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Abstract: Nanotechnology and nanomaterials, including silver nanoparticles (AgNPs), are increas-
ingly important in modern science, economics, and agriculture. Their biological activity involves
influencing plant health, physiological processes, growth, and yields, although they can also be toxic
in the environment. A new fertiliser was made based on a urea solution with a relatively low content
of AgNPs obtained by the reduction of silver nitrate V. Laboratory tests were used to assess the
effect of a fertiliser solution containing 10 ppm AgNPs on the germination of agricultural plant seeds
(barley, peas, oilseed rape) and vegetables (radish, cucumber, lettuce) and its foliar application on
chlorophyll content, stomatal conductance, and seedling biomass. Field experiments were conducted
to assess the effect that a foliar application of 15 ppm AgNPs in working liquid had on physiological
plant parameters and yields of rape and cucumber. The AgNPs in the tested fertiliser reduced
infestation of the germinating seeds by pathogens and positively affected the physiological processes,
productivity, and yields of plants. Plant response depended on plant species and habitat conditions.
Reduced pathogen infestation of seeds, higher germination energy, increased chlorophyll content and
stomatal conductance, and higher seedling masses all occurred under the influence of AgNPs, mainly
in oilseed rape and cucumber, and especially under thermal stress. The beneficial effect of AgNPs
on the yield of these plants occurred in years of unfavourable weather conditions. The positive
agricultural test results, especially under stress conditions, indicate that fertiliser produced with
AgNPs as an ingredient may reduce the use of pesticides and highly concentrated mineral fertilisers.
Such a fertiliser is fully in line with the idea of sustainable agriculture. However, research on the
effects that AgNPs and fertiliser have on the environment and humans should continue.

Keywords: nanomaterials; nanotechnology; nanosilver; seed germination; plant growth; yields

1. Introduction

Nanotechnology refers to methods for obtaining objects of nano size, i.e., in at least
one dimension measuring 1-100 nm [1]. Nanotechnology has progressed very rapidly in
the latter 20th century and 21st century. However, there were successful attempts to obtain
nanoparticles (NPs), including of silver, in the 18th and 19th centuries [2,3]. Studies on
nanomaterials are of interest within many scientific fields, and their results are quickly
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being absorbed and implemented on the market. Nanomaterials are now widely used,
e.g., in electronics and energy, medicine and pharmacy, cosmetics and environmental
engineering, but also in agriculture. This is confirmed by numerous scientific reviews [4-7].
Used in medicine and cosmetology, nanotechnology can save human lives and improve
quality of life. It facilitates diagnostics, the synthesis of active substances, and the transport
of drugs in the body [8]. This field enables the development of space technologies and of
common technologies of social value such as construction. Nanomaterials are increasingly
present in electronic and electro-optical devices [9,10].

No less important and promising is the role of nanotechnology and nanomaterials in
the development of agriculture and food science [11]. Manjunatha et al. [12] and Chhipa [13]
indicate that agriculture is already benefitting from nanotechnology in biotechnology and
hormone management, seed production, plant nutrition and protection, water management,
biosensors, ecological and precision farming, and recycling of agricultural waste. Nanotech-
nology enables the assessment and improvement of environmental conditions, including
via the purification and treatment of irrigation water and via increased soil water retention.
The physicochemical properties of NPs result from their very small size and, thus, relatively
large surface area, making them chemically and biologically active. Such properties of NPs
make them increasingly used in agriculture [14,15]. They are used as biosensors, for trans-
porting nutrients and pesticides in plants, for stimulating the growth and development of
plants, and for increasing plant resistance to abiotic and biotic stress [16,17]. NPs can also
be a source of plant nutrients. Nanofertilisers [18,19] are more effective than traditional
mineral fertilisers containing macronutrients and/or microelements, such as salts, while
also being environmentally safer. These are fertilisers with high nutrient bioavailabilities,
but slow, prolonged action and controlled release into the environment. Nanoparticulate
components of fertilisers or plant growth biostimulants can penetrate cells and even their
organelles to affect the activity of enzymes as well as biochemical and physiological plant
processes. In biological tests, the presence of NPs such as Al,O3, Au, C, Cu, Fe, Pb, Si,
5i0y, TiOy, and ZnO has produced changes in, for example, the capacity and rate of seed
germination; plant sprout, root, and shoot lengths; biomass production; and plant yields.
There can also be changes in the parameters and effects of physiological processes, e.g.,
respiration, transpiration, photosynthesis, chlorophyll content, and productivity. These
changes can be either favourable or unfavourable [20-22].

Of increasing importance in agriculture are silver nanoparticles (AgNPs), and the
method for obtaining them (and their aseptic properties, which have been used in, for
example, medicine) has been known for over 100 years [23-26]. In agriculture, AgNPs have
been used in, among other things, the production of nanopesticides (mainly bactericides
and fungicides), growth promoters, and fruit-ripening agents [27,28]. Agricultural studies
confirm the high potential of AgNPs in reducing microbes that cause plant diseases and
soil pathogens. However, the frequent use of AgNPs may lead to the development of
resistance in microorganisms [29]. In addition to their bactericidal and fungicidal activity,
AgNPs can also directly affect plant growth and development processes, just as fertilisers
or biostimulants do. The positive and negative effects alike of AgNPs on the growth of
crops—{rom germination, through physiological processes to conditioning yield size and
quality—have been well documented in the scientific literature [30,31].

