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Extreme climatic conditions, pests, diseases and environmental pollution significantly impact the cul-
tivation of agricultural products and the quality of plant raw materials. It is assumed that nanostructured 
carbon materials, particularly fullerene C60, due to antioxidant, antiviral, and antibacterial properties can be 
used to prevent these effects. This study aimed to evaluate the effect of pre-sowing treatment of wheat seeds 
with fullerene C60 on the state of plants 14 days after germination. The seeds of the winter wheat Triticum aes-
tivum L. of the Patras and Akter varieties  were treated with a colloidal solution of fullerene C60 (0.1-1.0 µg/
ml) for 3 h. Biomorphometric parameters, photosynthetic pigments, phenolic compounds, MDA content and 
catalase activity were assessed using standard techniques. It was shown that seeds treatment with fullerene 
C60 was followed by the greater  increase of both the fresh weight of Akter plants and shoot length of Patras 
plants as compared to untreated controls. A dose-dependent effect of fullerene C60 on the physiological and 
biochemical parameters of the plants was revealed. Photosynthetic activity in plants of both wheat varie-
ties was enhanced after  seed treatment with C60 in low (0.1-0.2 µg/ml) concentrations as evidenced by the 
increased  content of chlorophylls a, while at high (0.5-1.0 µg/ml) C60 concentrations it decreased against 
the background of increased carotenoids content. The enhancement of antioxidant defense induced by C60 
treatment at concentrations of 0.5-1.0 µg/ml was observed, as indicated by an increase in the content of phe-
nolic compounds and activation of catalase. The positive effect of wheat seeds treatment with fullerene C60 
indicates the potential use of carbon nanoparticles in agrobiotechnologies to improve plant growth and stress 
resistance.

K e y w o r d s: wheat germination, seed treatment, fullerene C60, chlorophylls, carotenoids, MDA, catalase, 
phenolic compounds.

Food security in Ukraine and globally has be-
come a pressing issue in recent years. Mili-
tary conflicts in Europe, environmental pol-

lution, extreme climate changes, pests, and diseases 
pose significant threats to agricultural production. 
Consequently, the exploration of new methods and 
the development of innovative biotechnological ap-
proaches in agriculture are essential for addressing 
this complex food challenge. The rapid progress of 
nanotechnology has led to the widespread applica-
tion of nanomaterials in various industries, including 
materials science, energy, environmental remedia-
tion, pharmaceuticals and medicine, and agriculture. 
Research into the interactions between various types 
and structures of nanoparticles with plants and their 
use in agriculture has attracted much interest [1-3]. 

Carbon nanoparticles (CNPs), including 
fullerene C60, graphene, graphene oxide, and both 
single-walled and multi-walled carbon nanotubes, 
are promising in this context. These materials are 
distinguished by their nanoscale dimensions, chemi
cal stability, hydrophobic properties, and a wide 
range of biological activities, which enhance their 
applicability in the agro-industrial sector [4-6]. 

CNPs are capable of penetrating through the 
cell walls and membranes of plants, which consti-
tutes their biological action. For example, the accu-
mulation of fullerene and its water-soluble deriva-
tives has been detected in the tissues of vascular 
vessels, surrounding cells, and intercellular spaces 
of the rice (O. sativa) [7], the root system of soy-
beans (G. max), tomatoes (S. lycopersicum), as well 
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as in the roots and shoots of zucchini (C. pepo) [8], 
in radish (Raphanus sativus) [9]. There is evidence 
that CNPs accumulate in plant cells’ subcellular or-
ganelles, particularly in plastids, vacuoles, and the 
nucleus [10, 11]. Single-walled carbon nanotubes 
(SWCNTs) penetrated the chloroplast membrane by 
passive diffusion and affected photosynthetic activi
ty by transferring electrons into the photosynthetic 
electron transport chain [12, 13]. The penetration and 
accumulation of CNPs in plant cells depend on their 
physical and chemical properties, including molecu-
lar size, concentration, modification, surface charge, 
presence of functional groups, treatment conditions, 
and specific plant species. 

CNPs can accumulate in plant tissues and 
contribute to the synthesis of carbon-containing 
bioorganic compounds. It was shown that carbon 
nanomaterials induced the synthesis of biologically 
active substances and metabolites such as phenolic 
compounds, carotenoids, vitamins, and glutathione 
in plant cells [14-17]. 

CNPs can alter protein activity and induce ROS 
formation. At low concentrations (10–250 mg/l), 
they positively regulate the activity of genes respon-
sible for plant integrity, including those involved in 
the glutathione-ascorbate cycle, the shikimic acid 
pathway, and the phenylpropanoid pathway [18-20]. 
CNPs in plants induce the activity of antioxidant en-
zymes and the synthesis of secondary metabolites 
[21]. 

Carbon nanomaterials are effective as pes-
ticides [22], seeds and plants growth enhancers 
[23, 24], transporters of biological active molecules 
to plant tissues or cells [25-27].

