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Abstract: Elaborating on the methods and means of enriching nutrition, including that of plants, with
a number of microelements that are vital for humans is now very important due to the unresolved
acute problems of micronutrient deficiency and imbalance, which affect the majority of the population
of various countries in the world. Promising solutions for the implementation of biofortification in
terms of safety, efficiency, size, biocompatibility, and transportability are the water-soluble derivatives
of C60 or C70 fullerene. By now, the use of water-soluble fullerenes (C60(OH)22–24 or C70(OH)12–14

fullerenols, C60 fullerene with glycine or with arginine: C60-L-Gly or C60-L-Arg) with various func-
tional groups for plant enrichment is pioneering. Experimental research work was carried out at the
agrobiopolygon of the Agrophysical Research Institute under controlled microclimate conditions.
This work constituted an assessment of the influence of C60(OH)22–24 fullerenol introduction into the
soil on the content of macro- and microelements in the soil and in plants, for example, cucumber, as
well as on the plants’ physiological state (photosynthetic pigments, the intensity of lipid peroxidation,
the activity of peroxidase and catalase enzymes), growth, and element content. Its aim was to study
the possibility of enriching the plants’ production (Chinese cabbage, tomato, and cucumber) with
compositions of the fullerene derivatives (C60-L-Gly or C60-L-Arg, C60(OH)22–24 or C70(OH)12–14

fullerenols) and selenium or zinc compounds by introducing them into a nutrient solution or by
foliar treatment of plants. It was revealed that the introduction of solutions of C60 fullerenol in
various concentrations (1 mg/kg, 10 mg/kg, and 100 mg/kg) into soddy-podzolic sandy loamy soil
contributed to the activation of the processes of nitrogen transformation in the soil, in particular, the
enhancement of the process of nitrification, and to the increase in the content of mobile forms of
some macro- and microelements in the soil as well as of the latter in plant organs, for example, in
cucumber plants, especially in their leaves. Along with this, the plants showed an increase in the
content of photosynthetic pigments, a predominant decrease in the activity of the oxidative enzyme
peroxidase and in the intensity of lipid peroxidation, and an increase in the content of the reducing
enzyme catalase. The improvement in the physiological state of plants had a positive effect on the
growth rates of cucumber plants. The compositions of solutions of amino acid fullerenes (C60-L-Gly
or C60-L-Arg) and sodium selenate as well as C60 or C70 fullerenols and zinc sulfate, selected on the
basis of different charges of molecules or functional groups of fullerene derivatives, showed higher
efficiency at low concentrations in enriching the plant products of Chinese cabbage, tomato, and
cucumber with selenium and zinc, respectively, compared with mineral salts of the indicated elements
and control (edible part of Chinese cabbage: by 31.0−89.0% relative to that in the control and by
26.0–81.0% relative to the treatment of plants with a sodium selenate; tomato fruits: by 33.7–42.2%
relative to that in the control and by 10.2–17.2% relative to the treatment of plants with a sodium
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selenate; cucumber fruits: by 42.0–59.0% relative to that in the control and by 10.0–23.0% relative
to the treatment of plants with a zinc sulfate). At the same time, the quantitative characteristics of
growth, productivity, and/or quality of the obtained products increase and improve accordingly. The
prospects for further research include an in-depth study into the mechanisms of the compositions of
fullerene derivatives and various compounds of trace elements’ influence on the plants, as well as
the synthesis and study of the various exo- and endo derivatives of fullerenes’ properties, including
C60 complex compounds with transition metals and fullerenes, which, inside their carbon networks,
contain atoms of various chemical elements, such as lanthanum and others.

Keywords: biofortification; trace elements; selenium; zinc; Chinese cabbage; tomato; cucumber;
polyhydroxylated fullerenes C60; C70; amino acid derivatives C60; soil–plant system; soil substitute–
plant system; plant growth; quality; productivity

1. Introduction

The problems of micronutrient deficiency and imbalance in the majority of the popula-
tion of various countries in the world, leading to various dangerous diseases and immune
status disorders, are acute and require the search for an environmentally safe solution. Ac-
cording to the WHO, various human diseases, including cancer, are associated with certain
nutritional disorders [1,2]. Specialists in the field of nutrition reported that the elimination
of vitamin D deficiencies, a decrease in the content of simple carbohydrates in the diet,
and an increase in natural antioxidants, vitamins A, C, E, B6, B12, folic acid, microelements
(iron, iodine, copper, selenium, manganese, zinc, chromium, etc.), and polyunsaturated
fatty acids of the ω-3 family can ensure the genetic stability of cells and slow down the
processes of biological aging and the development of age-associated diseases [3,4]. Among
these micronutrients, the trace elements selenium and zinc play the most important roles
in the human organism. The most exhaustive reviews on the anticarcinogenic properties
of the listed substances are given in the following works: selenium [5,6] and zinc [7,8].
In experiments with induced cancer, all of these substances showed an ability to inhibit
the development of tumors in the so-called period of promotion of carcinogenesis and are
usually used for a long time. The mechanism of their anticarcinogenic action is diverse.

The above-mentioned diet nutrition includes the regular consumption of fruit and
vegetables containing the necessary amounts of biologically active compounds with a
complex of useful properties, including selenium and zinc. However, in order to ob-
tain the recommended daily doses (for example, selenium: ~0.030–0.055 mg/day; zinc:
~9–19 mg/day) [6,9–11] of useful micronutrients within these plant products (for example,
vegetable crops contain, in mg per kg of the plants’ edible part, selenium:~0.0001–0.022
and zinc: ~0.8–9.1) [9,12], it is necessary to consume several kg or more per day, which is
not possible for the human organism.

One of the ways to solve this problem is to increase the production of plant raw
materials and high-quality products containing minor micronutrients in quantities that are
safe for the human organism. The latter can be achieved through the development and
implementation in the agroindustrial complex of new environmentally friendly and highly
effective biofortification methods, techniques, means, technologies, and others.

In this regard, the task of enriching agricultural crops with biologically active sub-
stances was declared a priority by the world scientific community in the 21st century. A
fairly large number of research papers is devoted to the consideration of the problem of
the environmentally safe targeted enrichment of plant production with useful ingredients
and the search for ways to solve it [13]. In particular, they note the relevance of research
aimed at improving the safety and controllability of the process of plant enrichment and
the development of new methods and means to achieve this goal.

The enrichment of plants with microelements is carried out by introducing their
compounds into the root environment (soil or nutrient solution) or through a pre-sowing
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treatment of the seed material and foliar treatment of vegetative plants during the growing
season [14,15]. Many preparations of microfertilizers and preparations containing zinc and
other trace elements chelated with organic compounds, in particular, citric acid, humic acids,
and synthetic polymers, have been created [13,16–19]. With regard to selenium, the market
is significantly less saturated with preparations containing it. There are known mineral
fertilizers containing sodium selenate [20–23], selenium-containing preparations (sodium
selenite, sodium biselenite, sodium selenate, etc.) for introduction into the solution during
hydroponic plant cultivation [23,24], and seed- and foliar plant treatments [23,25–28]. A
number of researchers have shown the dependence of the efficiency of plant enrichment
with selenium on the type of soil or substrate, natural or climatic environmental conditions,
applied agricultural technologies, species, varieties, or hybrids of plants, as well as on the
form of the applied selenium-containing compound [21,23,29]. Thus, some researchers
believe that selenate is 33 times more effective than selenite when fertilizing plants [30].
The best accumulation of selenium was observed when using Se in the form of selenate
(VI) for potatoes [29], carrots [31], common buckwheat [32], winter wheat [33], lettuce [34],
and turnips [35], while selenite (IV) was more effective in rice biofortification [36].

However, there are serious problems in implementing technology for enriching plants
with selenium and zinc microelements, namely: the toxicity of microelements in high con-
centrations to plants and other biological objects; varietal differences in response to the gra-
dient content of the microelement in the environment; environmental pollution [19,23,37].
In this regard, it is very important to search for and to develop an environmentally safe, bi-
ologically active, and biodegradable preparation process that ensures the effective delivery
of the necessary macro- and microelements and other physiologically active compounds to
the plants. The currently developed carbon nanomaterials, in particular, fullerenols and
other water-soluble adducts of fullerenes (for example, amino acids), can serve as promising
sources for obtaining such preparations. Fullerenols are a mixture of polyoxyhydroxylated
water-soluble fullerene derivatives [38,39]. The high lipophilicity of the carbon core of
fullerenols ensures their penetration through biomembranes, their nanosize ensures steric
correspondence to biomolecules, and the “cloud” of π- electrons on the surface ensures
their participation in free radical reactions [38,40–42]. Due to these properties, fullerenols
have a great potential for application in medicine and pharmacology, as well as in other
fields in the science and economic sectors [38].

However, the use of water-soluble fullerene derivatives has not yet become widespread
in crop production due to a lack of sufficient knowledge about the mechanisms of their
influence on agro- and ecosystems and their living components, including plants. Research
work in this direction has emerged recently [40–56]. At the same time, the information in
the literature is not systematic and is often contradictory, which is due to the experiments
carried out by different research groups under different conditions using different forms and
concentrations of the studied substances. Thus, in the works of various authors, the effects
of polyhydroxylated fullerene were shown in different directions: from damaging onion
cells [42] to increasing the density of the green algae culture Pseudokirchneriella subcapitata, as
well as accelerating the growth of the hypocotyl in Arabidopsis [41], increasing the biomass,
yield, and content of useful substances of bitter melon plants after seed treatment [43]. The
effect of fullerene derivatives, as well as of other nanomaterials, is determined by their
size, composition of their functional groups, concentration, and species differences in plant
response and environmental conditions [44–57]. The positive effect of these compounds
on plants is presumably associated with antioxidant activity, namely, the ability to bind
reactive oxygen species, as was clearly shown in barley and rape plants [47,49,55–57].

