cu) stress in Lemna minor L. They found that GO with concentrations under 5 mg L-1, did not 

have adverse effects on the species. The authors noted that graphene oxide's unique properties 

and wide application cause it to interact with other toxic elements, subsequently changing its 

behavior and toxicity. 

 

 



R. Stefanello et al., Scientia Plena 20, 040201 (2024)                                           7 

  

  
Figure 4. Germination (a) and germination speed (b) of seeds, length (c) and dry mass (d) of Persian 

clover seedlings submitted to different concentrations of graphene oxide (GO) and aluminum (Al -        

125 mg L
-1

). 

Complementarily, GO affected the accumulation of tested metals (GO + Ni, Zn, Cr, and Cu) 

in the root and shoot systems of L. sativum due to its ability to adsorb metals from the growth 

medium [12]. In another report, Kaymak et al. (2022) [6], analyzed different doses of GO (0, 0.25, 

0.50, 0.75, and 1.0 mg mL-1) under saline stress (0, 5, 10, and 15 g L-1) verified that the effect of 

GO impacted on melon seed germination (Cucumis melo L.) based to the concentrations. 

Furthermore, the simultaneous application of GO and sodium chloride favored the germination 

of Persian clover seeds [8]. 

Graphene oxide has the potential to stimulate seed germination under stressful conditions due 

to its capability to dissolve in water, versatility and high ionic charge property that eliminates the 

antagonistic effects of alkaline ions by removing them from the seed during the germination 

process [6]. The mechanism behind this event is not clear, however, GO may play the role of a 

protective shield by interfering with the hydrophilic groups of carbohydrates and proteins in the 

seed coat, thus attenuating the inhibition of seed germination induced by exposure to the metal 

[12]. 

In this study, the addition of aluminum above 125 mg L-1 represented a stress condition, which 

was evidenced by the decrease in germination percentage, length, and dry mass of Persian clover 

seedlings. When seeds were simultaneously exposed to GO and Al, no reduction in germination 

and initial growth parameters was observed. Although GO did not have a mitigating effect on Al 

stress, these study provide an understanding of the role of graphene oxide in Persian clover seed 

germination, indicating nontoxic effect. 

Future studies including different methodologies and analyses, as well as longer exposure 

times to the nanomaterial, are necessary and may help to understand the role of graphene oxide 

in other stages of the development of species of the genus Trifolium and possible interactions with 

other pollutants. 
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4. CONCLUSIONS 

The graphene oxide did not cause adverse effects on Persian clover seed germination. It was 

observed that the addition of aluminum above 125 mg L-1 resulted in harmfully stress condition, 

leading to a decrease in germination, total and root length, and seedling dry mass. Nevertheless, 

when exposed to graphene oxide/aluminum simultaneously, there were no changes observed in 

the initial growth or germination parameters of the seeds. 
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