However, there are also literature data on the 
phytotoxic properties of CNPs. Thus, at high con-
centrations, CNPs exhibited a toxic effect on the 
protoplasts of common gooseberry (Arabidopsis 
thaliana – dicotyledons) and Japanese rice (Oryza 
sativa subsp. japonica – monocots) [28]. The phyto-
toxic effect of CNPs was accompanied by excessive 
production of ROS and the development of oxidative 
stress [28-30]. 

In addition, nanoparticles of fullerene (nC60) re-
duced transpiration processes at the cellular level in 
plants, blocked root pores, compressed the structure 
of root endothelial cells, and altered the degree of 
saturation of fatty acids in the root cell membrane 
[31]. 

Information on the phytotoxic effect of CNPs, 
their impact on plant cells and organisms, mecha-
nisms of interaction, and effects of CNPs in agro-

systems is scarce and contradictory. Therefore, the 
study aimed to investigate the effect of fullerene C60 
on morphological, physiological and biochemical 
parameters of wheat and to determine the range of 
non-toxic concentrations. 

Materials and Methods 

Preparation of water-soluble carbon nano-
particles. Aqueous colloidal solutions of fullerene 
C60 at an initial concentration of 0.15 mg/ml were 
obtained by evaporation of C60 molecules from the 
organic solvent toluene and transfer to the aqueous 
phase by sonication [32]. The structural organization 
of fullerene C60 nanoparticles and their high stability 
in aqueous solution were confirmed through high-
resolution microscopy and dynamic light scattering 
[33]. The study utilized aqueous colloidal solutions 
of C60 fullerene in the following concentration range: 
0.1, 0.2, 0.5, and 1 µg/ml.

Experimental conditions. Certified seeds of 
winter wheat Triticum aestivum L., varieties Patras 
and Akter, were used in the studies [34]. Wheat 
seeds were planted in a universal soil mixture pro-
duced by Floriada with the following composition: 
turf ground, high-moor peat, lowland peat, river 
sand, mineral fertilizers (N, P, K), trace elements 
(Fe, Zn, B, Cu, Mo, Mn), pH 5.5-7.5 [35]. Pre-sowing 
treatment is more effective because it minimizes en-
vironmental impact and enhances germination and 
root formation in plants. Pre-sowing treatment of 
wheat seeds (Fig. 1) included the following steps: 
1) sterilization using 3% H2O2 for 7 min, 2) rins-
ing with distilled water three times, 3) soaking in 
an H3BO3 solution (0.6 g/l) for 20 min, 4) treatment 
(20 seeds per experimental group) with an aqueous 
colloidal solution of C60 fullerene at the respective 
concentrations for 3 h (experimental group No. 1 – 
0.1 µg/ml C60, experimental group No. 2 – 0.2 µg/
ml C60, experimental group No. 3 – 0.5 µg/ml C60, 
experimental group No. 4 – 1.0 µg/ml C60). Wheat 
seeds in the control group were soaked in distilled 
water. 

Before planting in the soil mixture, the seeds 
were placed in Petri dishes with moist filter paper 
and allowed to germinate in the dark at a tempera-
ture of 17°C for two days. Following germination, 
the seeds were transferred to a light environment, 
planted in moist soil, and grown at 20°C with a 15/9 
photoperiod.

Morphological and biochemical parameters in 
control plants (without CNP treatment) and experi-
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mental plants (CNP-treated) were evaluated on the 
14th day after seed germination. The selection and 
preparation of plant material, along with the assess-
ment of morphometric parameters (shoot and root 
length, plant weight), were conducted using standard 
techniques.

The content of photosynthetic pigments was 
determined by the spectrophotometric method. A 
total of 0.1 g of plant material was homogenized in 
a porcelain mortar with a small amount of CaCO3 
and then extracted with 96% C2H5OH, and ethanol 
was added to the discolored filtrate to a total sam-
ple volume of 10 ml. The optical absorption of the 
alcohol extracts from the experimental samples 
was measured at wavelengths of 665 nm for chlo-
rophyll a, 649 nm for chlorophyll b, and 441 nm 
for carotenoids using a UVmini-1240 SHIMADZU 
spectrophotometer (Japan) [36]. The concentrations 
of chlorophyll a, chlorophyll b, and carotenoids were 
determined using standard formulas:

Сchl а = 13.95 × λmean 665 – 5.76 × λmean 649,
Сchl b = 25.8 × λmean 649 – 7.6 × λmean 665,
Сcar = 4.695 × λmean 441 – 0.268 × (Сchl а + Сchl b)

Additionally, the total chlorophyll content, the 
ratio of chlorophyll a to chlorophyll b, and the ratio 
of total chlorophyll to carotenoids were calculated.