Nonetheless, AgNPs, similarly to other heavily and excessively often used NPs, may
be toxic to organisms, contaminating water, soil, and air. Such an impact on environmental
features depends on the properties of the NPs—on their size, shape, and specific surface—
and on environmental conditions [32,33]. Therefore, permanent research in this area is
needed. Decision makers in science and the economy alike agree that nanotechnology will
be an important part of mankind’s civilisational development, including in agriculture
and food production. Future work should focus on methods for obtaining and using NPs,
particularly on solutions to reduce the risk of their harmful human and environmental
effects [34]. Therefore, it was assumed that it is possible to obtain a fertiliser solution with
AgNPs based on urea (which is widely used in agriculture) that will positively affect the
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germination of seeds of agricultural and horticultural plants and stimulate their growth
and, consequently, increase yields. Therefore, the research objective was to verify this
hypothesis via a series of laboratory tests and field experiments.

2. Materials and Methods

The research was carried out by an international team of specialists in the fields of
agriculture and environmental protection. The laboratory tests and field experiments
were done at the Research & Development Centre Agro-Land Marek Rézniak Smielin
(53°09'04.0"” N; 17°29'10.7” E) in the Kujawsko-Pomorskie Voivodeship, Poland and at
the Department of Agronomy of the Bydgoszcz University of Science and Technology in
Bydgoszcz, Poland.

2.1. Fertiliser Containing AgNPs

The nitrogen fertiliser with AgNPs was obtained in three stages. In the first, a 15% m/m
solution of urea was produced in demineralised water of low electrolytic conductivity
(0.5-2.0 ps/cm) and pH of 5 to 7. The second stage involved the preparation of AgNPs
by the chemical reduction of silver nitrate V in an aqueous solution of ammonium nitrate
V in the presence of PVP (polyvinylpyrrolidone—non-toxic NPs stabilizer) and a non-
ionic surfactant for the stabilisation and improved dispersion of AgNPs. The resulting
AgNPs precipitate was separated from the solution by centrifugation. The evaluation
and characterization of NPs can be performed using various techniques, including UV-
Vis spectrum, Transmission Electron Microscope (TEM), X-ray diffraction (XRD), and
Scanning Electron Microscopy (SEM). The authors had the opportunity to use the method
of measuring the size of NPs dispersed in a liquid—Dynamic Light Scattering (DLS).
The AgNPs distribution report made using the Zetasizer analyser (Malvern Instruments
Ltd. Worcestershire, WR14 1XZ, UK) is shown in Figure 1. In the third stage, the AgNP
precipitate was distributed into the urea solution prepared in the first stage in an amount
appropriate to the laboratory test and field experiment assumptions.
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Figure 1. Size distribution report of AgNPs.

2.2. Laboratory Tests

The laboratory tests (series I) assessed the effect of AgNPs on seed germination and
the initial growth of three types of agricultural crops (barley, peas, oilseed rape) and
three species of vegetables (radish, cucumber, lettuce). Seed germination was performed
in accordance with principles established by the International Seed Testing Association
(ISTA) [35] for optimal conditions; and in line with the methodology, but at a 5 °C lower
temperature for stress conditions. The experimental factor was the medium used to moisten
the seed germination substrate. The substrate was moistened with urea solution containing
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10 ppm AgNPs (AgNPs + Urea); urea solution as control I (Urea); and demineralised water
as control II (Water). The characteristics assessed for germinating seeds were germination
energy, germination capacity, number of abnormal sprouts per 100 sprouted seeds, sprout
length, and fungal infection of germinating seeds.

In a vegetation chamber capable of regulating plant growth conditions (series II), the
effect of foliar application of AgNPs on the content of chlorophyll, stomatal conductance,
and plant biomass in the 4-6 leaf phase was assessed. Plant growth tests were performed in
optimal habitat conditions. The lengths of day and night were 16 and 8 h, respectively. The
air temperature was 20 °C during the day and 13 °C at night, except for cucumber growth
(24 °C and 18 °C, respectively). The plants were also subjected to environmental stress.
Thermal stress consisted in lowering the temperature by 5 °C for day and 3 °C for night, and
water stress in reducing the water capacity of the substrate from 60% to 40% field capacity.
Chlorophyll content was determined using a CM1000 type non-contact chlorophyll meter
(Spectrum Technologies, Inc. Thayer Court, Aurora, IL, USA). Stomatal conductance was
measured with an SC-1 Leaf Porometer (METER Group, Inc., Pullman, WA, USA). At the
end of the research period, biomass (dry weight of plants) was determined by dry-weight
at 105 °C using a Solid Line FD-S 115 drier with forced air circulation (BINDER GmbH,
Tuttlingen, Germany) and a laboratory balance.

2.3. Field Experiments

In the years 2019-2021, two field experiments were carried out, one on an agricultural
crop (winter oilseed rape) and the other on a vegetable plant (cucumber). Plant species
were selected based on the results of laboratory tests in which plants reacted significantly to
the presence of AgNPs with a change in size of germination and initial growth parameters,
especially in comparison with the effect of urea solution. Cucumber was tested for three
years as a spring plant, and oilseed rape was tested for two full vegetation seasons as a
winter plant. The field experiments were carried out on sandy loam Luvisol [36].

The research area is located in a humid continental climate zone. According to Kop-
pen [37], it is classified as Dfb climate (cold, without dry season, warm summer). Soil
properties and meteorological conditions at the site and during the study period are pre-
sented in Tables 1 and 2.