Also, the issues of the absorption of fullerene derivatives and their distribution, trans-
formation, or decomposition in the plant organism have not been practically studied. Thus,
the ability of plants, for example, rice, radish, onion, bitter melon, and wheat, to absorb
and accumulate C60 or C70 fullerene derivatives is reported in the literature [44–46,58].
Water-soluble C60 fullerene derivatives penetrate animal and plant membranes either as
lipophilic ions or in a neutral form after protonation [40,58]. In the example of wheat
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(Triticum aestivum L.) and radish (Raphanus sativus L.) seedlings, it was shown that the
absorption of C60 and C70 fullerene derivatives by plants depends on their concentration in
the root environment and that these compounds accumulate mainly in roots [50,58]. Almost
nothing is known about the mechanisms of the possible indirect effect of water-soluble
fullerene derivatives on plants after they enter the soil.

Since 2011, our research group, represented by specialists in the field of fullerenoid
structure chemistry from the Pavlov First Saint Petersburg State Medical University and
agrobiologists from the Agrophysical Research Institute and from Vavilov All-Russian
Research Institute of Plant genetic Resources, has developed new compositions of sub-
stances with unique properties based on C60 or C70 fullerene derivatives. Our work showed
the high efficiency of the created substances in low concentrations in intensifying the
production process and increasing the stress resistance of plants. At the same time, the
working solutions of the created substances are safe for living organisms. We have found
that an increase in the net productivity of plants and their resistance to oxidative stress
after the introduction of polyhydroxylated, carboxylated, and amino acid derivatives of
C60 into the root environment (nutrient solution for hydroponic plant cultivation) or after
a foliar treatment of the plant is associated with established changes in the structure and
efficiency of the photosynthetic apparatus, as well as with the effect on the processes of
plant metabolism, exchange, and their antioxidant defense systems. Indicators of the
antioxidant defense system’s state were the intensity of lipid peroxidation, the activity of
superoxide dismutase, and the generation of reactive oxygen species [47–53].

The revealed potential ability of fullerene derivatives to increase the content of macro-
and microelements in plants [51,53] testified to the expediency of using them as potential
mediators to contribute to the enrichment of plants with physiologically active substances
useful for humans. Similar studies with fullerene derivatives have not yet been carried out;
there is no information about their targeted use for enriching plants with specific micronu-
trients in the available literature. To fulfill this need, a comprehensive research study was
carried out by us for the first time, the results of which are presented in this article.

The research hypothesis is as follows: the compositions of water-soluble fullerenes
and microelement compounds, having different charges, are very effective in increasing
the content of the applied microelement in the edible part of the used vegetable crops
and in significantly improving the physiological state of plants when their solutions are
introduced into the soil–plant (or soil substitute–plant) system. The noted effects are
expected to be observed at a very low concentration of the compound in solutions due to
the above-mentioned unique properties of water-soluble fullerenes.

This paper shows the results of pioneering studies on the effect of polyhydroxy-
lated fullerene C60 and C70 and their composition or the composition of C60 amino acid
derivatives with selenium or zinc microelement compounds on the content of a number of
microelements in plants, their physiological state, and the quality and safety of the edible
part of plant products when the test substances are introduced into the soil, into liquid
root media, and via foliar treatment of the plants. The obtained results made it possible to
evaluate, for the first time, the ability of the tested fullerene derivatives as mono-solutions
and as part of a composition with solutions of mineral salts of microelements (sodium
selenate and zinc sulfate) to enhance the enrichment of the edible part of plants, both with
themselves and with other micronutrients useful for humans and animals.

The purpose of this work is to study the direct and indirect influence of water-soluble
derivatives of C60 and C70 fullerenes on a number of vegetable crops and the content of
trace elements in their products, including selenium or zinc, when these test substances, in
the form of mono-solutions or compositions with mineral compounds of selenium or zinc,
are introduced into the soil, into liquid root media, or via foliar treatment of plants.

2. Materials and Methods

The subject of research was water-soluble derivatives of fullerenes: polyhydroxylated
(fullerenol) C60(OH)24 and C70(OH)12, amino acid C60 with arginine (C60-L-Arg), and C60
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with glycine (C60-L-Gly), synthesized by a previously developed one-step method from
individual fullerenes, a fullerene mixture, or fullerene soot using an aqueous solution of
alkali and a phase transfer catalyst (tetrabutylammonium hydroxide—TBAH) [39,59–61].
The synthesis of C60 fullerene adducts with amino acids was carried out in accordance
with the developed procedure. To carry out the synthesis, sodium hydroxide (14.75 g) was
dissolved in water (54 mL), and after cooling the solution, amino acids (26.7 mmol) and
ethanol (270 mL) were added. Then, a saturated solution of fullerene C60 (1 g) in o-xylene
(131.5 mL) was added to the resulting solution, and the reaction mixture was stirred at room
temperature for seven days under argon. Next, solvents (water, ethanol, o-xylene) were
removed from the reaction mixture using an RV3V rotary evaporator (IKA, Königswinter,
Germany), during which the temperature was not raised above 65 ◦C. To remove unreacted
fullerene, the precipitate was dissolved in water, and the resulting heterogeneous system
was filtered (blue ribbon filter). The solution was then neutralized with hydrochloric acid to
pH 7 and purified by dialysis using dialysis membranes (Viscase, Darien, CT, USA, 1 kDa
cut-off) against deionized water. Next, water was removed from the resulting solution
by a rotary evaporator. The resulting precipitate was dried at 65 ◦C for 4 h. The yield of
synthesis was 91% for C60-L-Gly derivative and 85% for C60-L-Arg derivative.

Synthesis of fullerenols was carried out in two stages: first, the bromo derivatives
C60Br24 and C70Br12 were obtained by the reaction between the corresponding fullerene
(C60 or C70) and bromine in the presence of a FeBr3 catalyst, after which the resulting
products were hydrolyzed with an aqueous solution of NaOH. Excess alkali was removed
by dialysis using dialysis membranes (Viscase, USA, cut-off mass 1 kDa) against deionized
water. The yield of the final products was 95%.

The reaction schemes for obtaining fullerenols and fullerene derivatives with amino
acids are shown in Figure 1.
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The concentration of C60 fullerene derivatives was in the range of 0.1–1.0 mg/L
of water.

The objects of research were test vegetable crops with different varieties or hybrids—
Chinese cabbage Brassica rapa subsp. Pekinensis (Lour.) Hanelt cv. Daqingkou, tomato
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Solanum lycopersicum L. cv. Natasha, and cucumber Cucumis sativus L. (hybrid F1 Neva).
Plant seeds were obtained from the collection of the Federal Research Center All-Russian
Institute of Plant Genetic Resources, named after N.I. Vavilov (VIR), Federal Scientific
Center for Vegetable Growing, seed company: joint stock company “Sortsemovoshch”. The
choice of cultivars of Chinese cabbage, tomato, and cucumber’s test crops was due to their
possessing the greatest adaptability to the regulated conditions of intensive light culture.

The studies were carried out at the AFI agrobiopolygon under controlled microclimate
conditions (Saint-Petersburg, Russia). Plants were grown in a series of vegetation experi-
ments under favorable light, root, and air conditions in the original experimental samples
of plant growing light equipment (PGLE) [62].

2.1. Experimental Design

The following series of experiments were carried out:

1. Evaluation of the influence of introducing C60 fullerenol into the soil on the cucumber
plant and the content of the main macro- and microelements in the soil and plants.

2. Study of the influence of introducing C60-L-Gly or C60-L-Arg and Na2SeO4 compo-
sitions into the nutrient solution on Chinese cabbage and the selenium content in
the plants.

3. Study of the influence of foliar treatment with C60-L-Gly or C60-L-Arg and Na2SeO4
compositions on tomato and the selenium content in its production.

4. Study of the influence of foliar treatment with compositions of the fullerenol C60(OH)22–24
or C70(OH)12–14 and ZnSO4 on cucumber and the zinc content in its production.

Experimental conditions at the AFI agrobiopolygon are reflected in Table 1.

1. Evaluation of the influence of introducing C60 fullerenol into the soil on the cucumber plant
and the content of the main macro- and microelements in the soil and plants

The cucumber plants (hybrid F1 Neva) were grown in our PGLE experimental sam-
ples [62] in 1 L containers with soddy-podzolic sandy loamy soil (an arable layer). Chalk
was evenly introduced into the soil at a rate of 2.5 g per 1 kg of soil, after which there was a
period of rest for 7 days. The mineral background was formed at a level of N90P90K90, and
soil moisture was maintained at the level of 60–70% throughout the experiment.

The solutions of C60 fullerenol were introduced into the soil at various concentrations
of 1 mg/kg, 10 mg/kg, and 100 mg/kg of soil. In the control variant, distilled water
was introduced into the soil at the same volume as the volume of C60 fullerenol solutions
introduced into the soil. Four days later, cucumber plants were sown in the soil with dry
seeds, with four plants per container. The variants of the experiment had 20 plant replicates.
The experiment was repeated twice.

Phenological observations of plant development were carried out during the vegeta-
tion experiment. The growing period was 38 days. At the end of it, the raw and dry mass as
well as the dry matter of leaves, stems, and roots of cucumber seedlings were determined.
The area of the leaf assimilating surface, morphometric indicators, including the height of
plants, the number of leaves, and the cross-sectional area of the stem, the content of photo-
synthetic pigments, indicators of the activity of antioxidant systems in the plant organs,
and the biochemical composition of the resulting plant production were determined.

At the end of the experiment, pHKCl of the soil (an arable layer) was determined.
In the soil, the content of ammonium nitrogen, nitrate nitrogen, mobile phosphorus and
potassium, exchangeable calcium and magnesium, and trace elements (mobile iron, mobile
copper, mobile zinc, and mobile manganese) were determined.
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Table 1. Experiments conditions at the AFI agrobiopolygon.