The content of malondialdehyde (MDA) was 
determined by its reaction with thiobarbituric acid 
(TBA) in an acidic environment at high temperature, 

resulting in the formation of a colored complex with 
an absorption maximum at a wavelength of 532 nm 
[37, 38]. To precipitate the protein, 0.5 g of plant ma-
terial was thoroughly ground in 3 ml of 5% trichlo-
roacetic acid in a porcelain mortar and centrifuged 
at 5000 g for 15 min. A 0.8% aqueous solution of 
TBA was added to the supernatant, and the samples 
were incubated in a water bath for 10 min at 100°C. 
The optical density was measured at 532 nm using 
a UVmini-1240 SHIMADZU spectrophotometer 
(Japan). The content of thiobarbituric acid reactive 
substances (TBARS) was calculated using the mo-
lecular extinction coefficient (1.56×105 cm-1·M-1).

The total content of phenolic compounds in 
plant samples was determined by a modified Folin-
Ciocalteu method spectrophotometrically at optical 
absorption at 765 nm [39]. 25-50 mg of plant mate-
rial was homogenized and extracted in 1 ml of 96% 
ethanol at 4°C for 24 h. After extraction, ethanol in a 
ratio of 1:10 was added to the supernatant and mixed 
thoroughly. To 0.2 ml of this mixture, 2 ml of the 
working solution of Folin-Ciocalteu reagent and 2 ml 
of a 7.5% Na₂CO₃ solution were added. The tubes 
were then incubated at room temperature for 1 h. 
The optical density was measured at 765 nm using a 
UVmini-1240 SHIMADZU spectrophotometer (Ja-
pan). The total content of phenolic compounds was 
expressed in mg per 1 g of the plant material.

The activity of catalase (EC 1.11.1.6) was as-
sessed using a spectrophotometric method that relies 

Fig. 1. Pre-sowing treatment and growing up scheme of Triticum aestivum L. wheat seeds
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on the reaction between hydrogen peroxide and am-
monium molybdate. This reaction produces a stable 
yellow-colored complex, and the intensity of its ab-
sorption was measured at a wavelength of 410 nm 
[40]. 0.1 g of plant material was homogenized in a 
porcelain mortar with a cooled 1 M phosphate buffer 
(pH 7.8). The resulting homogenate was centrifuged 
at 3,000 rpm/min for 10 min. To 50 µl of the super-
natant, 1 ml of 0.03% H2O2 was added and incubated 
in a water bath at 37° C for 10 min. The reaction was 
stopped by adding 1 ml of ammonium molybdate, 
and the absorbance of the samples was measured at 
a wavelength of 410 nm using a UVmini-1240 SHI-
MADZU spectrophotometer (Japan). The enzyme 
activity was calculated using an H2O2 extinction co-
efficient of 22.2×103 mM-1·cm-1.

Statistical analysis of the obtained results was 
performed using variance analysis ANOVA, soft-
ware Microsoft Excel 2010, and GraphPad Prism 7. 
The results were considered reliable at P-values 
˂ 0.05. 

Results and Discussion 

Wheat is the primary grain crop in Ukraine and 
globally. An important condition for its cultivation 
is the selection of varieties that combine high yields 
with resistance to biotic and abiotic stressors. Wheat 
varieties Patras and Akter are characterized by high 
yields and flour quality. Additionally, the Patras 
variety of wheat has comprehensive winter hardi-
ness and resistance to snow mold, while the Akter 
variety is resistant to lodging (8.8 points), shattering 
(8.7 points), root rot (7 points), septoria (9 points), 
fusarium (8 points), brown rust (6 points) and pow-
dery mildew (8 points). These varieties are intensive-
ly cultivated in Ukraine and Germany [34, 41, 42].

Various environmental factors resulting from 
climate change and combat actions on the territory 
of Ukraine are contributing to a decline in the pro-
ductivity of crops and the quality of plant raw ma-
terials. Consequently, the production of agricultural 
products necessitates the adoption of new, highly ef-
ficient biotechnological approaches that have mini-
mal environmental impact. In this context, nanopar-
ticles of various types are emerging as promising 
and effective tools in modern agricultural technolo-
gies [43]. Nanostructured carbon materials, owing to 
their nanoscale dimensions, hydrophobicity, antioxi-
dant, antiviral, and antibacterial properties, can be 
used to regulate nutrition, increase yields, and en-

hance the stress resistance of agricultural plants to 
biotic and abiotic environmental factors.

Exogenous compounds, in particular nanopar-
ticles, are known to inhibit the functional activity 
of plants and affect their growth and development. 
Therefore, we initially investigated the influence of 
carbon nanoparticles on the growth of the above-
ground parts and roots, as well as the accumula-
tion of mass in T. aestivum plants. For this purpose, 
14 days after wheat germination, a morphometric 
analysis of seedlings from two varieties, Akter and 
Patras, treated with a solution of fullerene C60 at the 
studied concentration range of 0.1, 0.2, 0.5, and 1 µg/
ml, was conducted. The average values of shoot and 
root lengths, as well as fresh weight, were evaluated 
for each sample (Table 1).