The experimental factor in both experiments was the foliar application of AgNPs. As
in the laboratory tests, three variants were used: a fertiliser consisting of urea solution with
AgNPs (AgNPs + Urea) and two controls—urea solution (Urea) and water (Water). As
the working liquid for foliar application, 200 L-ha~! was prepared based on water with
the addition of, respectively, 15 ppm AgNPs + 37.5 g of urea; 0.0 ppm AgNPs + 37.5 g of
urea; and 0.0 ppm AgNPs + 0.0 g of urea. In the oilseed rape cultivation, foliar treatments
were performed three times during the growing season: first in autumn in the BBCH
16 phase and twice in the spring at BBCH 21 and BBCH 51. Two treatments were applied
to cucumber: at BBCH 25 and BBCH 51. The physiological parameters of plants of both
species—leaf cover index (LAI), photosynthetically active radiation (PAR), and chlorophyll
content in leaves—were determined at the onset of flowering (BBCH 61) and in rape
in 2019 after the study had begun only in autumn (BBCH 18-20). Measurements were
made using the equipment used in the laboratory tests. PAR was determined using an
AccuPAR LP—80 PAR/LAI meter (METER Group, Inc.). Intercepted photosynthetically
active radiation (IPAR%) was calculated using PAR measurements above the plant canopy
and in the canopy at the soil surface level. The measure of plant productivity was yield, i.e.,
mass of rape seeds and cucumber fruits expressed in tonnes per hectare.
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Table 1. Soil properties in site of field experiments.

Property 2019 2020 2021
Rape
Texture (%)

Sand (2-0.05 mm) 495 53.6 -
Silt (0.05-0.002 mm) 452 441 -
Clay (<0.002 mm) 5.3 2.3 -
pHKCI 6.52 5.93 -
Organic carbon (g C kg~ soil) 11.2 10.6 -
Total nitrogen (g N kg~ soil) 1.07 0.95 -

Available nutrients
Phosphorus (mg P kg~ soil) 9.5 117.2 -
Potassium (mg K kg{1 soil) 162.1 146.8 -
Magnesium (mg kg_1 soil) 63.0 427 -

Cucumber

Texture (%)

Sand (2-0.05 mm) 45.1 46.3 447

Silt (0.05-0.002 mm) 48.3 46.9 49.6
Clay (<0.002 mm) 6.6 6.8 57
pHKCI 7.08 6.61 6.85

Organic carbon (g C kg*1 soil) 12.9 11.7 13.5
Total nitrogen (g N kgfl soil) 1.13 1.20 1.42

Available nutrients

Phosphorus (mg P kg*1 soil) 114.8 98.0 120.4

Potassium (mg K kg*1 soil) 188.9 177.3 203.5
Magnesium (mg kg*1 soil) 55.6 60.4 66.2

Table 2. Air temperature and precipitation during the field experiments period.

Year
Month 2019 2020 2021 Many-Year 2019 2020 2021 Many-Year
Temperature (°C) Precipitation (mm)

January - 2.6 -11 -1.8 - 37.7 28.3 26.8
February - 3.6 -1.8 -0.9 - 36.0 0.8 20.7
March - 3.9 3.7 2.5 - 26.1 21.7 31.9
April - 8.2 6.2 7.9 - 0.7 30.7 27.0
May - 11.2 12.2 13.3 - 34.2 75.2 49.3
June - 17.9 20.1 16.1 - 142.0 30.1 52.8
July - 18.3 20.9 18.6 - 67.2 61.7 69.8
August 19.7 19.9 174 17.9 37.7 114.4 38.1 62.6
September 13.5 15.1 - 13.1 98.5 66.7 - 46.0
October 9.8 10.5 - 8.2 35.9 72.9 - 31.5
November 5.5 6.0 - 29 69.6 124 - 324
December 2.7 1.8 - —0.6 21.1 33.8 - 34.0

2.4. Analysis of Data

The data from biometric and physiological measurements were subjected to statistical
analysis. Individual datasets were assumed to be normally distributed, and this was verified
using the Shapiro-Wilk test. Data that was not normally distributed were transformed. The
percentage results (germination energy, germination capacity) were transformed according
to the Bliss rule (arc sin). ANOVA was performed. The statistical significance of the
influence of experimental treatments was assessed by the F test, and the significance of
differences between mean values of individual characteristics was assessed by Tukey’s post
hoc test at p < 0.05. In the tables of results and on the figures, the letters a, b, and ¢ indicate
significant differences in the values of plant features under the influence of the investigated
treatments. Faced with the impact of experimental treatments on physiological parameters
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and crop yields differing significantly between successive years of field experiments, the
results for each year of the study have been presented separately. The results were processed
mathematically and statistically in Statistica.PL 12 [38].

3. Results

Under habitat conditions optimal for germinating crop seeds, adding AgNPs to the
substrate did not significantly affect germination energy, germination capacity, sprout
length, or the number of abnormal sprouts for barley, peas, and rape. Only the length of
the rapeseed sprout was greater in the presence of AgNPs with urea than in the substrate
moistened only with water. However, AgNPs decreased the infection of pea seeds with
pathogens as compared to their infection on a substrate moistened with urea solution
and clean water (Table 3). Under thermal stress, the presence of AgNPs in the substrate
increased the germination energy and length of barley sprout in comparison with the
seed germinated on a substrate moistened with clean water. The germination energy and
length of rapeseed sprout were greater under the influence of AgNPs than on the substrate
treated with urea solution and water, and the germination capacity was greater than on
the substrate moistened with water. AgNPs also reduced the pathogen contamination of
germinating seeds of the tested plants under thermal stress conditions.