Experiment
Series

Growing
Equipment

[62]

Method of Plant
Cultivation

Method of
Treatment with Test

Substance

Condition

Air Temperature:
Day/Night Air Humidity Light Source/Duration of the

Light Period Light Intensity pH of Root Inhabited
Zone, Relative Units EC, mS cm−1

1 Plant growing light
equipment Geoponic Introduction into soil +22–+24

◦C/+18–+20 ◦C

75–80%
(soil humidity:

60–70%) High-pressure sodium lamps
(DnaZ-400, “Reflax” LLC,

Moscow, Russia)/14 h per day

70–75 W/m2 in the
PAR Soil: 5.8 Soil: no data

2 Rhizotron

Panoponic
[63]

Introduction into
nutrient solution

+22–+24 ◦C/
+18–+20 ◦C 60–70% 75–80 W/m2 in the

PAR region
Nutrient solution

6.0
Nutrient solution

1.0

3 Plant growing light
equipment Foliar treatment + 23–+25 ◦C /

+21–+23 ◦C 60–70%.
High-pressure sodium lamps

(DnaZ-400, “Reflax” LLC,
Moscow, Russia)/16 h per day

95–105 W/m2 in the
PAR region

Nutrient solution
5.6–5.8

Nutrient solution
1.5

4 Plant growing light
equipment Foliar treatment +22–+24 ◦C/

+18–+20 ◦C 75–80%.
High-pressure sodium lamps

(DNaZ-400, “Reflax” LLC,
Moscow, Russia)/14 h per day

70–75 W/m2 in the
PAR area

Nutrient solution
6.0–6.2

Nutrient solution
1.6
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2.2. Plants’ Biofortification with Se or Zn

2. Study of the influence of introducing C60-L-Gly or C60-L-Arg and Na2SeO4 compositions
into the nutrient solution on Chinese cabbage and the selenium content in the plants

In order to evaluate the effect of amino acid derivatives of C60-L-Gly or C60-L-Arg
(0.0001%) and Na2SeO4 (0.0001%) on the Chinese cabbage plants’ state and selenium
content in their roots and aerial parts, a vegetative experiment was carried out where these
substances enter the root systems as part of Knop’s nutrient solution while growing plants
in a rhizotron [62,63] under controlled favorable conditions for 30 days.

The rhizotron is a piece of plant-growing light equipment for the year-round cultiva-
tion of plants that has the ability to visualize the growth and development of root systems
along with the above-ground parts of plants. The plants were grown by the panoponics
method, developed at AFI, on a thin-layer analog of the soil. This analog is a reusable
hydrophilic material made of polyethylene terephthalate, which is placed on the vertical
plates of the rhizotron. The seeds are placed and fixed on the surface of the hydrophilic
material at the top of the plate, and the roots of the plants grow down, like in the soil layer.
The hydrophilic material provides plant root systems with a circulating nutrient solution
through the flat, slotted capillaries.

Other conditions of the experiments are shown in Table 1. Replications per variant:
10 plants. The experiment was repeated twice.

At the end of the growing season, the mass of the edible parts of Chinese cabbage
plants was measured, and the selenium content in them was estimated.

3. Study of the influence of foliar treatment with C60-L-Gly or C60-L-Arg and Na2SeO4 compo-
sitions on tomato and the selenium content in its production

The effect of foliar treatment of cv. Natasha tomato plants with mono- and mixed
solutions of C60-L-Gly or C60-L-Arg (0.0001%) and sodium selenate (0.0001% Na2SeO4)
was evaluated in a vegetation experiment under the conditions shown in Table 1. Seeds of
the plants were put into the layer (1 mm thick) of suspension based on the Cambrian clay,
on the surface of the abovementioned hydrophilic material placed in the plant growing
equipment tray. The material provides plant root systems with Knop’s nutrient solution
circulating over the tray bottom through the flat, slotted capillaries [62,63].

Foliar treatment with solutions of the tested substances was carried out three times
during the period of budding–flowering. Plants treated with distilled water served as
controls. Replications per variant: 10 plants. The experiment was repeated twice. The
duration of each experiment was 110 days.

At the end of each vegetation experiment, the yield of tomato fruits per unit area and
their quality and safety characteristics (the content of dry matter, vitamin C, and the amount
of sugars, monosaccharides, disaccharides, carotene, and nitrates) were evaluated according
to generally accepted and standard methods [64–68], as well as selenium content [69].

4. Study of the influence of foliar treatment with compositions of the fullerenol C60(OH)22–24 or
C70(OH)12–14 and ZnSO4 on cucumber and the zinc content in its production

A series of vegetation experiments under controlled conditions in the AFI agrobiopoly-
gon was carried out using plant-growing light equipment for long-stemmed crops [62,63].
The conditions of the experiment are presented in Table 1. The method of growing plants
(panoponics) is similar to that described above.

Composition of modified Knop’s nutrient solution for cucumber is shown in Table 2.
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Table 2. Composition of the modified nutrient solution for cucumber.

Substance Name Amount of Substance, mmol/L

Calcium nitrate 4.2
Potassium nitrate 3.6

Potassium phosphate monosubstituted 1.8
Magnesium sulfate heptahydrate 1.0

Ammonium nitrate 1.8
Urea 0.3

Iron citrate ammonium 0.0178
Boric acid 0.0467

Manganese sulfate pentahydrate 0.00789
Zinc sulfate heptahydrate 0.00070

Copper sulfate pentahydrate 0.00068

There were six variants of foliar treatment: (1) control of distilled water, (2) ZnSO4
solution at the concentration of 160 mg/L distilled water, (3) fullerenol C60 solution at the
concentration of 1 mg/L distilled water, (4) fullerenol C60 (1 mg/L) + ZnSO4 (160 mg/L),
(5) fullerenol C70 at the concentration of 0.1 mg/L distilled water, (6) fullerenol C70
(0.1 mg/L) + ZnSO4 (160 mg/L).

Foliar treatment with these solutions was carried out three times during the period of
the plants’ vegetative growth: from the phase of the 3rd true leaf to the 10th true leaf. The
abovementioned concentrations of solutions of fullerenols C60(OH)22–24 or C70(OH)12–14 are
favorable for cucumber plants (previously established by us in preliminary experiments).
The concentration of an aqueous solution of zinc sulfate at 160 mg/L was chosen after a
preliminary experiment as a compromise, providing the accumulation of zinc with the least
pronounced inhibition of plant growth.

Each cucumber plant was formed into one stem, and, upon reaching a specified vertical
length (2 m), the top of the stem with leaves was pinched.

During the growing season, daily monitoring of the state of plants and phenological
observations were carried out.

Replications per variant: 10 plants. The experiment was repeated twice. The duration
of each experiment was 65 days.

After finishing the vegetation experiments, the plant growth biometrics were mea-
sured: leaf area, stem cross-sectional area, and mass of the plant organs (culms and leaves).
The main indicators of productivity were also evaluated: the number of cucumber fruits,
the mass of one fruit, the mass of fruits on the plant, and ultimately, the yield of fruits per
unit area. The values of quality and safety indicators of plant production were evaluated
using standard and generally accepted methods [64–68].

2.3. Soil Analyses

To determine the soil pH by the potentiometric method according to [70], a salt extract
was prepared at a ratio of soil-to-potassium chloride solution (with a concentration of
1 mol/L) of 1:2.5, followed by measurement with an ion-selective electrode.

Ammonium nitrogen (as according to [71]) was measured in the salt extract after
measuring the pH by staining with indophenol reagent. Calibration was carried out
using standard solutions of ammonium chloride. After staining, the optical density of
the calibration solutions and soil samples was measured on a spectrophotometer at a
wavelength of 655 nm.

Nitrates were extracted according to [72] with a 1% potassium aluminum sulfate
solution at a soil-to-solution ratio of 1:2.5, followed by measurement with a nitrate-selective
electrode. Calibration was carried out using standard solutions of potassium nitrate.

Mobile compounds of phosphorus and potassium (according to [73]) were extracted
from the soil with a solution of hydrochloric acid with a concentration of 0.2 mol/liter
at a soil-to-solution ratio of 1:5: phosphate solution. In the same extract, the content of
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exchangeable potassium was determined on a flame photometer calibrated with standard
potassium ion solutions.

Exchangeable calcium and magnesium (according to [74]) were determined in the salt
extract after measuring the pH by the titrimetric method using a solution of the sodium
salt of ethylenediaminetetraacetic acid and the indicator eriochrome black T.

Trace elements (mobile iron, mobile copper, mobile zinc, mobile manganese) were de-
termined by the method of atomic absorption spectrophotometry in the flame atomization
mode after extraction with an ammonium acetate buffer with pH 4.8.

2.4. Plant Analyses
2.4.1. Morphology Measurements

The plants’ raw and dry mass (after drying at 105 ◦C in a thermostat) by weight and
area of the leaf assimilating surface (leaf area) was determined taking into account the
mass of one cut of a certain area per wet mass of leaves from a plant according to the
formula [75]:

Sleav. = (Scut/mcut) ∗ mleav.,

where

Sleav.—leaves’ area;
Scut—cut area;
mcut—cut mass (average value);
mleav.—raw mass of leaves from a plant.

The stem cross-sectional area was then defined as the product of the square of the
stem radius and the number π. The stem radius was calculated by dividing the diameter
values in half. Stem diameter was measured with a caliper.

2.4.2. Photosynthetic Pigment Analysis

Spectrophotometric quantitative determination of chlorophyll a and b and carotenoids
was carried out by extraction in acetone and measuring the optical density of the ob-
tained extracts at wavelengths of 662, 644, and 440.5 nm, respectively [76]. The above-
described spectrophotometric studies were carried out using a spectrophotometer PE-
3000UV (“Promekolab” LLC, St. Petersburg, Russia).