No significant differences in morphometric 
parameters were found between Patras and Akter 
varieties on the 14th day after germination of untrea
ted (control) wheat seeds (Table 1). After treatment 
of seeds with fullerene C60, no changes in the length 
of shoots and roots of the 14-day-old plants of T. aes-
tivum of Patras variety were detected, while their 
fresh mass increased by 1.3, 1.5, 1.4 and 1.2 times at 
concentrations of 0.1, 0.2, 0.5 and 1 μg/ml, respec-
tively, compared to the control (Table 1). In the Akter 
variety of wheat, the shoot length increased by 1.3 
times under the influence of fullerene C60 at concen-
trations of 0.2, 0.5 and 1 μg/ml, while the functional 
activity of the roots and the fresh mass of the plants 
remained unchanged, with the indicators at the level 
of control values. Thus, carbon nanoparticles did 
not cause phytotoxic effects on T. aestivum plants 
and exhibited a stimulating effect on the growth of 
aboveground biomass.

Phytotoxicity is an important indicator for 
determining the potential impact of nanoparticles 
on the environment and plants. Numerous experi-
mental data have shown that carbon nanoparticles 
exhibit toxic effects on plants, which depend on the 
nature, modification, bioavailability, and concentra-
tion of the molecules, treatment conditions, dura-
tion of exposure, species, and other factors [14, 44]. 
Authors [45] studied the dose-dependent effects of 
multi-walled carbon nanotubes (MWNTs) at con-
centrations of 125, 250, 500, and 1000 mg/l on red 
spinach (Amaranthus tricolor L.). After 15 days in 
hydroponic culture, plant growth, root lengths, num-
ber and size of leaf significantly decreased following 
exposure to 1000 mg/l MWNTs, which was also ac-
companied by cell death due to ROS production.
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The absence of negative effects of carbon nano-
tubes (CNTs) on plants is supported by the following 
literature data. For instance, CNTs in vitro and in 
vivo experiments stimulated cell growth, germina-
tion, and callus growth in tobacco and tomatoes 
[46, 47]. After 50 days of tobacco incubation in cul-
ture, in the presence of MWCNTs and graphene at 
a concentration of 50 µg/ml, the dry biomass of the 
callus significantly increased by 33% compared to 
the control. The germination rates of tomato seeds 
(on day 5) and the average root length of tomato 
seedlings (on day 20) after the application of 50 and 
100 µg/ml MWCNTs or graphene were significantly 
higher compared to the control seedlings.

Fullerene C60 and graphene oxide at a concen-
tration of 25 µg/ml increased the germination rate 
and viability of tomato seeds of the Money Maker 
variety, induced root formation, and enhanced the 
length of adventitious roots [48]. 

Nonspecific reactions in plants to stress factors, 
including exogenous compounds, can occur at the 
level of membranes, cells, and organelles. Protective 
adaptation and resistance to adverse environmental 
factors allow plants to maintain their morphological 
structure and functional activity. An important role 
in the adaptation to stress factors in photosynthetic 
plants is played by the pigment system, which is sen-
sitive to exogenous compounds [49]. 

Nanoparticles, depending on their size, nature, 
solubility, concentrations, and properties, are capa-

ble of penetrating plant cells and accumulating in 
chloroplasts [50]. Heavy metals were shown to cause 
the destruction of chloroplasts, accompanied by an 
increase in the activity of chlorophyllase, an enzyme 
that degrades the chlorophyll-protein-lipid complex 
of the photosynthetic apparatus, and a decrease in 
the intensity of photosynthesis [51, 52], whereas car-
bon nanoparticles are capable of penetrating through 
plant cell walls and membranes, interacting and ex-
changing electrons with photosynthetic complexes in 
vitro [13].

Plant biomass depends on the utilization of 
absorbed light in photosynthetic processes. Thus, 
increasing the efficiency of light utilization by pho-
tosystem II (PSII) reaction centers in photochemi-
cal reactions enhances the overall biomass of plants 
[53], whereas a reduction in photosynthetic reactions 
leads to a decrease in wheat biomass [54]. The pig-
ment system ensures both biomass growth and the 
processes of energy and plastic metabolism. There-
fore, the content of pigments, their composition, and 
ratio in the photosynthetic organs of plants are im-
portant indicators that characterize the functional 
state of plants.

It was found that the total chlorophyll content 
in wheat is variety-specific. For instance, in 14-day-
old wheat plants of the Patras variety, the content of 
chlorophyll a and carotenoids was 1.3 and 1.6 times 
higher, respectively, compared to the Akter variety 
(Fig. 2). The obtained results indicate the winter har-

T a b l e  1. Morphometric indicators of 14-day-old plants of T. aestivum (M ± m, n = 20)

Option experiment Shoot length, mm Root length, mm Fresh weight (FW), g
Patras variety

Control 32.16 ± 2.66 54.36 ± 2.66 0.18 ± 0.02
+ C60 0.1 μg/ml 29.46 ± 3.96 61.06 ± 3.96 0.24 ± 0.08*