Table 3. Germination of crop seeds in the presence of AgNPs in the substrate; urea solution with
AgNPs (AgNPs + Urea), urea solution (Urea), water (Water). a, b—letters in the rows for optimal and
stress conditions indicate a significant difference between the values of a given feature of plants at

p < 0.05.
AgNPs + Urea Urea Water AgNPs + Urea Urea Water
Feature
Optimal Conditions Stress Conditions
Barley

Cermination eneray, 9 843a 85.0a 86.0 a 77.1a 753 ab 722b
8y, 7o (£5.2) (£4.9) (£4.4) (£1.9) (£1.4) (£2.3)

Cermination canacitv, ¥ 932a 92.5a 93.1a 90.2 a 869 a 904 a
pacity, 7o (£3.6) (£3.5) (+4.2) (£2.8) (£2.6) (£2.5)

24a 2.1a 23a 21a 22a 22a
Abnormal sprouts, pes/100 seeds (£0.45) (£0.27) (£0.35) (£0.24) (£0.26) (£0.18)
Sorout lensth. mm 87.4a 88.0a 87.2a 62.5a 60.4 ab 56.6b

P st (£4.9) (£4.3) (£5.7) (£1.5) (£2.3) (£2.3)

Pathogen infestation, % 53a 57a 55a 51b 9.0a 8.8a
(£0.37) (+£0.42) (£0.22) (+£0.22) (£0.24) (£0.18)

Peas

Cermination eneray, ¥ 76.7 a 78.0 a 773 a 662 a 64.6a 642 a
© on energy, 7o (£3.7) (£3.4) (£4.0) (£4.3) (£4.2) (£4.2)
Germination capacity, % 889 a 88.7 a 90.3 a 82.5a 80.8 a 82.6 a
pacity, 7 (£4.8) (£3.7) (£4.0) (£6.1) (£4.1) (£5.0)

39a 42a 39a 3.6a 3.8a 3.8a
Abnormal sprouts, pes/100 seeds (£0.29) (£0.36) (£0.32) (£0.38) (£0.43) (£0.29)
Sorout leneth. mm 53.1a 54.0 a 52.8a 456a 445a 4442
prout length, (£3.5) (£6.1) (£3.4) (£2.8) (£3.1) (£2.9)
Pathosen infestation. * 7.8b 9.7a 10.0a 75b 12.8a 12.6a
& s (£0.53) (£0.67) (£0.78) (£0.49) (+1.33) (£0.90)

Rape

Cermination enerav. % 902 a 87.1a 87.0a 86.3a 819b 822b
CHUNAtON enetgy, 7o (+4.2) (+4.4) (£5.4) (+£2.3) (£1.1) (+1.4)
Cermination capacity. 95.0 a 96.1 a 949 a 917 a 87.2ab 86.4b
pactty, 7o (£37) (£2.8) (£6.1) (£3.2) (£2.1) (£2.0)
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Table 3. Cont.
AgNPs + Urea Urea Water AgNPs + Urea Urea Water
Feature
Optimal Conditions Stress Conditions
2.7 a 26a 31a 33a 29a 33a
Abnormal sprouts, pes/100 seeds (£0.52) (£0.36) (£0.32) (£0.45) (£0.23) (£0.50)
Sorout leneth. mm 578 a 56.3 a,b 54.8b 479 a 445b 440b
P sty (£1.2) (£1.6) (£1.5) (£1.6) (£1.5) (£1.7)
Pathosen infestation. % 12.7 a 134 a 13.0a 124Db 18.5a 18.1a
& r (£0.78) (£1.16) (£0.74) (£0.63) (£0.94) (£0.98)

Under thermal stress conditions, AgNPs in urea solution significantly increased the
germination energy of cucumber seeds in comparison with germination on the control
substrate treated with urea solution and water, and of radish seeds in comparison to the
substrate moistened with water. The germination energy of cucumber seeds was higher
under the influence of AgNPs than on the substrate moistened with water, including under
optimal thermal conditions (Table 4). AgNPs had a beneficial effect on seed germination
under stress conditions only—for radish compared to sprouting in the water-moistened
substrate and for cucumber compared to germination on both control substrates. Under
stress conditions, as compared to germination on both control substrates, the presence of
AgNPs in the substrate increased the sprout length and decreased the number of abnormal
sprouts for cucumber, as well as reducing pathogen infestation for all vegetable species.
For cucumber and lettuce, the infestation of sprouts was reduced under the influence of
AgNPs under optimal conditions, too.

Table 4. Germination of vegetable seeds in the presence of AgNPs in the substrate; urea solution with
AgNPs (AgNPs + Urea), urea solution (Urea), water (Water). a, b—letters in the rows for optimal and
stress conditions indicate a significant difference between the values of a given feature of plants at
p <0.05.

Feat AgNPs + Urea Urea Water AgNPs + Urea Urea Water
eature
Optimal Conditions Stress Conditions
Radish

Cermination enerav. % 825a 84.0a 834a 748a 733 ab 71.1b

8y, 7o (£5.4) (£5.0) (£4.8) (£1.4) (£1.4) (£2.3)

Cermination canacitv, ¥ 88.5a 86.7 a 87.7 a 80.8 a 782a 75.0 b
pacity, 7o (£4.1) (£3.7) (£4.6) (£2.5) (£2.0) (£2.5)

3.7a 39a 3.6a 35a 3.6a 34a
Abnormal sprouts, pes/100 seeds (+£0.41) (£0.29) (£0.29) (+£0.41) (£0.24) (£0.22)
Sorout lensth. mm 46.7 a 447 a 450a 419a 389a 39.6a