2.4.3. Activity of Antioxidant Systems

The assessment of the activity of antioxidant systems in the roots and aerial parts
of plants was carried out on the basis of determining the intensity of lipid peroxidation
(LPO) as well as the activity of peroxidase and catalase enzymes. LPO was determined
by the accumulation of malondialdehyde (MDA) in plants [77]. The content of MDA was
assessed by the degree of accumulation of the product from its reaction with thiobarbituric
acid (TBA) [77]. Peroxidase activity was determined photometrically with the formation
of benzidine blue, according to A.N. Boyarkin [78]. The method is based on determining
the reaction rate of benzidine until the formation of a blue oxidation product at a certain
concentration that is pre-set on the spectrophotometer. Catalase activity was determined
by iodometric method [79]. The studied tissue was triturated with phosphate buffer (pH 7)
and diluted with water to 50 mL. An aliquot of the suspension was taken, then it was
brought to a temperature of 20 ◦C, and hydrogen peroxide was added. After 5 min, the
remaining undecomposed hydrogen peroxide was determined by the iodometric method.

2.4.4. Quality and Safety Indicators of Plant Production

The values of quality and safety indicators of plant production were evaluated using
standard and generally accepted methods [64–68]. The dry matter content was determined
by the thermostat–weight method by weighing the averaged sample before and after drying
in a thermostat at a temperature of 105 ◦C for 6 h. Analysis for ascorbic acid (vitamin C)
was carried out by direct extraction from plants with 2% metaphosphoric acid, followed
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by high performance liquid chromatography [64]. Water-soluble carbohydrates (mono-
and disaccharides and sum of sugars) were determined by the Bertrand method. A plant
sample weighing 1 g was placed in a conical flask with a capacity of 250–300 cm3, 60 cm3

of distilled water preheated to 50–60 ◦C was added, and it was shaken for 15–20 min at
a shaking frequency of 200 vibrations per minute. After precipitating the protein with a
solution of lead acetate and filtering the sample through a paper filter, an extract of soluble
carbohydrates was obtained. In the extract, the content of carbohydrates was determined
with Felling’s reagent and subsequent permanganometric titration.

Nitrate content was determined by ionometric method [65]. A crude sample portion
was extracted with a 1% solution of potassium aluminum sulfate at a plant-to-solution
ratio of 1:5.0, followed by measurement with a nitrate-selective electrode. Calibration was
carried out using standard solutions of potassium nitrate.

For raw ash and macro- and microelement analysis, plant samples were dried in an
oven to constant weight at a temperature of 105 ◦C, ground in a mill, and sieved through
a sieve with a mesh diameter of 1 mm until complete passage. To analyze samples for
raw ash, a weight of 1 g was taken on an analytical balance, transferred to pre-calcined
porcelain crucibles, and dry ashing was carried out in a muffle furnace at a temperature of
520 ◦C for 5 h until complete ashing. Trace elements were determined by atomic absorption
spectrometry (AAS) after microwave treatment [66–68]. For analysis, a weighed portion
of 1 g was taken on an analytical balance, placed in Teflon autoclaves, and subjected to
microwave decomposition in the presence of 10 mL of concentrated nitric acid. After
decomposition and cooling of the samples, the obtained extracts were transferred with
deionized water into a 100 mL volumetric flask. The resulting solution was filtered through
an ash-free blue ribbon filter. The measurements were carried out on a Varian AA240FS
atomic absorption spectrometer with flame atomization. The device was calibrated using
standard solutions of elements with a given concentration. Trace elements and magnesium
were measured at the most sensitive wavelengths of Fe (248.7 nm), Mg (324.6 nm), Zn
(213.7 nm), and Mn (279.5 nm) using hollow cathode lamps.

Determination of the selenium content in plant samples was carried out according to
the standard method [69] on a NovAA atomic absorption spectrophotometer from Analytik
Jena. The essence of the method lies in the fact that selenium ions react with sodium
borohydride in an acidic medium to form selenium hydride, which is carried by a gas flow
into a heated measuring cell, where it is atomized. Quantitative analysis of selenium is
carried out by atomic absorption at a wavelength of 196.0 nm.

Determination of macronutrients was carried out after wet ashing. A 0.2 g plant
sample was taken on an analytical balance, placed in test tubes, and concentrated acid was
added in the presence of hydrogen peroxide [68]. Total nitrogen was determined by the
photometric indophenol method on a spectrophotometer; phosphorus was determined by
the photometric method on a spectrophotometer; potassium was determined by the flame
photometric method; calcium was determined by the complexometric method.

2.5. Statistical Analysis

For the statistical analysis, we used one-factor analysis of variance (ANOVA) and
Duncan’s multiple range test to determine the significance of differences between the mean
values. The number of repeats for each characteristic is shown in the tables and figures.
The mean ± SE values presented in the tables and figures were calculated using MS Excel
2016 and v.12.0 software (StatSoft Inc., Tulsa, OK, USA).

3. Results
3.1. The Influence of Fullerenol C60(OH)22–24 Introduction into the Soil on the Cucumber Plant
and the Content of the Main Macro- and Microelements in the Soil and Plants

Under the controlled conditions of the AFI agricultural biopolygon, experimental
studies were carried out to assess the effect of introducing C60 fullerenol into the soil at
various concentrations (1 mg/kg, 10 mg/kg, and 100 mg/kg) on the trace element content
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in the soil as well as in the roots, stems, and leaves of the test cucumber plants (hybrid F1
Neva) and on the indicators of their growth and development.

For a more pronounced manifestation of the effect of C60 fullerenol on the transport of
microelements in the soil–plant system, chalk was previously introduced into the soddy-
podzolic sandy loamy soil (arable layer) at a previously established dose (2.5 g/kg of soil).
Chalk at this dose in soil does not adversely affect the plants’ growth and development,
but provides, in particular, a decrease in the mobility of zinc and manganese compounds in
soils, and, accordingly, their digestibility by plants.

It has been established that when C60 fullerenol was introduced into the soil at ini-
tial concentrations of 1 mg/kg, 10 mg/kg, and 100 mg/kg, a decrease in the content of
ammonium nitrogen and an increase in the content of nitrate nitrogen were observed
(Tables 3 and S1).

Table 3. The influence of C60 fullerenol on some soil agrochemical indicators and element content by
introduction of its solutions in various concentrations into the soil.

Soils Indicators
Concentrations of Applied Fullerenol, mg/kg of Soil

0 (Control) 1 10 100

pH KCl, units pH 5.10 a 5.10 a 5.10 a 5.10 a

Ammonium nitrogen, mg/kg 6.84 ± 0.34 a 5.09 ± 0.25 b 6.52 ± 0.33 a 5.01 ± 0.25 b

Nitrate nitrogen, mg/kg 0.53 ± 0.03 c 0.50 ± 0.03 c 0.72 ± 0.04 b 0.84 ± 0.04 a

Phosphorus: mobile in terms of P2O5, mg/kg 130.00 ± 6.50 b 121.00 ± 6.05 b 125.00 ± 6.25 b 174.00 ± 8.70 a

Potassium: mobile in terms of K2O, mg/kg 48.00 ± 2.40 a 42.00 ± 2.10 b 48.00 ± 2.40 a 52.00 ± 2.60 a

Calcium: exchangeable, mmol/100 g 5.00 ± 0.25 a 4.38 ± 0.22 b 4.63 ± 0.23 ab 4.88 ± 0.24 a

Magnesium: exchangeable, mmol/100 g <0.10 ± 0.005 c <0.10 ± 0.005 c 1.25 ± 0.063 b 1.50 ± 0.075 a

Iron: mobile, mg/kg 12.00 ± 0.60 b 12.60 ± 0.63 b 13.80 ± 0.69 a 11.40 ± 0.57 b

Copper: mobile, mg/kg 0.18 ± 0.009 c 0.22 ± 0.011 b 0.25 ± 0.013 a 0.23 ± 0.012 ab

Zinc: mobile, mg/kg 2.40 ± 0.12 c 2.17 ± 0.11 c 3.20 ± 0.16 b 4.49 ± 0.22 a

Manganese: mobile, mg/kg 7.31 ± 0.37 a 7.39 ± 0.37 a 7.77 ± 0.39 a 6.43 ± 0.32 b

Note: values in rows followed by different letters (a–c) are significantly different at p ≤ 0.05, as determined by
Duncan’s multiple range test.

At the same time, the proportion of mobile forms of phosphorus, potassium (tendency),
and exchangeable magnesium, as well as the content of iron, copper, and zinc, increased
predominantly in variants with higher initial concentrations of C60 fullerenol (10 mg/kg
and 100 mg/kg). The content of manganese did not differ from the control values in the
variants with the introduction of fullerenol into the soil at concentrations of 1.0 mg/kg and
10.0 mg/kg and, conversely, decreased at a concentration of 100 mg/kg. This indirectly
indicates the ability of C60 fullerenol, in certain concentrations, to increase the availability of
macro- and microelements in the soil for plants. This assumption is confirmed by the data
from the chemical elemental analysis of the plants (Figures 2 and 3). It was found that raw
ash in roots and leaves, and, consequently, the content of mineral elements, significantly
increased in the variants with the introduction of C60 fullerenol into the soil in various
concentrations, but there were no differences in raw ash values in the stems (Figure 2). This
indirectly indicates the activation of the functioning of two absorption centers: the roots
and the leaves.
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Figure 2. Influence of the introduction of C60 fullerenol solutions at various concentrations in the soil on dry matter and raw ash in the roots, stems, and 
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of cucumber plants (hybrid F1 Neva). Bars with different letters are significantly different at p ≤ 0.05, as determined by Duncan’s multiple range test. Note:
a.d.m.—absolutely dry matter.
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Figure 3. Influence of the introduction of C60 fullerenol solutions at various concentrations in the soil on the content of the studied microelements in it and in
cucumber plants’ (hybrid F1 Neva) leaves, stems, and roots. Bars with different letters are significantly different at p ≤ 0.05, as determined by Duncan’s multiple
range test. Note: a.d.m.—absolutely dry matter.
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The most significant effects of the presence of fullerenol in the soil on the absorption
and enrichment of plant organs by microelements should be emphasized: zinc increased by
5–44% (with maximum values in the variants with the highest concentration of fullerenol),
manganese by 7–41% (with maximum values at a concentration of 1 mg/kg of fullerenol in
the soil), and iron by 10–50% (with maxima in leaves and stems at fullerenol concentrations
in the soil of 100 and 1 mg/kg and no significant differences in the roots) (Figure 3).