+ C60 0.2 μg/ml 27.97 ± 1.94 61.55 ± 1.94 0.27 ± 0.05*
+ C60 0.5 μg/ml 33.47 ± 2.53 60.67 ± 2.53 0.25 ± 0.02*
+ C60 1 μg/ml 33.00 ± 1.28 64.14 ± 1.28 0.22 ± 0.05*

Akter variety
Control 30.36 ± 3.93 57.96 ± 4.23 0.22 ± 0.01
+ C60 0.1 μg/ml 31.66 ± 5.53 57.38 ± 4.63 0.23 ± 0.10

+ C60 0.2 μg/ml 38.75 ± 2.81* 59.70 ± 4.43 0.25 ± 0.03

+ C60 0.5 μg/ml 38.87 ± 3.42* 62.26 ± 4.02 0.25 ± 0.06

+ C60 1 μg/ml 38.80 ± 2.29* 66.22 ± 3.43 0.24 ± 0.05

Note. *P ˂ 0.05 in comparison with control (untreated plants)
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diness of the Patras variety, as after the resumption 
of vegetation in spring, the plants exhibit a bright, 
saturated green color of leaves and stems, which in-
dicates active absorption of nutrients and moisture 
during the early stages of vegetation.

Additionally, the pigment system serves as a 
marker for the influence of exogenous compounds. 
Therefore, the next task was to study the effect of 
fullerene C60 at concentrations ranging from 0.1 to 
1.0 µg/ml on the photosynthetic activity of wheat 
plants. A dose-dependent effect of C60 fullerene on 
the content of the studied pigments was observed. 
Specifically, in the Patras wheat variety, a signifi-
cant increase in chlorophyll content was noted at low 
concentrations of 0.1 and 0.2 µg/ml of C60 fullerene, 
with chlorophyll a increasing by 43 and 40%, and 
chlorophyll b by 72 and 56%, respectively (Fig. 2). In 
contrast, after exposure to C60 fullerene at a concen-
tration of 1 µg/ml, the content of chlorophyll a and 
chlorophyll b decreased by 26 and 20%, respectively, 
compared to plants not treated with nanoparticles. A 
concentration of 0.5 µg/ml of C60 did not affect the 
chlorophyll content in the Patras wheat variety.

In the Akter wheat variety, a similar effect of 
nanoparticles on pigment content was observed. 
Specifically, in plants treated with 0.1 µg/ml of 
C60fullerene, the content of chlorophyll a increased 
by 28%, while at concentrations of 0.5 and 1 µg/ml, 
the content of chlorophylls a and b decreased by 22 

and 25, and 18 and 29%, respectively, compared to 
the control (Fig. 2). A concentration of 0.2 µg/ml of 
C60 had no effect on the chlorophyll content in the 
Akter wheat variety.

The total chlorophyll content characterizes 
photosynthetic activity, based on the sum of the 
concentrations of chlorophylls a and b, which are 
involved in the absorption of light energy. The total 
chlorophyll content in both wheat varieties slightly 
increased at low concentrations and decreased at 
high concentrations of C60 fullerene (Table 2) com-
pared to the control.

The ratio of chlorophylls a/b, or the chlorophyll 
index, allows for the assessment of the efficiency of 
solar energy utilization for the physiological needs 
of plants, making it an indicator of photosynthetic 
activity as well. It can also be used as a marker of 
resilience under stress conditions [55, 56]. The ob-
tained results indicate sufficient resilience of the 
green pigments in winter wheat (Triticum aesti-
vum L.) to the effects of C60 fullerene nanoparticles, 
as the chlorophyll a/b ratio values corresponded to 
the control values, and in some cases, were even 
higher compared to the control (Table 2).

Some researchers [13] have studied the con-
centration-dependent effect of SWCNTs loaded with 
polyethylene polymer on the structural and functio
nal characteristics of pea plants (Pisum sativum). Un-
der foliar application conditions, by spraying 14-day-

Fig. 2. Photosynthetic pigments content (mg/g of fresh weight (FW)) in 14-day-old wheat plants treated with 
fullerene C60. *P ˂ 0.05 in comparison with control (untreated plants)
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old pea plants with SWCNTs at a concentration of 
300 mg/l, a significant accumulation of epicuticular 
wax was observed after 7 days, along with swelling 
of the granal and stromal regions of thylakoid mem-
branes and modification of chloroplast ultrastruc-
ture. The obtained results indicated a negative im-
pact of SWCNTs on photosynthesis and a slowdown 
in photoprotection mechanisms, although the func-
tion of photosystem II was preserved. In contrast, 
SWCNTs in the concentration range of 10-100 mg/l 
did not cause negative effects on the studied charac-
teristics of pea leaves.