P st (£4.8) (£2.9) (£2.2) (£3.1) (£1.8) (£2.4)
Pathosen infestation. * 103a 11.1a 114a 124b 18.6a 195a
ogen intestation, Yo (£1.48) (£0.82) (£1.00) (£1.25) (£1.39) (£1.90)

Cucumber

Cermination enerav, ¥ 76.5a 742 ab 729b 70.5 a 67.3b 66.2b

8y, 7o (£1.6) (£1.4) (£1.8) (£1.4) (£1.4) (£1.8)

Cermination canacitv, ¥ 853 a 847 a 83.0a 81.7 a 753 b 76.4b
pactty, 7o (£2.4) (£3.4) (£3.4) (£3.2) (£3.6) (£2.7)

41a 43a 40a 43b 47 a 47 a
Abnormal sprouts, pes/100 seeds (+0.24) (+0.35) (+£0.24) (£0.14) (+£0.18) (+£0.24)
Sorout leneth. mm 427a 409a 428a 382a 346b 338b

P st (£3.3) (£2.2) (£3.2) (£2.0) (£1.9) (£1.4)
Pathosen infestation. * 8.7b 17.2a 16.6a 7.0b 155a 162a
& 7 (£0.67) (£1.88) (£1.43) (£0.92) (£2.22) (£1.23)
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Table 4. Cont.
AgNPs + Urea Urea Water AgNPs + Urea Urea Water
Feature
Optimal Conditions Stress Conditions
Lettuce

Germination enerev. % 64.6 a 65.0a 659 a 59.8 a 57.7 a 58.6 a
8y, 7o (£3.1) (£3.0) (£4.9) (£3.9) (£3.7) (+4.1)

Germination capacity, % 824 a 83.2a 80.1a 84.7 a 84.6 a 79.7 b
pacity, 7o (+£3.5) (+£4.0) (£3.2) (£2.7) (£2.7) (£2.5)

51a 52a 48a 50b 5.8a 6.1a
Abnormal sprouts, pes/100 seeds (£0.32) (+£0.38) (£0.24) (£0.26) (£0.24) (£0.36)
Sprout leneth. mm 48.8 a 47.1a 452b 419a 40.7 a,b 37.0b

P st (£1.4) (£1.8) (£1.5) (£2.2) (£2.4) (£1.5)
Pathogen infestation. % 11.0b 19.4 a 20.1a 9.7b 15.1a 16.3 a
& n 7 (£1.51) (£1.60) (£1.75) (£1.25) (£1.23) (£1.32)

Fi

In laboratory tests, under optimal thermal conditions, chlorophyll contents were
significantly higher in rape and cucumber leaves treated with urea solution with AgNPs
than in plants treated with urea solution and water. On the other hand, the content of
chlorophyll in radish and lettuce leaves was higher under the influence of urea solution
with AgNPs than in control plants sprayed with pure water only (Figure 2A). The foliar
application of urea + AgNPs solution under thermal stress significantly increased the
chlorophyll content in rape and cucumber leaves, as well as in peas and radishes, but only
in comparison with plants treated with water (Figure 2B).

A 1000
m AgNPs + Urea m Urea m Water
. 800
= a
= b b
600 a
a a b
400 *
200
O !
Barley \ Peas Rape ‘ Radish Cuctunber Lettuce
(WAgNPs+Urea| 545 \ 557 646 \ 563 \ 527 463
’ M Urea 539 \ 552 619 ‘ 565 ‘ 506 458
| = Water 50 | 561 605 | 541 | 497 434

igure 2. Cont.
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B 1000 -
m AgNPs + Urea M Urea m Water
. 800 -
g
=1 a
b b a
600 dab b
a a 3
400
200
0
Barley Peas Rape Radish |Cucumber | Lettuce
m AgNDs + Urea 521 513 600 545 466 396
W Urea 534 491 570 538 436 402
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Figure 2. Chlorophyll content in leaves under optimal—(A) and thermal stress conditions—(B) de-
pending on the presence of AgNPs in the substrate; urea solution with AgNPs (AgNPs + Urea),
urea solution (Urea), water (Water). a, b—letters indicate a significant difference in the content of
chlorophyll for individual plant species at p < 0.05.

Chlorophyll content in leaves under optimal substrate water conditions was higher
after foliar application of urea solution + AgNPs than after exposure to water (for barley
and rape) and after application of both urea solution and water (for radish and lettuce)
(Figure 3A). Under water stress conditions, the AgNPs in urea solution significantly in-
creased the chlorophyll content in rape and cucumber leaves as compared to urea solution
alone and as compared to pure water for leaves of radish and lettuce (Figure 3B).

A 1000 -
B AgNPs +Urea M Urea M Water
. 800 -
E 2 ab y,
601 2ab a
b b
400
200 -
0 (—===m==
Barley | Peas | Rape | Radish |Cucumber| Lettuce
m AgNDPs + Urea 563 544 635 542 543 487
M Urea 554 547 611 520 546 462
1 Water 541 539 593 515 529 460

Figure 3. Cont.
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200
0
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m Urea 480 479 503 484 405 369
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Figure 3. Chlorophyll content in leaves under optimal—(A) and water stress conditions—(B) de-
pending on the presence of AgNPs in the substrate; urea solution with AgNPs (AgNPs + Urea),
urea solution (Urea), water (Water). a, b—letters indicate a significant difference in the content of

chlorophyll for individual plant species at p < 0.05.

Under optimal thermal conditions, the foliar application of AgNPs in urea solution
and in urea and water produced a different stomatal conductance in cucumber alone. This
characteristic did not differ significantly under the influence of urea and urea solution
with AgNPs, although it was greater with the application of urea solution than under the
influence of water (Figure 4A). Under thermal stress, the application of AgNPs in urea
solution increased stomatal conductance in comparison to spraying with urea solution and
water (for rape and cucumber) or with only water (for barley and lettuce) (Figure 4B).

