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Abstract: Pure silica sol obtained by hydrolysis of tetraethoxysilane and the same silica sol doped with
fertilizer Azofoska were used to cover the surface of pea seeds. The surface state of the coated seeds
(layer continuity, thickness, elemental composition) was studied by a scanning electron microscope
(SEM) and energy dispersive X-ray (EDX) detector. Different conditions such as sol mixing method,
seed immersion time, effect of diluting the sol with water, and ethanol (EtOH) were studied to
obtain thin continuous coatings. The coated seeds were subjected to a germination and growth
test to demonstrate that the produced SiO; coating did not inhibit these processes; moreover, the
presence of fertilizer in the coating structure facilitates the development of the seedling. The supply
of nutrients directly to the grain’s vicinity contributes to faster germination and development of
seedlings. This may give the developing plants an advantage in growth over other undesirable plant
species. These activities are in the line with the trends of searching for technologies increasing yields
without creating an excessive burden on the natural environment.

Keywords: sol-gel method; thin films; seeds; mineral fertilizer; germination test

1. Introduction

Seeds are the agricultural products which represent a source of food and resource in
agricultural practices. Changes in the environment: soil degradation, salinity, drought, the
spread of pests and diseases, and climate change are not conducive to obtaining higher
yields necessary to feed the growing human population. Alternatives and better solutions
than the large amounts of fertilizers and pesticides currently used are needed to promote
seeds germination and increase in agricultural production [1-3]. One of such solutions
seems to be seed enhancement technologies, which aim to provide optimal conditions
for the development of germinating grains by protecting them and providing them with
nutrients. One of the most promising and efficient seed enrichment technologies is seed
coating [4,5].

Coating seeds is a way of creating an artificial, made of exogenous material, coating
on the surface of natural seeds that does not obscure its shape and size, and can be an
alternative to maintain or improve seed quality. These sustainable, advanced farming
practices are used to achieve two main purposes [4-6]. The first is to protect the seeds
from the unfavorable conditions of the external environment of abiotic stressors such as
soil salinity, drought, or detrimental temperature ranges as well as biotic stressors: insects
and fungi. The seed coatings could contain also different protectants such as fungicides,
pesticides, insecticides, nematicides, and herbicides which should protect the seed from
diseases, threats, and competing plant species [3,7-10]. It is known that many of the
commonly used protectants have a detrimental effect on the environment, hence closing
them in coatings helps to limit their widespread nature and action. The second goal of the
applied coatings is to improve germination and development of the seeds by providing the
necessary substances: macronutrients or micronutrients directly to the seed and sprout. In
this way, the deficiencies of essential elements in the soil could be compensated. The coating
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may act as a cage to limit the rapid release, escape, and loss of demanded substances from
the soil. With the germinating process, the substances enclosed within the coating are slowly
released at the root, absorbed, and conducted to the overground part of the developing
sprout [11]. The coatings may also contain symbiotic organisms (rhizobia [12-14] and
arbuscular mycorrhizal fungi [12,15]), which lead to better germination and growth of
the seedlings, and mitigate soil salinity [12,13,16]. Also interesting are the seeds covered
with hydrophilic materials or hydroabsorbers (hydrogels, absorbent polymers), which are
characterized by a high ability to accumulate water easily available for germination and
seedling development [3,17-19]. Coated seeds loaded with various substances have been
practiced for several decades. Today, seed coating has become a common process in plant
production but there are still some problems associated with it. Low coating ratio, low
stability of the layer, low germination percentage of coated seeds, slow germination, high
cost, and difficult safe storage are the essentials that still need a solution.