In the functioning of the photosynthetic appara-
tus, carotenoids play an important role, characterized 
by their photoprotective and antioxidant properties 
[57, 58]. Thus, the content of carotenoids increased in 
wheat plants of both varieties at a C60 fullerene con-
centration of 1.0 µg/ml by 36 and 43%, respectively, 
compared to the control. Carotenoids are capable of 
protecting chlorophylls from photooxidation, and an 
increase in carotenoid content indicates their protec-
tive properties for the photosynthetic system, as ca-
rotenoids are precursors of antioxidant compounds. 
Conversely, a reduction in their protective properties 
leads to a decrease in chlorophyll content and sup-
pression of plant growth processes [57-60]. 

We have shown that under the influence of C60 
molecules, the content of carotenoids and chloro-
phylls increased, indicating a modification in the 

functioning of the light-harvesting complex of pig-
ment systems and the activation of protective mecha-
nisms to prevent the loss of functional capacity of 
thylakoid membranes. On the one hand, the activa-
tion of pigment photosystems prevents photodama
ge to the photosynthetic apparatus, but on the other 
hand, it leads to a reduction in the proportion of solar 
energy utilized in photosynthetic processes [61]. In 
addition, photoinhibition and recovery from it may 
be associated with significant losses in photosyn-
thetic efficiency [62]. 

The ratio of total chlorophyll to carotenoids 
indicates how optimal the growing conditions 
for plants are. The ratio between the total content 
of chlorophylls and carotenoids decreased with 
increasing C60 concentration compared to the con-
trol (Table 2).

Thus, the increase in the studied indicators of 
photosynthetic activity in wheat plants under the in-
fluence of fullerene C60 shows a high potential in-
tensity of photosynthesis and confirms the complex 
nature of the formation of protective reactions.

We observed a decrease in the content of chlo-
rophylls a and b and total chlorophylls against the 
background of increased carotenoids in both wheat 
varieties treated with fullerene C60 at high concentra-
tions (0.5 and 1 μg/ml), which indicates a decrease in 
photosynthetic activity and physiological processes.

Note. *P < 0.05 in comparison with control

T a b l e  2. The ratio of photosynthetic pigments in 14-day-old T. aestivum sprouts treated with C60 fullerene

Experiment conditions
Pigments ratio

∑ Сhl (а + b), mg/g (FW) Сhl а/Chl b ∑ Chl/∑ Car
Patras variety

Сontrol 0.78 ± 0.06 2.12 ± 0.19 6.88 ± 0.66
+C60 0.1 μg/ml 1.19 ± 0.08 1.78 ± 0.16 10.82 ± 0.96*
+C60 0.2 μg/ml 1.13 ± 0.09 1.90 ± 0.18 9.42 ± 0.86
+C60 0. 5 μg/ml 0.67 ± 0.06* 1.89 ± 0.18 5.15 ± 0.46*
+C60 1 μg/ml 0.59 ± 0.06* 1.91 ± 0.19 3.90 ± 0.26*

Akter variety
Сontrol 0.68 ± 0.07 1.43 ± 0.13 9.71 ± 0.88
+C60 0.1 μg/ml 0.79 ± 0.08 1.82 ± 0.17 11.29 ± 0.12

+C60 0.2 μg/ml 0.68 ± 0.07 1.43 ± 0.13 8.50 ± 0.76

+C60 0.5 μg/ml 0.54 ± 0.06* 1.35 ± 0.12 6.00 ± 0.56*

+C60 1 μg/ml 0.50 ±  0.06* 1.50 ± 0.14 5.00 ± 0.46*
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Heavy metals are known to be hazardous pol-
lutants for the environment and humans, and also 
to have a negative effect on the photosynthetic sys-
tem of plants. For example, lead caused structural 
changes in the photosynthetic apparatus, induced a 
decrease in biosynthesis and chlorophyll degrada-
tion, and increased carotenoid synthesis in the leaves 
of wheat (Triticum durum and T. aestivum), barley 
(Hordeum vulgare) and oats (Avena sativa) [63]. 

Stress caused by carbon nanoparticles at 
high concentrations in plants was accompanied 
by changes in the photosynthetic system, but the 
mechanism is not well understood. It is assumed that 
due to the increased activity of photosynthetic reac-
tions during electron transfer in photosystems I and 
II, reactive oxygen species can be formed, especially 
under intense light conditions [62]. Carotenoids ab-
sorb excess light energy and neutralize free radicals, 
thereby protecting plant cells from oxidative stress 
[57, 59]. 

Oxidative stress, which occurs as a result of ex-
cessive formation of reactive oxygen species (ROS) 
that damage the structural components of mem-
branes and cells, is one of the causes of chlorophyll 
loss under stress. A marker of oxidative stress at the 
level of plasma membranes is MDA (malondialde-
hyde), which is formed during lipid peroxidation 
(LPO) caused by the excessive formation and accu-
mulation of ROS [64]. 

We have demonstrated that the presence of 
fullerene C60 intensifies lipid peroxidation (LPO) 

processes in wheat, exhibiting a dose-dependent re-
lationship (Fig. 3). Specifically, the concentration of 
thiobarbituric acid reactive substances (TBARS) in 
14-day-old wheat seedlings of both varieties, Patras 
and Akter, increased with higher concentrations of 
nanoparticles, particularly showing a 1.7-fold in-
crease at a concentration of 1 µg/ml of C60 fullerene.