The trends observed at the same time of a lower content of dry matter in the roots, an
unreliable change in the stems, and an increase in dry matter content in the leaves in the
variants with the introduction of C60 fullerenol into the soil indirectly indicate the activation
of the transport of nutrients into the leaves from the roots and stems and, possibly, of the
synthesis of substances in the leaves.

The noted effects of changes in dry matter on plant organs are more pronounced in the
variant with the introduction of C60 fullerenol into the soil at a concentration of 1 mg/kg.
This, along with the most pronounced plants’ absorption of iron and manganese (Figure 3)—
key microelements in photosynthetic and other physiological processes in plants—is one
of the reasons for the higher values of photosynthetic pigment content in this variant
(Tables 4 and S2) by area, fresh mass of leaves, fresh mass of roots, and cross-sectional area
of the stem (Tables 5 and S2).

Table 4. The influence of the introduction of C60 fullerenol solutions at various concentrations in the
soil on photosynthetic pigment content of cucumber plants’ leaves (hybrid F1 Neva) grown under
controlled conditions.

Concentrations of C60 Fullerenol
Introduced into the Soil, mg/kg of Soil

Chlorophyll a,
µg 100 g−1 FM

Chlorophyll b,
µg 100 g−1 FM

Total Chlorophyll,
µg 100 g−1 FM

Carotenoid,
µg 100 g−1 FM

Control 70.82 ± 1.43 b 25.24 ± 1.16 c 96.06 ± 4.44 c 21.68 ± 1.00 b

1 80.83 ± 3.73 a 30.35 ± 1.40 a 111.18 ± 5.14 a 24.74 ± 1.14 a

10 70.88 ± 1.42 b 27.38 ± 1.27 bc 98.26 ± 4.54 bc 22.42 ± 1.04 b

100 78.14 ± 1.76 a 28.41 ± 1.31 ab 106.55 ± 4.92 ab 24.79 ± 1.15 a

Note: FM—fresh mass of leaves. Values in columns followed by different letters (a–c) are significantly different at
p ≤ 0.05, as determined by Duncan’s multiple range test.

Plants in the variant with the introduction of fullerenol into the soil at a concentra-
tion of 10 mg/kg did not differ from the control ones in the content of photosynthetic
pigments (Table 4 and Table S2) or in morphometric and weight indicators of plant growth
(Tables 5 and S2). At the same time, in plants in the variant with the introduction of
fullerenol into the soil at a concentration of 100 mg/kg, the content of photosynthetic
pigments was significantly higher than in the control (Tables 4 and S2). But, morphometric
(number of leaves and stem cross-sectional area) and weight characteristics (raw and dry
mass of leaves, stems, and roots) of their growth did not differ significantly from those in
the control (Tables 5 and S2). It should be noted that there is a trend towards lower values
of leaf area in this variant, as well as significantly higher values of dry matter content in
leaves and stems and lower values in roots.

Increasing the provision of plants with essential macro- and microelements in variants
with the introduction of fullerenol into the soil also positively affects the functioning of
antioxidant systems, namely:

- It mainly contributes in the form of a trend or a significant decrease (maximum change
of 47%) in the activity of the oxidative enzyme peroxidase in leaves and roots. The
exception is the roots in the variant with the introduction of fullerenol into the soil at
a concentration of 100 mg/kg, where the activity of peroxidase was higher than that
in the control by 14%;

- A significant decrease (maximum change of 41%) in the intensity of lipid peroxidation;
- A significant increase (maximum change of 647%) in the activity of the catalase enzyme

(Table 6 and Table S2).
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Table 5. The influence of the introduction of C60 fullerenol solutions at various concentrations in the soil on biometric indicators of cucumber plants (hybrid F1

Neva) grown under controlled conditions.

Concentrations of C60
Fullerenol Introduced into

the Soil, mg/kg of Soil

Number of
Leaves, pcs.

Leaves’ Area,
cm2

Stem
Cross-Sectional

Area
cm2

Leaves Stems Roots

Raw
Mass,

g/Plant

Dry
Mass,

g/Plant
% Dry Matter

Raw
Mass,

g/Plant

Dry
Mass,

g/Plant

% Dry
Matter

Raw
Mass,

g/Plant

Dry
Mass,

g/Plant

% Dry
Matter

Control 4.4 ± 0.3 a 240.1 ± 9.3 bc 0.218 ± 0.014 b 5.04 ± 0.25 b 1.23 ± 0.07 a 24.4 ± 0.2 c 3.92 ± 0.25 a 0.43 ± 0.05 ab 11.0 ± 0.2 b 2.28 ± 0.34 b 1.96 ± 0.03 b 8.6 ± 0.2 a

1 4.9 ± 0.3 a 259.4 ± 10.3 a 0.242 ± 0.014 a 5.45 ± 0.17 a 1.33 ± 0.11 a 24.4 ± 0.2 c 4.12 ± 0.28 a 0.40 ± 0.05 b 9.7 ± 0.2 c 2.67 ± 0.48 a 2.06 ± 0.03 a 7.7 ± 0.2 b

10 4.5 ± 0.3 a 245.2 ± 11.7 b 0.238 ± 0.014 a 5.14 ± 0.32 b 1.31 ± 0.09 a 25.5 ± 0.3b 4.00 ± 0.22 a 0.47 ± 0.05 a 11.7 ± 0.3 a 2.48 ± 0.40
ab 1.94 ± 0.05 b 7.8 ± 0.2 b

100 4.4 ± 0.3 a 230.2 ± 11.1 c 0.231 ± 0.014 ab 5.10 ± 0.35 b 1.36 ± 0.08 a 26.7 ± 0.3 a 3.93 ± 0.26 a 0.46 ± 0.03 a 11.7 ± 0.2 a 2.33 ± 0.32 b 1.85 ± 0.04 c 7.9 ± 0.2 b

Note: values in columns followed by different letters (a–c) are significantly different at p ≤ 0.05, as determined by Duncan’s multiple range test.
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Table 6. The influence of the introduction of C60 fullerenol solutions at various concentrations in the
soil on the work of antioxidant systems in the roots and leaves of cucumber plants (hybrid F1 Neva)
grown under controlled conditions.

Concentrations of C60
Fullerenol Introduced into the

Soil, mg/kg of Soil

POX,
U s−1 g−1

CAT,
µM H2O2 mg−1 Protein min−1

LPO,
µM g−1

Leaves

Control 19.46 ± 0.90 a 269.73 ± 12.46 c 0.0157 ± 0.0007 a

1 18.18 ± 0.84 a 330.55 ± 15.27 b 0.0092 ± 0.0004 c

10 19.45 ± 0.91 a 373.56 ± 17.26 a 0.0101 ± 0.0005 bc

100 15.94 ± 0.74 b 293.56 ± 13.57 c 0.0108 ± 0.0007 b

Roots

Control 49.32 ± 2.28 b 6.61 ± 0.31 d 0.0150 ± 0.0007 a

1 37.94 ± 1.75 c 44.83 ± 2.07 b 0.0132 ± 0.0006 b

10 26.18 ± 1.21 d 16.96 ± 0.78 c 0.0117 ± 0.0005 c

100 55.99 ± 2.59 a 49.35 ± 2.28 a 0.0121 ± 0.0006b c

Note: values in columns followed by different letters (a–d) are significantly different at p ≤ 0.05, as determined by
Duncan’s multiple range test; POX—the activity of peroxidase; CAT—the activity of catalase; LPO—the intensity
of lipid peroxidation.

To enhance the described effect of fullerene derivatives and to increase the control-
lability of the process of plant enrichment with micronutrients, a number of exploratory
experimental studies were carried out to assess the effect of compositions of fullerene
derivatives with a number of minor but important microelements for humans.

Based on the analysis of the complex results obtained [47–53,80,81], the most effective
carbon (fullerenols C60(OH)20–24 and C70(OH)12–14, amino acid derivatives of fullerene C60-
L-Gly or C60-L-Arg) were selected for the purposes of biofortification of plant production.

To enrich plants with positively charged cations—trace metals, for example, Zn2+,
Mn2+, Fe3+, etc., as the fullerene derivatives have negatively charged functional groups—
OH- (polyhydroxylated fullerene C60(OH)20–24 and C70(OH)12–14) were used. For plant
enrichment with negatively charged anions, for example, SeO4

2−, J−. Si03
2− and others—

amino acid derivatives of fullerenes have positively charged functional groups—NH2
+- or

-NH3
+ in their adducts (fullerene with histidine, arginine, or lysine) or fullerene derivatives

with low molecular mass neutral amino acids containing positive and negative groups in
equal proportions (fullerene with glycine, etc.) were used.

3.2. Enrichment of Plants with Selenium Anions

In the example of selenium anions, the potential ability of amino acid derivatives of
fullerene (C60-L-Gly or C60-L-Arg) with positively charged or neutral functional groups to
increase their content in the obtained plant production was studied. At the same time, the
solutions of these fullerenes with sodium selenate were introduced in the root environment
or through a foliar treatment of vegetative plants.