A 500 ~
B AgNPs + Urea MUrea M Water
400 -
y ab 2 p
a a a a L aaa
03004 3838 4a, j a2 L
= = I 7 ’
= AL
g 200
a
100
o L EEEETS ESERETS  ESEETS BRSSO SN SR TSN 20O WSS WSS TSN
Barley Peas Rape Radish |Cucumber | Lettuce
m AgNPs + Urea 284 265 313 273 346 311
M Urea 279 270 307 281 355 306
m Water 280 263 315 275 341 310

Figure 4. Cont.
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Figure 4. The leaf stomatal conductance of plants under optimal—(A) and thermal stress conditions—
(B) depending on the presence of AgNPs in the substrate; urea solution with AgNPs (AgNPs + Urea),
urea solution (Urea), water (Water). a, b—letters indicate a significant difference in the stomatal
conductivity for individual plant species at p < 0.05.

The stomatal conductance of rape and cucumber was increased under optimal water
conditions by the application of AgNPs. This physiological parameter was also significantly
higher in barley fertilised with urea + AgNPs solution but only as compared to plants
treated with water (Figure 5A). However, AgNPs did not affect the stomatal conductance
of seedlings of plants growing under water stress (Figure 5B).

A 500 +
H AgNDPs + Urea MUrea M Water
wn
& 400 -
o a
g a p b b b
Q
T 300
i
=)
g 200
100
0
Barley Peas Rape Radish |Cucumber| Lettuce
m AgNPs + Urea 277 251 339 287 356 296
m Urea 266 260 325 277 333 308
M Water 254 257 319 284 338 302

Figure 5. Cont.
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B 500 +
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o 400 -
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2 300
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=]
g 200
100
0
Barley Peas Rape Radish |Cucumber| Lettuce
m AgNPs + Urea 221 214 257 205 252 213
m Urea 227 213 256 209 260 206
M Water 220 217 260 201 256 210

Figure 5. The leaf stomatal conductance of plants under optimal—(A) and water stress conditions—
(B) depending on the presence of AgNPs in the substrate; urea solution with AgNPs (AgNPs + Urea),
urea solution (Urea), water (Water). a, b—letters indicate a significant difference in the stomatal
conductivity for individual plant species at p < 0.05.

The mass of seedlings of plants growing in optimal thermal conditions was not
significantly affected by the foliar application of AgNPs. The exception was the reaction of
rape, whose plant mass was 6.1% than when treated with water (Figure 6A). On the other
hand, under thermal stress, the mass of rape and cucumber seedlings was 6.9% and 8.4%
higher, respectively, than plants treated with urea solution, and 7.5% and 8.1% higher than
plants treated with water. Under these conditions, the mass of lettuce seedlings under the
influence of AgNPs was also higher, but only in comparison with plants treated with water.
The relative difference in plant mass was 5.7% (Figure 6B).

A 15.00 -
mAgNPs + Urea mUrea m Water
£ 12.00 -
=
& a
® 9,00 2D
a a a
6.00
3.00
0.00 n
Barley Peas Rape Radish |Cucumber| Lettuce
W AgNPs +Urea| 3.51 5.11 9.00 4.46 7.35 6.71
m Urea 3.60 5.02 8.54 441 7.40 6.79
M Water 3.49 4.95 8.48 442 7.28 6.66

Figure 6. Cont.
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B 15.00 -
mAgNPs +Urea MUrea m Water
- 12.00 -
=
o
W 9.00 -
b b
6.00 - d2b
a
3.00
Barley Peas Rape Radish |Cucumber| Lettuce
W AgNPs +Urea| 274 433 6.83 3.59 464 5.46
m Urea 2.65 435 6.39 3.67 4.28 5.41
M Water 2.69 422 6.35 3.6 429 5.17

Figure 6. Plant biomass under optimal-—(A) and thermal stress conditions—(B) depending on the
presence of AgNPs in the substrate; urea solution with AgNPs (AgNPs + Urea), urea solution (Urea),
water (Water). a, b—letters indicate a significant difference in the biomass of individual plant species
atp < 0.05.

Under optimal water conditions, the mass of rape seedlings was 6.3% higher under
the influence of AgNPs than treatment with water. The same response in lettuce was 6.1%
(Figure 7A). However, under water stress, there was no significant effect of AgNPs on the
mass of plant seedlings with the exception of cucumber. AgNPs used with urea solution
increased the mass of cucumber seedlings by 5.5% compared to the mass of plants treated
with water (Figure 7B).

A 15.00 ~
B AgNPs +Urea MUrea M Water
- 12.00 -
= a
[ b b
B 9.00 T
a a a a b b
6.00 - ¢ a a a a - -
a a a . T
N II I
O e B B
Barley Peas Rape Radish |Cucumber | Lettuce
W AgNPs +Urea| 3.72 5.57 9.2 481 6.89 6.97
M Urea 3.74 5.44 8.96 475 6.92 6.55
m Water 3.64 5.49 8.86 4.77 6.80 6.57

Figure 7. Cont.
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Figure 7. Plant biomass under optimal—(A) and water stress conditions—(B) depending on the
presence of AgNPs in the substrate; urea solution with AgNPs (AgNPs + Urea), urea solution (Urea),
water (Water). a, b—letters indicate a significant difference in the biomass of individual plant species
atp <0.05.