Seed coatings may be the answer to the problem of providing the growing plant with
essential nutrients at an early stage of development and increasing their competitiveness
against the seeds of unwanted species (e.g., weeds). Ecologically safe coatings that minimize
the environmental impact of certain materials (e.g., plant protection products) by applying
them as a coating directly to the grains are particularly desirable. Most seed coatings are
based on biopolymers because of their eco-friendly characteristics (they are a renewable
source) and production of nontoxic residues when these materials are biodegraded in
soil. As a coating, the following materials were tested: starch [19], gum [20], gelatin and
polyvinyl alcohol [14], cellulose derivatives [7], chitosan [7,20], amphiphilic polymers [21],
dolomitic limestone and aluminum silicate [22], biomaterials based on protein [13], and
others [6,23].

Another potential seed coating material is silica. However, this material has not
been tested as a seed coating, it has been rather studied as a carrier for delivering active
ingredients (biocides) to the plants [24,25] or germination enhancing factor [26]. Only
one article can be found in which the seeds were covered with silica sol-gel coatings
prepared in an environment with different pH [27]. Silica appears to be a good option for
seed treatment and feeding. It is widespread in nature and it is known that a number of
silicon compounds are easily absorbed by the root system of plants. In some plant species,
silica creates intracellular or extracellular silica bodies (phytolites) which are necessary for
growth, mechanical strength, stiffness, and protection against fungi [28]. Silica prepared
under mild conditions using the sol-gel method seem to be ideal for encapsulating fertilizer
ingredients, since it is possible to enclose inside them sensitive biological materials such
as enzymes [29], live cells [30], bacteria [31], algae [32], and others [33]. Encapsulated
materials are not damaged. A similar approach is applied in biomedical research where
silica materials synthesized by sol-gel method are being investigated as potential drug
delivery systems in which drug molecules are enclosed in silica particles [34]. Thus is
derived the idea of transferring silica from biomedical to agricultural applications [35].

The purpose of this work was to investigate the possibility of making thin silica
coatings on pea seed surface. The SiO, coating was applied by immersing the seed in
a suitable sol. The effect of the seed immersion time in the sol on the thickness of the
formed coating was investigated. Attempts were also made to “slim down” the coating
by rinsing in solvents (H,O or EtOH) and diluting the starting sol. A silica sol doped
with Azofoska fertilizer containing typical macros and microelements necessary for plants
was also prepared and deposited onto the surface of the seeds. The seeds covered with
coatings of pure SiO, and SiO,-fertilizer mixture were subjected to a germination test.
This combination of SiO; coatings and fertilizer provided a favorable environment for the
developing sprouts.
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2. Materials and Methods
2.1. Chemicals

Tetraethoxysilane-TEOS (99.9% Alfa Aesar Gmbh&Co KG, Karlsruhe, Germany),
ethanol EtOH (96%, POCH, Gliwice, Poland), hydrochloric acid HCl (36-38%, POCH,
Gliwice, Poland), and distilled water H,O were used for the SiO, coatings preparation.

2.2. SiOy Sol Synthesis
2.2.1. Preparation and Deposition of Pure SiO, Sol

A SiO; sol was prepared by the sol-gel method. TEOS (22 mL), EtOH (9 mL), H,O
(5 mL), and HCI (3 uL) as a catalyst were mixed together on a magnetic stirrer at room
temperature for 30 min. Then, the sol was ready to use (to deposition).

The SiO; coatings were deposited by the immersion of a single seed in the SiO; sol at
room temperature (25 + 2 °C) for 5, 15, and 30 min. During the immersion, the sol was
stirred in an ultrasonic cleaner or on a magnetic stirrer. Since the obtained coatings turned
out to be thick, modifications were made to the method of applying the coatings in order
to make them thinner. The modification of this process, aimed at “thinning” the layer,
consisted in immersing the grain in EtOH in an ultrasonic cleaner for 5 or 10 min after SiO,
sol deposition. Another “slimming” modification was the use of diluted SiO, sol, which
was described in Section 2.2.2.

2.2.2. Si0, Sol Dilution

The pure S5iO; sol, prepared as described in Section 2.2.1, was diluted with EtOH (96%)
or distilled water in the volume ratio sol:solvent of 1:4 or 1:2. The details of the samples
prepared using these sols are presented in Table 1. All the coated seeds were air-dried at
ambient temperature.