3.2.1. Influence of the C60-L-Gly or C60-L-Arg and Na2SeO4 Compositions Introduced into
the Nutrient Solution on Chinese Cabbage and the Selenium Content in the Plants

The introduction of sodium selenate and amino acid derivatives of C60 fullerene with
arginine or with glycine into the nutrient solution supplied to the root systems of Chinese
cabbage cv. Daqingkou in the rhizotron contributed to the enhancement of selenium
transport into plants (Tables 7 and S3).
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Table 7. The influence of the introduction into the nutrient solution of mineral selenium-containing
substances and their compositions with amino acid derivatives of C60 fullerene on biomass of edible
parts of Chinese cabbage plants cv. Daqingkou and on the selenium content in aerial parts and roots
by growing in the rhizotron under favorable controlled conditions.

Experience Variant Raw
Mass, g

Selenium Content
mg/kg a.d.m.

Aboveground part

Control (NS) 35.1 ± 2.0 c 49.0 ± 2.8 c

NS + 0.0001% Na2SeO4 4.3 ± 0.3 d 51.0 ± 2.9 c

NS + 0.0001% Na2SeO4+0,0001% C60-L-Arg 85.8 ± 4.9 b 92.5 ± 5.2 a

NS + 0.0001% Na2SeO4+0,0001% C60-L-Gly 119.4 ± 6.8 a 64.4 ± 3.6 b

Roots

Control (NS) 10.4 ± 0.6 c 58.6 ± 3.3 c

NS + 0,0001% Na2SeO4 1.8 ± 0.1 d 69.3 ± 3.9 b

NS + 0.0001% Na2SeO4+0.0001% C60-L-Arg 18.7 ± 1.1 b 101.5 ± 5.7 a

NS + 0.0001% Na2SeO4+0.0001% C60-L-Gly 34.4 ± 1.9 a 72.2 ± 4.1 b

Note: NS—nutrient solution; a.d.m.—absolutely dry mass; C60-L-Arg—fullerene with arginine solution; C60-
L-Gly—fullerene with glycine solution. Values in columns followed by different letters (a–d) are significantly
different at p ≤ 0.05, as determined by Duncan’s multiple range test.

It should be emphasized that the content of selenium in the roots was somewhat higher
than in the leaves. At the same time, the nutrient solution with the amino acid derivative
of C60 fullerene with arginine and sodium selenate had an increase in the selenium content
in the roots and aerial parts of Chinese cabbage by 73% and 89%, respectively, relative to
the control and by 47% and 81% relative to the variant with sodium selenate; the nutrient
solution with the amino acid derivative of C60 fullerene with glycine and sodium selenate
increased by 23% and 31% relative to the control and by 4% and 26% relative to the variant
with sodium selenate (Table 7 and Table S3).

It should be noted that the presence of sodium selenate at a concentration of 1 mg/L
in the nutrient solution adversely affected the physiological state of Chinese cabbage plants
and, ultimately, the mass of their aerial parts and roots (lower than that in the control by
88% and 83%). At the same time, plants grown in a nutrient solution with sodium selenate
and amino acid derivatives of C60 fullerene with arginine or glycine were 80–240% higher
in terms of the mass of roots and aerial parts than control plants (Table 7 and Table S3).

3.2.2. Influence of Foliar Treatment with C60-L-Gly or C60-L-Arg and Na2SeO4
Compositions on Tomato and the Selenium Content in Its Production

The above hypothesis of the increased transport of selenium into plants with the help
of certain amino acid derivatives of fullerene C60 was confirmed in a series of vegetative
experiments with three rounds of foliar treatment on tomato plants from flowering to the
beginning of fruiting with solutions of amino acid derivatives of 0.0001% C60 fullerene with
arginine + 0.0001% Na2SeO4 and 0.0001% C60 fullerene with glycine + 0.0001% Na2SeO4,
as well as a solution of 0.0001% Na2SeO4.

Fullerene amino acid derivatives containing COOH, CO, or NH2 NH functional groups
are capable of ensuring the supply of selenium to plants by establishing coordination,
hydrogen, or covalent bonds with the selenate ion. It has been shown that the treatment
of tomato plants with a mixed solution of the amino acid derivative of C60 fullerene with
arginine and sodium selenate increases the selenium content by 33.7% relative to that in the
control and by 10.2% relative to the treatment of plants with a mono-solution of 0.0001%
sodium selenate. The treatment of plants with a solution of the amino acid derivative of C60
fullerene with glycine and sodium selenate increased the selenium content by 42.2% and
17.2%, respectively (Figure 4). It should be noted that foliar treatment with these substances



Horticulturae 2023, 9, 828 19 of 31

does not lead to significant changes in plant productivity per unit area. However, there is a
pronounced tendency to reduce the yield of tomato fruits in the variant that had a foliar
treatment with a solution of 0.0001% Na2SeO4 (by 12%) relative to the control values and to
level this negative effect in the case of using mixed solutions with amino acid derivatives
of C60 fullerene, especially C60 with glycine.
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At the same time, foliar treatment with mono- and mixed solutions of sodium selenate
and amino acid derivatives significantly improves the quality of tomato fruits: the content
of sugars, carotene, and vitamin C increases, while a very low content of nitrates can be
observed (Tables 8 and S4).

Table 8. Influence of foliar treatment with solutions of selenium-containing substances and composi-
tions on fruit quality of tomato cv. Natasha grown under controlled conditions.

Indicators

Foliar Treatment with
Mono- and Mixed Solutions

Control (Water) 0.0001% Na2SeO4
Na2SeO4 + 0.0001%

C60-L-Arg
0,0001% Na2SeO4 +
0.0001% C60-L-Gly

% Dry matter 5.6 ± 0.3 a 6.2 ± 0.4 a 6.0 ± 0.3 a 5.8 ± 0.3 a

Total saccharide % a.d.m 35.6 ± 2.0 c 42.8 ± 2.4 ab 39.8 ± 2.3 b 45.0 ± 2.6 a

Monosaccharide, % a.d.m 34.3 ± 1.9 b 41.7 ± 2.4 a 35.9 ± 2.0 b 43.6 ± 2.5 a

Disaccharide, % a.d.m. 1.3 ± 0.1 bc 1.1 ± 0.1 c 3.9 ± 0.2 a 1.4 ± 0.1 b

Vitamin C, mg/100 g r.m. 18.9 ± 1.1 c 24.6 ± 1.4 a 22.0 ± 1.2 b 25.3 ± 1.4 a

Nitrates, mg/kg r.m. <29.7 ± 1.5 a <29.7 ± 1.5 a <29.7 ± 1.5 a <29.7 ± 1.5 a

Carotene, mg/kg r.m. 50.3 ± 2.8 c 85.3 ± 4.8 a 59.7 ± 3.4 b 65.1 ± 3.7 b

Note: C60-L-Arg—C60 fullerene with arginine; C60-L-Gly—C60 fullerene with glycine; a.d.m.—absolutely dry
matter; r.m.—raw mass. Values in rows followed by different letters (a–c) are significantly different at p ≤ 0.05, as
determined by Duncan’s multiple range test.

The obtained data for agrobiological tests of the developed methods of treating plants
with solutions of C60 fullerene amino acid derivatives and selenium nitrate indicate their ef-
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fectiveness in ensuring an increase in the content of a minor microelement in the consumed
part of plant production while also improving other qualitative characteristics of tomato.
The solutions that we propose will minimize the risks associated with the safety of plant
products due to increased bioavailability and activity of substances in the composition of
nanoforms and will achieve the required positive effects on plants at low concentrations.

3.2.3. Influence of Foliar Treatment with the Compositions of Fullerenol C60(OH)22–24 or
C70(OH)12–14 and ZnSO4 on Cucumber and the Zinc Content in its Production

As is known, zinc, which is essential for plants, belongs to the group of elements with
an intermediate availability and ability to penetrate through the cell walls and membranes
of plant cells [82,83]. Due to its fixation in the soil organo-mineral complex or the action
of other edaphic and anthropogenic factors that reduce its availability to plants, the latter
may experience a deficiency in the content of this element [84–86]. To intensify the supply
of positively charged zinc ions to fruit and vegetable crops, polyhydroxylated fullerenes
with negatively charged OH− functional groups (fullerenols C60(OH)22–24 or C70(OH)12–14)
and the foliar treatment method were used as the most effective for the purposes of
biofortification, according to researchers [87,88].

Foliar treatment with mono- and mixed solutions of these fullerenols with previously
established concentrations favorable for plants (1 mg/L and 0.1 mg/L) and zinc sulfate
(160 mg/L) provided a significant increase in the zinc content in fruits. Thus, in the variant
with treatment of zinc sulfate, the content of this element in the fruits of cucumber (hybrid
F1 Neva) was higher than in control plants by 29%, while in the variant with treatment
with mixed solutions of zinc sulfate and C60(OH)22–24 or C70(OH)12 -14 the zinc content
was higher by 59% and 42%, respectively, and compared to zinc sulfate, by 23% and 10%
(Figure 5A).

At the same time, the content of zinc in 37.3–45.9 mg/kg a.d.m. is not toxic to humans
or animals. Interestingly, in the variants with a foliar treatment of mono-solutions of C60
or C70 fullerenols, there was a tendency to increase the zinc content in fruits that was
more pronounced in the variant with C60(OH)22–24, which corresponds to our data about
the ability of water-soluble derivatives of C60 and C70 fullerenes to activate the supply of
elemental nutrition in plants [51,53].

The plants’ foliar intake of zinc sulfate in the form of a mono-solution contributed
to the manifestation of a tendency to reduce the yield of cucumber (hybrid F1 Neva)
fruits relatively to the control values, while this effect in mixed solutions was leveled and
significantly higher values were observed for the yield of fruits: by 22% in the variant with
a mixed solution of C70 fullerenol and zinc sulfate and by 43% in the variant with a mixed
solution of C60 fullerenol and zinc sulfate (Figure 5B).