An increase in the level of TBARS after expo-
sure to C60 fullerene at concentrations of 0.2 μg/ml 
and above indicates a negative effect of nanoparticles 
on cell membranes due to the activation of LPO pro-
cesses and the development of oxidative stress.

It has been shown that graphene oxide nanopar-
ticles in the concentration range of 5-150 mg/l did 
not affect the MDA content in rapeseed (Brassica 
napus L.), rice (Oryza sativa L.) [65, 66], while at 
high concentrations of 200-250 mg/l, the MDA level 
increased significantly in rice plants [67].

To prevent excessive synthesis of ROS, neutra
lize their damaging effects, and maintain intracellu-
lar homeostasis, the cell has an antioxidant defense 
system, which is represented by several antioxidant 
enzymes. In particular, catalase (EC 1.11.1.6) is one 
of the main antioxidant enzymes that plays an im-
portant role in the mechanisms of antioxidant de-
fense of plants, provides detoxification of hydrogen 
peroxide, reducing its toxic effect in cells [68].

In plant cells, catalase is localized in the per-
oxisomes and cytosol and plays an important role in 
photosynthetic processes, in particular in photores-
piration [40]. Catalase prevents the toxic effects of 

Fig. 3. TBARS content (µmol/g) in wheat plants treated with fullerene C60. *P ˂ 0.05 in comparison with con-
trol (untreated plants)
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oxidative stress and protects chloroplasts from oxi-
dative damage, thereby ensuring the stable operation 
of photosystems I and II.

We observed the activation of catalase in wheat 
plants of both varieties treated with fullerene C60. 
Thus, the activity of catalase increased after treat-
ment with fullerene C60 at high concentrations of 
0.5 and 1.0 μg/ml by 125 and 150%, respectively, 
in plants of the Patras variety and by 150 and 173%, 
respectively, in plants of the Akter variety (Fig. 4).

The content of chlorophylls and MDA and the 
activity of antioxidant enzymes in plants are com-
monly used as markers of possible oxidative damage 
[69, 70]. An increase in chlorophyll content, MDA, 
and catalase activity in plants indicates oxida-
tive damage. In addition, nanomaterials can cause 
changes in the physiological and biochemical proper
ties and activity of antioxidant enzymes in biological 
systems [46, 71].

The increase in catalase activity may indicate 
both the negative effect of nanoparticles, namely 
excessive concentration of H2O2 in cells and the 
development of oxidative stress, and the protective 
properties of CNPs, since this enzyme splits hydro-
gen peroxide into water oxygen, thereby reducing 
lipid peroxidation [72]. 

Phenolic compounds play an important role in 
the antioxidant protection of cells from oxidative 
stress, providing protection of cell membranes and 
proteins [73, 74].

We observed the synthesis of phenolic com-
pounds in wheat plants of the Patras variety treated 

Fig. 4. Change of catalase activity T. aestivum treated with fullerene C60. *P ˂ 0.05 in comparison with con-
trol (untreated plants)
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with nanoparticles in the range of studied concen-
trations (0.1-1.0 μg/ml), namely, the content of phe-
nolic compounds increased by 51, 58, 66 and 51%, 
respectively, compared to the control (Fig. 5), and in 
wheat plants of the Akter variety after exposure to 
0.5 and 1.0 μg/ml of fullerene C60, it increased by 21 
and 38%, respectively, compared to the control. In 
addition, different sensitivity and adaptive properties 
of wheat varieties to the action of nanoparticles were 
observed. Thus, in the Akter variety, no increase in 
the content of phenolic compounds was detected un-
der the action of fullerene C60 at low concentrations 
of 0.1 and 0.2 μg/ml, which may indicate greater 
stress resistance of the plants.

The results show the activation of the antioxi-
dant defense, leading to the synthesis of phenolic 
compounds in wheat plants. Phenolic compounds 
neutralize reactive oxygen species generated un-
der the action of C60 fullerene and play the role of 
signaling molecules in defense responses.

Thus, the intense synthesis of phenolic com-
pounds indicates a protective response in plants to 
the stress induced by CNPs. Other authors have also 
shown that carbon nanomaterials, in particular na-
notubes at moderate doses, as well as fullerene C60, 
can act as elicitors (inducers of systemic resistance) 
in plants by increasing the content of phenolics [14]. 

Some studies have demonstrated the protec-
tive effects of CNPs against abiotic factors in plants. 
For example, treatment of seeds with 40 and 80 nM 
C60(OH)20 increased the content of flavanoids, phe-
nolics, saccharides, amino acids and enhanced the 
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activity of catalase (EC 1.11.1.6) and peroxidase 
(EC 1.11.1.7) in wheat (Triticum aestivum L.) plants, 
while decreasing the content of MDA [75]. In addi-
tion, a positive and protective effect was observed in 
wheat plants subjected to six months of salt stress 
and foliar application of 40 and 80 nM C60(OH)20, 
accompanied by an increase in the content of chlo-
rophylls, amino acids, and nutrients (calcium, potas-
sium and phosphorus) [75].