The effect of AgNPs on the physiological canopy parameters differed between study
years and between plant species in field experiments (Table 5). The foliar application of
AgNPs significantly increased the LAI index of rape in 2019 but only relative to plants
sprayed with water. The LAI index for cucumber in 2019 and 2021 was significantly higher
under the influence of AgNPs than without treatment with nanoparticles. There was a
beneficial effect of AgNPs on the IPAR index for rape in 2019 and 2020, and for cucumber
in 2019 and 2021, but only compared to plants sprayed with water. The chlorophyll content
in rape leaves was higher after the application of AgNPs than after the application of urea
and water solution in 2019 and 2021. Cucumber leaves contained more chlorophylls after
AgNPs application than after water treatment of plants in 2019 only.

Table 5. The value of the LAI and IPAR indices and the content of chlorophyll depending on the foliar
application of AgNPs treatments; urea solution with AgNPs (AgNPs + Urea), urea solution (Urea),
water (Water). a, b—letters in the columns for LAI, IPAR, and Chlorophyll indicate a significant
difference of their values at p < 0.05.

Rape Cucumber
Treatment
LAI IPAR Chlorophyll LAI IPAR Chlorophyll
2019
237a  7l4a 632a 357a  8l2a 461
AgNPs+Urea (08 (+15) (£14.0) (£0.12)  (£1.9) (+£8.8)
Urea 220ab 681D 603 b 333b  773b 446ab
(£0.10)  (£1.7) (+£12.6) (+£0.09)  (£1.6) (+£9.9)
Water 211b  67.8b 605b 326b  773b 439b
(£0.10)  (£1.3) (+13.4) (£0.07)  (£1.5) (£9.1)
2020
AoNDs s Urea 4122 856a 567 a 463a  886a 516a
& (£0.07)  (£1.5) (£11.2) (£012)  (£1.7) (£24.6)
Urea 382b  809b 558 a,b 467a 871a 509 a
(£0.14)  (£1.9) (£13.4) (£0.14)  (£1.9) (£19.1)
Water 388b  812b 542 b 455a  874a 505 a

(£0.07)  (£1.5) (£9.9) (£0.15)  (£1.3) (£14.7)
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Table 5. Cont.

Rape Cucumber
Treatment
LAI IPAR Chlorophyll LAI IPAR Chlorophyll
2021

AgNPs + Urea 523 a 93.5a 559 a 422a 85.6a 527 a
(£0.11) (£3.7) (£7.6) (£0.06) (£1.3) (£16.4)

Urea 525a 93.5a 542 b 410b 83.0ab 528 a
(£0.10)  (£24) (£8.7) (£0.06)  (£1.5) (£12.8)

Water 516a 92.6a 542 b 4.06Db 824b 519a
(£0.13)  (£2.4) (£8.8) (£0.04) (£1.7) (£17.6)

Application of AgNPs three times during the growing season of rape increased seed
yields in 2020 (Figure 8A). The increased yield was 0.25 t-ha~! (i.e., 7.8%) over control plants
sprayed with urea solution and 0.22 t-ha~! (i.e., 6.8%) over control plants treated with
water. In 2021, foliar treatments, including those involving AgNPs, did not significantly
differentiate seed yields for rape. AgNPs had a beneficial effect on cucumber yield in 2019,
but there was no such significant effect in 2020 and 2021 (Figure 8B). In 2019, cucumber
yield was 3.6-3.8 t-ha~! higher under the influence of AgNPs than in control plants (treated
with urea solution and water). Therefore, the difference was 6.6-7.0%. In 2021, the trend
of increased yields relative to control plants treated with water, although statistically
insignificant, amounted to 3.2%.

A
B AgNPs +Urea MUrea M Water

414a 416a 411a

346a 324b
3.21b

t/ha

2020 2021

Figure 8. Cont.
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Figure 8. Rape—(A) and cucumber yield—(B) depending on the foliar application of AgNPs treat-
ments; urea solution with AgNPs (AgNPs + Urea), urea solution (Urea), water (Water). a, b—letters
indicate a significant difference in yields of individual plant species at p < 0.05.

4. Discussion

The results of the laboratory tests and field experiments confirm AgNPs’ potential
impact on crops, as presented in the literature [39-41]. However, in the cited studies,
the concentration of NPs in the plant growth environment was often many times higher
than in our studies, amounting to even 500-1000 ppm [42,43]. This impact resulted both
in favourable plant reactions such as improved germination, growth, and yield, and
in unfavourable changes, including plant death [44-46]. In the author’s own research
presented in this study, the working liquid for treating plants contained 10-15 ppm of
AgNPs. More than 90% of the AgNPs had a size of 1-100 nm. The average size of
AgNPs was 48 nm. Such NPs are more environmentally safe than smaller sized NPs.
Sukhanova et al. [47] and Egbuna et al. [48] indicate that the biological activity and toxicity
of NPs, including silver, are the greater the smaller the size of the NPs. In addition,
the methodological assumptions and experiment design allowed the conclusion to be
supported that the observed plant reactions result from the impact of AgNPs and not of
other components in the solutions applied to the seed germination substrate or in the foliar
treatments. That is why two control objects were used in these studies (urea solution and
water). This allowed the possible effect on plants of the nitrogen in urea to be eliminated in
the results. Hence, it was used in the technology for producing and fixing AgNPs, although
its concentration in the solutions used to moisten the substrate or foliar application was
very low, not exceeding 0.04% N.