It should be noted that foliar treatment with mono- and mixed solutions of zinc sulfate
and fullerenols C60 or C70 contributed to an increase in the values of raw ash in cucumber
fruits and hence the content of minerals. It was noted that the treatment with mono- and
mixed solutions of C70, as well as with a C60 solution in combination with a zinc sulfate
solution, was more pronounced (Table 9 and Table S5).
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Table 9. Some indicators of the quality and safety of fruits in cucumber plants (hybrid F1 Neva) after foliar treatment during the vegetative period of their
development with mono- and mixed solutions of fullerenol C60 (1 mg/L) or C70 (0.1 mg/L) and zinc sulfate (160.0 mg/L) under controlled conditions.

Indicator
Foliar Treatment with Mono- and Mixed Solutions

Control ZnSO4
Fullerenol

C60

Fullerenol
C60 + ZnSO4

Fullerenol
C70

Fullerenol
C70 +ZnSO4

Raw ash, % a.d.m. 12.36 ± 0.46 c 12.80 ± 0.36 bc 12.84 ± 0.34 abc 13.40 ± 0.38 ab 13.49 ± 0.34 a 13.45 ± 0.46 ab

N, % a.d.m. 4.60 ± 0.54 a 4.98 ± 0.41 a 4.97 ± 0.43 a 4.70 ± 0.36 a 4.80 ± 0.45 a 5.05 ± 0.48 a

P, % a.d.m. 1.08 ± 0.23 a 1.07 ± 0.20 a 1.02 ± 0.18 a 1.07 ± 0.16 a 1.05 ± 0.16 a 1.10 ± 0.20 a

K, % a.d.m. 5.03 ± 0.35 b 5.67 ± 0.41 ab 5.20 ± 0.38 ab 5.37 ± 0.40 ab 5.74 ± 0.35 a 5.54 ± 0.43 ab

Ca, % a.d.m. 1.10 ± 0.09 ab 1.09 ± 0.07 abc 1.18 ± 0.06 a 1.06 ± 0.06 bcd 1.00 ± 0.05 cd 0.97 ± 0.07 d

Mg, % a.d.m. 0.29 ± 0.02 b 0.30 ± 0.05 ab 0.30 ± 0.03 ab 0.31 ± 0.03 ab 0.34 ± 0.03 a 0.31 ± 0.05 ab

Fe, mg/kg a.d.m. 51.70 ± 3.62 c 54.50 ± 5.43 c 52.20 ± 4.30 c 97.10 ± 5.66 a 74.20 ± 4.75 b 57.60 ± 5.88 a

Mn, mg/kg a.d.m. 40.0 ± 3.28 c 48.00 ± 3.73 a 45.30 ± 3.17 abc 41.40 ± 3.39 bc 42.90 ± 3.17 abc 45.90 ± 3.62 ab

Cu, mg/kg a.d.m. 21.9 ± 0.45 b 10.40 ± 0.52 d 10.90 ± 0.38 d 9.32 ± 0.34e 12.40 ± 0.48c 25.70 ± 0.68 a

Zn, mg/kg a.d.m. 28.90 ± 0.50 f 37.30 ± 0.45c 34.10 ± 0.41 d 45.90 ± 0.43 a 30.80 ± 0.34e 40.90 ± 0.46

Dry matter, % 3.20 ± 0.2 a 2.80 ± 0.3 a 2.80 ± 0.2 a 3.00 ± 0.3 a 3.20 ± 0.2 a 3.00 ± 0.2 a

Vitamin C, mg/100 g r.m. 9.40 ± 0.7 a 8.10 ± 0.7 b 8.80 ± 0.5 ab 8.60 ± 0.7 ab 8.70 ± 0.6 ab 8.50 ± 0.7 ab

Nitrates, mg/kg r.m. 159.0 ± 10.6 c 151.80 ± 10.9 c 141.70 ± 10.0 c 219.50 ± 11.8 a 117.90 ± 10.4 d 195.60 ± 11.9 b

Total saccharide, % a.d.m. 29.10 ± 3.2 ab 28.30 ± 2.9 ab 28.70 ± 2.6 ab 31.10 ± 2.9 a 25.60 ± 2.5 b 26.70 ± 2.8 ab

Monosaccharide, % a.d.m. 28.60 ± 3.4 ab 27.50 ± 2.9 abc 27.80 ± 2.5 abc 30.60 ± 2.9 a 23.30 ± 2.7 c 25.60 ± 2.7 bc

Disaccharide, % a.d.m. 0.50 ± 0.03 a 0.80 ± 0.05 d 0.90 ± 0.04 c 0.50 ± 0.03 e 2.40 ± 0.02 a 1.10 ± 0.03 b

Note: a.d.m.—absolutely dry mass; r.m.—raw mass. Values in rows followed by different letters (a–d) are significantly different at p ≤ 0.05, as determined by Duncan‘s multiple range test.
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In accordance with the changes in the data options on the ash content in fruits, the
content of nitrogen, potassium, magnesium, iron, and manganese in them increased in
the form of a trend or significantly. Only the copper content had predominantly signifi-
cantly lower values than in the control. Probably, the latter is associated with the known
antagonistic interactions of zinc and copper upon entering plants [89,90].

An exception was the treatment of plants with a mixed solution of C70 fullerenol and
zinc sulfate, where an increase in the copper content was observed compared to that of the
control. It is interesting to note a significant increase in the iron content in the variants with
foliar treatment with a mixed solution of C60 fullerenol and zinc sulfate, as well as a single
solution of C70 fullerenol, by 88% and 44% of the control.

According to the content of nitrates, all the products of the cucumber plants meet
the sanitary and hygienic requirements of Russia and, even more so, foreign standards,
and are significantly lower than the maximum permissible concentrations (MPC) for
nitrates [91–93]. An interesting phenomenon should be noted: the foliar treatment of
plants with mono-solutions of C60 and C70 fullerenols and zinc sulfate contributed to a
significant reduction or a tendency to reduce the content of nitrates in the fruits relative
to the control, while their mixed solutions provided a significant increase in the values of
this safety indicator relative to control values (Table 9 and Table S5). The experimental
variants did not differ significantly relative to the control or from each other according to
the values of other evaluated indicators, in particular the content of dry matter and the
total amount of saccharides, monosaccharides, and vitamin C (an exception is the variant
with a foliar treatment with a solution of zinc sulfate, which caused a significant decrease
in the vitamin C content). However, in relation to the content of disaccharides, there is a
predominantly significant increase relative to the control. The latter is most pronounced in
the variants of foliar treatment with mono- and mixed solutions of C70 fullerenol, which
indirectly indicate the activation of secondary metabolism processes.

The increase in the yield of cucumber fruits in the variants with a foliar treatment of
mono- and mixed solutions of C60 and C70 fullerenols, judging by the data presented in
Figure 5 and Tables 9 and 10, is due to:

- The intensification of the supply of vital plant nutrients to the fruits of the cucumber
plants (Tables 9 and S5), which may also be associated with an increase in the stem
cross-sectional area (Tables 10 and S6);

- An increase in the leaves’ area and, consequently, the assimilation surface for absorbing
light and undergoing photosynthetic reactions with the formation and accumulation
of plastic photosynthetic products, which is indirectly confirmed by an increase
(tendency) in the values of the leaves’ raw and dry mass (Tables 10 and S6);

- Interconnected with the above-mentioned increase in the mass of the fruit, the number,
and, as a result, the mass of fruits per plant.

Thus, the foliar treatment of cucumber plants in the vegetative period of their develop-
ment with mono- and mixed solutions of C60 or C70 fullerenols and zinc sulfate contributed
to the enrichment of cucumber fruits with zinc compounds as well as improving their
overall quality by increasing the content of a number of macro- and microelements vital
for humans and plastic photosynthetic products, which include disaccharides. All of this
combined had a positive effect on the plants’ growth and productivity.
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Table 10. Growth indicators of cucumber plant (hybrid F1 Neva) fruits after foliar treatment during the vegetative period of their development with mono- and
mixed solutions of fullerenol C60 (1 mg/L) or C70 (0.1 mg/L) and zinc sulfate (160.0 mg/L) under controlled conditions.

Experience Variant

Stem
Cross-Sectional

Area
cm2

Leaves’ Area, cm2

Leaves Stems

Raw
Mass,

g/Plant

Dry
Mass,

g/Plant
% Dry Matter

Raw
Mass,

g/Plant

Dry
Mass,

g/Plant
% Dry Matter

Control (water) 1183.0 ± 158.4 d 2412.0 ± 656.3 c 338.0 ± 91.7 a 33.6 ± 8.9 a 10.0 ± 0.8 ab 320.0 ± 58.5 a 18.1 ± 4.3 a 5.7 ± 0.7 a

ZnSO4 1398.0 ± 158.4 abc 3149.0 ± 339.5 a 361.0 ± 37.3 a 34.5 ± 2.0 a 9.6 ± 0.2b 297.0 ± 20.1 a 13.5 ± 2.4 a 4.6 ± 0.5b

Fullerenol C60 1224.0 ± 237.6 cd 2418.0 ± 80.3 c 348.0 ± 101.8 a 36.9 ± 5.0 a 10.6 ± 0.3 a 299.5 ± 27.0 a 15.9 ± 2.8 a 5.3 ± 0.2 a

Fullerenol C60+ ZnSO4 1575.0 ± 181.1 a 3053.0 ± 56.6 a 360.0 ± 37.3 a 37.3 ± 1.9 a 10.4 ± 0.2 a 327.0 ± 21.6 a 18.1 ± 2.3 a 5.5 ± 0.2 a

Fullerenol C70 1360.0 ± 69.0 bcd 2618.0 ± 339.5 bc 343.5 ± 48.7 a 36.5 ± 5.5 a 10.6 ± 0.3 a 318.5 ± 39.0 a 17.9 ± 2.6 a 5.6 ± 0.2 a

Fullerenol C70 + ZnSO4 1441.0 ± 66.8 ab 2843.0 ± 509.2 ab 354.0 ± 65.6 a 37.9 ± 5.9 a 10.7 ± 0.4 a 320.0 ± 62.4 a 18.0 ± 4.1 a 5.6 ± 0.4 a

Note: values in columns followed by different letters (a–d) are significantly different at p ≤ 0.05, as determined by Duncan’s multiple range test.
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4. Discussion

The biological properties and effects on agricultural plants of various water-soluble
polyhydroxylated, carboxylated, and amino acid derivatives of C60 fullerenes synthesized
by a group of chemists led by Professor Semenov K.N. [39,59–61] were investigated by us
from 2012 to the present. The ability of these substances to intensify the macro- and trace
elements’ entry into the aerial parts of plants (cereal spring crops like barley and wheat as
well as leaf lettuce and cabbage vegetable crops) and a pronounced trend or a significant
increase in their content in plants was shown [51,53].