When corn seeds (Zea mays L.) were treated 
with 5-50 mg/l [C60(OH)22х8H2O]n, a protective ef-
fect against drought was observed, as evidenced by 
increased activity of the antioxidant enzymes SOD 
and catalase, as well as a decrease in the content of 
H2O2 and MDA in seedlings [76]. Foliar treatment 
of sugar beet (Beta vulgaris L.) with 70 or 700 µmol 
C60(OH)24 was accompanied by an increase in pro-
line content and the activity of catalase, ascorbate 
peroxidase, and glutathione peroxidase (EC 1.11.1.9) 
in roots and shoots under drought conditions [77].

Under conditions of foliar treatment of cucum-
ber with 1.0 or 2.0 mg/l C60, the concentration of 
chlorophyll-binding proteins (CAB), proton pumps 
(ATP synthase), photosynthetic protein complexes 
(PII), and cytochrome b6f increased. This led to im-
proved light absorption, electron transfer (e−), syn-
thesis of photosynthetic pigments and ATP, as well 
as enhanced activity of glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) and glucose-6-phosphate 
isomerase (GPI) [78].

Fig. 5. Phenolic compounds content (mg/g) in the leaves of wheat T. aestivum after treatment with fullerene 
C60. *P ˂ 0.05 in comparison with control (untreated plants)
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Conclusion. A dose-dependent effect of C60 
fullerene was observed under seed treatment condi-
tions, along with varying sensitivities of wheat varie-
ties to the action of CNMs. It was shown that expo-
sure to C60 fullerene resulted in an increase in plant 
biomass for the Patras wheat variety and root length 
for the Akter variety. At low doses (0.1-0.2 µg/ml), 
photosynthetic activity improved in plants of both 
wheat varieties, whereas at higher doses (0.5-1.0 µg/
ml), it decreased, as evidenced by alterations in the 
content of photosynthetic pigments. Additionally, 
in wheat plants treated with C60 fullerene, protec-
tive systems were activated at both the membrane 
and cellular levels, as indicated by increased levels 
of MDA, phenolic compounds, and catalase activi
ty. The ability of CNMs to activate the antioxidant 
potential in plants suggests promising applications 
in agrobiotechnology, which could aid in regulating 
stress tolerance and enhancing plant productivity. 
Nevertheless, further research is needed to elucidate 
the mechanisms underlying plant resistance and to 
establish adaptive responses to adverse growing con-
ditions through the use of carbon nanomaterials. 
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Екстремальні кліматичні умови, шкідники, 
хвороби та забруднення навколишнього се-
редовища суттєво впливають на вирощуван-
ня сільськогосподарської продукції та якість 
рослинної сировини. Припускається, що 
наноструктуровані вуглецеві матеріали, зо-
крема фулерен С60, завдяки антиоксидантним, 
противірусним та антибактеріальним властиво-
стям може бути використаний для запобігання 
цих впливів. Метою даного дослідження було 
оцінити вплив фулерену С60 за передпосівної об-
робки насіння пшениці на стан рослин через 14 
днів після сходження. Насіння пшениці озимої 
Triticum aestivum L. сортів Патрас та Актер об-
робляли колоїдним розчином фулерену С60 (0,1-
1,0 мкг/мл) упродовж 3 год. Біоморфометричні 
показники, вміст фотосинтетичних пігментів, 
фенольних сполук і МДА та активність ката-
лази оцінювали за стандартними методиками. 
Показано, що після обробки насіння фулереном 
C60 значно збільшувалася як свіжа вага рослин 
пшениці сорту Актер, так і довжина пагонів со-
рту Патрас порівняно з необробленими контро-
лями. Виявлено дозозалежну дію фулерену С60 
на фізіолого-біохімічні показники рослин. Фо-
тосинтетична активність у рослин обох сортів 
пшениці посилювалася після обробки насіння 
С60 за низьких концентрацій (0,1–0,2 мкг/мл), 
про що свідчить підвищення вмісту хлорофілів, 
а за високих концентрацій С60 (0,5–1,0 мкг/
мл) знижувалася на фоні підвищення вмісту 
каротиноїдів. Спостерігалося посилення анти-
оксидантного захисту після обробки фулере-
ном С60 за концентрацій 0,5–1,0 мкг/мл, про що 
свідчить підвищення вмісту фенольних сполук 
та активація каталази. Таким чином, обробка 
насіння пшениці фулереном С60 може розгляда-

тися як перспективний підхід використання на-
ночастинок вуглецю в агробіотехнологіях для 
покращення росту та стресостійкості рослин.

К л ю ч о в і  с л о в а: проростання пшениці, 
обробка насіння, фулерен С60, хлорофіли, 
каротиноїди, МДА, каталаза, фенольні сполуки.
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