The disinfectant action of AgNPs, which is known and applied on a larger scale
in medicine [49,50], has been investigated in recent decades for possible application in
protecting agricultural and horticultural plants [51,52]. The AgNPs used in our research
significantly reduced the infestation of germinating seeds by pathogens. This was espe-
cially noticeable at lower temperatures, which prolonged the germination period of seeds
and, thus, also the pressure of pathogens. Therefore, the potential to use the produced
AgNPs to disinfect seeds without using pesticides has been proven. Importantly, this
effect was achieved despite the relatively low concentration of AgNPs in the substrate.
Wolny-Kotadka et al. [53] showed that the fungicidal activity of AgNPs obtained by chemi-
cal reduction against fungi of the species Fusarium culmorum occurred at a much higher
concentration, i.e., 60 ppm. However, the scientific literature contains results confirming
the fungicidal activity of AgNPs at relatively low NPs concentrations. The growth of
Fusarium spp. was inhibited by AgNPs already at a concentration of 2.5 ppm according to
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Kasprowicz et al. [54] and at 10 ppm according to Kim et al. [55]. The biological activity of
low concentrations of AgNPs is of economic and environmental importance. The frequent
use of large amounts of AgNPs may be environmentally toxic and lead to the development
of resistance in microorganisms [56,57].

Another important agricultural use of AgNDPs, apart from in plant protection, is
in biostimulation. The complex nature of NPs’ influence on plants results from their
ability to penetrate cells and on into subcellular organelles such as nuclei, plastids, and
vacuoles [58,59]. Under the influence of NPs, changes have been seen in, for example,
chlorophyll content and photosynthesis rate, stomatal conductance, intercellular CO,
concentration, and the synthesis and activity of some enzymes [60,61]. Changes at the DNA
level are also possible [62]. Depending on the type, shape, size, and concentration of NPs,
plant responses to their presence may vary, from stimulation of growth and development,
through inhibition, to die-off [63]. The results of studies on agricultural and horticultural
plants indicate that these effects also occur under the influence of AgNPs. Sz6116si et al. [64],
based on a review of the results of numerous studies on the impact of nanomaterials on
the germination and growth of seedlings, divided plant reactions to AgNPs into positive,
negative, and neutral (no significant reaction). The judicious use of AgNPs can increase
and improve seed germination, root length and mass, number of leaves, plant size and
mass, and seed yield [65-67]. The application of appropriate concentrations of AgNPs
also allows the content of plant pigments and enzymatic activity to be increased [68,69].
Nonetheless, plant reactions are specific and species-dependent. In our own research,
10 ppm of AgNP concentration in the solution used to moisten the substrate significantly
improved the germination energy of rape and cucumber seeds, but it did not significantly
affect the germination of barley, pea, radish, or lettuce. The positive response of rape and
cucumber to AgNPs was also reflected in longer sprouts, higher chlorophyll content, and
higher stomatal conductance, especially when young plants were grown under thermal
stress. Such results are partially confirmed by other authors’ studies on various plant
species, including those of the Cucurbitaceae family. Almutairi and Alharbi [70] found an
improvement in the germination of Cucurbita pepo L. seeds under the influence of AgNPs
in concentrations of 0.5-2.0 mg-L’l, with no such effect on lettuce seeds. Barrena et al. [71],
too, found no (positive or negative) effect of AgNPs at a concentration of 100 ug mL~! on
the germination index of lettuce seeds.

In the field experiments, the response of plants to foliar application of AgNPs de-
pended on environmental conditions (study year) and plant species (rape, cucumber).
Depending on the year of research (the years having been characterised by different meteo-
rological conditions, see Table 2), the degree of positive reaction of rapeseed and cucumber
to AgNPs varied. This was reflected in a significant differentiation in chlorophyll content
in leaves as well as the LAI and IPAR indices. Yields increased significantly due to the
foliar application of AgNPs for rape in 2020 and cucumber in 2019. These were the years of
lowest yields, as resulted from stressful habitat (weather) conditions. In 2019, during the
intensive growth and yielding of cucumbers in June-August, the sum of monthly rainfall
was much below average for the study area, while the average air temperatures were above
average. On the other hand, in 2020, while rape yield was being built up, rainfall was
below the norm in April and May but three times higher than average in June. These
results confirm the conclusion drawn from the studies by Prazak et al. [72] that AgNPs
activate plant mechanisms, increasing tolerance to environmental stress. The authors found
that AgNP concentrations of 0.25-1.25 mg-L~! increased the rate and uniformity of bean
seed germination in laboratory and field tests performed under unfavourable thermal
conditions. In the late vegetation period, these plants also had greater seedling heights and
masses and greater net photosynthesis.

5. Conclusions

Under chemical laboratory conditions, it is possible to produce AgNPs and, thence,
urea-based agricultural fertiliser containing them. Biological laboratory tests and field



Materials 2022, 15, 870 18 of 20

experiments demonstrated that at concentrations of 10-15 ppm, AgNPs thus obtained had
a positive effect on the seed germination, physiological parameters, and productivity of
agricultural and horticultural plants. However, the reaction of plants to AgNPs depends
on their species and on environmental, water, thermal, and weather conditions. The
demonstrated ability to reduce the occurrence of pathogens affecting germinating seed,
and to stimulate physiological processes, plant productivity, and yields, especially under
environmental stress conditions, leads to the assumption that AgNPs thus obtained may
have a place in sustainable agriculture. Using AgNPs in a way that can bring to bear
their beneficial effects on the health, growth, and yields of plants could reduce the use of
chemical production resources such as fertilisers or pesticides. The positive results of initial
agricultural tests do not negate the need for further research on the effects that AgNPs
and fertilisers containing them have on elements of the environment, including animals
and humans.
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