This effect was observed in plants both after pre-sowing treatments of the seeds
and after foliar treatments of vegetative plants during their periods of intensive growth.
We have also previously shown in the literature that under conditions of deficiency of
manganese, zinc, or iron in an aerated liquid root-inhabited hydroponic medium, foliar
treatment of plants with solutions of C60 fullerenol in various concentrations provides a
decrease in the negative impact of deficiency factors on cucumber plants and a tendency
to increase the content of deficient nutrients. It was especially pronounced in the variants
of foliar treatments with mixed solutions of C60 fullerenol and zinc, manganese, or iron
compounds [51,80,81].

The indirect effect of C60 solutions on agricultural plants after their introduction into
the soil has not previously been practically studied. The analysis of our research data shows
that the introduction of C60 fullerenol into the soil at concentrations of 1 mg/kg, 10 mg/kg,
and 100 mg/kg activates the processes of nitrogen transformation in the soil. In particular,
it enhances the process of nitrification, judging by the decrease in the content of ammonium
nitrogen and the increase in the content of nitrate nitrogen (Table 3 and Table S1).

Along with this, an increase in the content of mobile forms of phosphorus, potassium,
magnesium, and microelements (iron, copper, and zinc) in the soil and a decrease in the
content of manganese indirectly indicate an increase in the pool of nutrients available to
the plants. And, judging by the analysis of the elemental composition of plants, their active
absorption and transportation to the leaves. An increase in the leaves of key elements
involved in photosynthesis and other metabolic processes probably contributed to the
increase in the content of photosynthetic pigments and, as a result, contributed to the
increase in a number of morphometric and weight indicators of plant growth. We have
previously shown the ability of C60 fullerenol to penetrate into plants and be found in
greater quantities in the organs that were directly treated with these compounds [50,53].
Also, we have previously established and demonstrated the antioxidant properties of
fullerenol C60 and a number of amino acid derivatives of fullerene C60 and their positive
ability to neutralize free radicals. Thus, it can be assumed that the presence of fullerenols
in cucumber plants and the probable decrease in the number of free radicals in plant cells
apparently contribute to such significant changes in enzyme activity, namely, a predominant
decrease in peroxidase activity in the leaves and roots, the intensity of lipid peroxidation,
and such a strong increase in catalase activity. The confirmation of the possible mechanism
of action of fullerene derivatives, which are capable of binding free radicals and significantly
reducing their amount, on the antioxidant system of plants is provided in the literature: that
the activation of antioxidant enzymes (including, obviously, catalase) in plant cells, under
the influence of the TiO2 nanoparticles, helps to reduce the pool of free radicals, including
peroxidases, and, as a result, the oxidative process is reduced, including a decrease in the
intensity of lipid peroxidation and peroxidase activity [94,95].

The increase in the activity of the catalase with a decrease in the activity of the
peroxidase enzyme is apparently due to the participation of catalase in the metabolic
processes for the transformation of nitrogen’s nitrate and nitrite forms, the content of which
increases in the soil and, apparently, in plants after the entry of C60 fullerenol into the soil.
All of the above indicates an improvement in the physiological state of plants, which also
ensures the stability of their growth (Table 5 and Table S2).

It should be noted that there were no significant changes in growth rates in cucumber
plants with a higher content of photosynthetic pigments relative to the control in the variant
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with the maximum concentration of fullerenol in the soil. At the same time, the percentage
of dry matter in plant organs in this variant had significantly higher values compared to
the control ones. Probably, the concentration of C60 fullerenol in 100 mg/kg of soil is in the
range of threshold values, and with a further increase in its values, the plant will experience
a stress state. This is confirmed by the higher activity of peroxidase in the plant roots in
this variant, which are the first to directly interact with fullerenol molecules.

Thus, the water-soluble fullerene derivative compounds provide an increase in the
content of some macro- and microelements in plants by their direct effect on plants (treat-
ment with seed solutions and foliar treatment of vegetative plants) and by their indirect
effect when they enter root-inhabited media (soil and soil substitutes). This ultimately has a
positive effect on the plants’ physiological state and the realization of their productive potential.

Further evaluation of the effect of fullerene derivatives on the enrichment of plant
production with zinc and selenium, obtained in a series of vegetation experiments under
controlled conditions of intensive light culture, indicates their potentially high efficiency.
The data obtained confirm the hypothesis about the ability of the studied fullerene deriva-
tives (amino acid derivatives of C60 fullerene with arginine or glycine, C60(OH)22–24 or
C70(OH)12–14 fullerenols) to make selenium, zinc, and other trace elements more available
and assimilable for plants (for example, Chinese cabbage, tomato, and cucumber) when
there is the direct effect of derivatives of C60 fullerene on plants (foliar treatment of veg-
etative plants) and their indirect effect by entering the root-inhabited media. It should
be noted that, for all methods on the impact on the soil (soil substitute) and plant system
by the tested nanocomposites, the content of the studied trace elements in the obtained
plant production does not exceed the recommended levels of their consumption in the
composition of food products according to the methodological recommendations of the
Federal Center for Sanitary and Epidemiological Surveillance of the Ministry of Health of
Russia [96] and abroad [11,97,98].

As a result of the selection of compositions of fullerenes and compounds of mi-
croelements, which, for example, differ in the charge of molecules, it is possible, at low
concentrations, to enrich plant products with the required micronutrients in a targeted,
more efficient, and safer manner compared to the action of mineral salts of microelements,
which, along with other useful functions of water-soluble fullerenes, ultimately, contribute
to the improvement of the physiological state of plants and favorably affect their growth
and productivity, as well as the quality of plant production. Along with this, the stable com-
position of used preparations, which are synthesized molecules of substances, eliminates
the risks of inconstancy in the manifestation of their positive effects.

5. Conclusions

The study demonstrated the ability of water-soluble polyhydroxylated and amino acid
derivatives of fullerenes in certain concentrations to enrich plants and form plant products
with selenium, zinc, and other useful microelements while having a positive effect on the
physiological state of plants. It was revealed for the first time that the introduction of
solutions of C60 fullerenol in various concentrations into soddy-podzolic soil contributed to
the activation of the processes of nitrogen transformation in the soil, in particular, enhancing
the process of nitrification and increasing the content of mobile forms of some macro- and
microelements in the soil. This provided the observed increase in the content of the latter
in plant organs, for example, cucumber plants, especially in their leaves.

The compositions of solutions of amino acid fullerenes and sodium selenate, as well as
C60 or C70 fullerenols and zinc sulfate, selected on the basis of different charges of molecules
or functional groups of fullerene derivatives, showed higher efficiency in enriching plant
products in Chinese cabbage, tomato, and cucumber with selenium and zinc, respectively,
compared with mineral salts of the indicated elements and with control. At the same time,
the quantitative characteristics of growth, productivity, and/or quality of the obtained
products increased and improved accordingly. To increase the controllability of the impact
on plants, a prospect of further research is an in-depth investigation into the mechanisms
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of the compositions of fullerene derivatives and various compounds of trace elements’
influence on the plants, as well as the synthesis and study of the various exo- and endo-
derivatives of fullerenes’ properties, including C60 complex compounds with transition
metals and fullerenes containing their carbon network atoms of various chemical elements,
such as lanthanum and others.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae9070828/s1, Table S1: Analysis of variance (ANOVA)
of the effect of C60 fullerenol in various concentrations into the soil on the agrochemical indicators of
the state of the soil; Table S2: Analysis of variance (ANOVA) of the effect of C60 fullerenol in various
concentrations into the soil on the studied traits of cucumber plants (hybrid F1 Neva) grown under
controlled conditions; Table S3: Analysis of variance (ANOVA) of the effect of the introduction to the
nutrient solution of mineral selenium-containing substances and their compositions with amino acid
derivatives of C60 fullereneon on biomass of edible part of Chinese cabbage plants cv. Daqingkou
and on the selenium content in aerial parts and roots; Table S4: Analysis of variance (ANOVA) of the
effect for foliar treatment with solutions of selenium-containing substances and compositions on fruit
quality of tomato cv. Natasha; Table S5: Analysis of variance (ANOVA) of the effect of mono- and
mixed solutions of fullerenol C60 (1 mg/L) or C70 (0.1 mg/L) and of zinc sulfate (160.0 mg/L) on
some indicators of the quality of fruits in cucumber plants (hybrid F1 Neva) fruits; Table S6: Analysis
of variance (ANOVA) of the effect of mono- and mixed solutions of fullerenol C60 (1 mg/L) or C70
(0.1 mg/L) and of zinc sulfate (160.0 mg/L) on growth indicators of cucumber plants (hybrid F1
Neva) fruits.
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