Table 1. Samples of pea seeds coated with SiO; sol in different conditions.

Sample Description
5 Seed after 5 min in SiO, sol in ultrasonic cleaner
15 Seed after 10 min in SiO; sol in ultrasonic cleaner
30 Seed after 30 min in SiO; sol in ultrasonic cleaner
5\5 Seed after 5 min in SiO; sol in ultrasonic cleaner and 5 min in EtOH
5\10 Seed after 5 min in SiO; sol in ultrasonic cleaner and 10 min in EtOH
5M Seed after 5 min in SiO, sol on magnetic stirrer
5M5 Seed after 5 min in SiO, sol on magnetic stirrer and 5 min in EtOH
025EtOH Seed after 5 min in SiO; sol diluted with EtOH (1:4) by volume ratios
025H,0 Seed after 5 min in SiO, sol diluted with H,O (1:4) by volume ratios
05EtOH Seed after 5 min in SiO; sol diluted with EtOH (1:2) by volume ratios
05H,0O Seed after 5 min in SiO; sol diluted with H,O (1:2) by volume ratios

2.3. Seed Germination Test
2.3.1. Preparation and Deposition of SiO, Sol with Fertilizer

The SiO; sol with fertilizer was applied to the seeds intended for the germination test.

As a fertilizer, the Azofoska product (GRUPA INCO, Warsaw, Poland) was used.
Azofoska is a multi-component fertilizer used for fertilizing garden plants. Azofoska
consists of the following macroelements: nitrogen (13.6%), tetraphosphorus decoxide
(6.4%), potassium oxide (19.1%), and magnesium oxide (4.5%), and microelements: copper,
manganese, iron, zinc, boron, and molybdenum.

The fertilizer Azofoska (0.0536 g) was dissolved in 5 mL of H,O and as an aqueous so-
lution was added to the SiO; sol prepared in the same way as presented in the Section 2.2.1.
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The seeds were immersed in such prepared SiO,-fertilizer sol, and also in pure SiO; sol (for
comparison) for 5 min. This is schematically shown in Figure 1.
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Figure 1. Deposition of the SiO;-Azofoska coating on pea seeds.

| TEOS, EtOH. H20O, HCI, Azofoska

After seed deposition with SiO,-fertilizer sol, one group of seeds was immersed in
EtOH (96%) solution for 5 min, and the second group of seeds was not subjected to this
procedure. Thanks to this, grains covered with a SiO;-fertilizer sol of different (thinner and
thicker) thicknesses were obtained.

In the pea seeds germination test, the following samples (pea seeds) were used:

(1) seeds covered with pure SiO; sol;

(2) seeds covered with S5iO,-Azofoska sol and post-immersed in EtOH (thinner coating);
(8) seeds covered with SiO,-Azofoska sol, not immersed in EtOH (thicker coating);

(4) seeds without coatings as control.

After the coatings were applied, the seeds were air-dried at ambient temperature. No
preheating in the dryer was used.

2.3.2. Seed Weight Changes over Time

Six pea seeds were selected for the study of weight changes over time. As a reference,
seeds without SiO, coatings (seeds from the packet) were used. They were weighed for the
next 3 days. In the case of layered seeds, they were weighed before applying the sol, 1 and
2 days after depositing the sol.

2.3.3. Germination Test

The five grains of every researched group (presented in Section 2.3.1) were “seeded”
in Petri dishes with cellulose wadding. Each dish was filled with 35 mL of tap water; all
the dishes were stored on the windowsill at ambient temperature. During the experiment,
the dishes were replenished with water. On the next days, the plates were flooded with
the following portion of water: 2nd day—15 mL; 3rd day—10 mL; 4th day—15 mL; 5th
day—10 mL; and 6th day—10 mL. The seeds were immersed in water all the time.
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2.4. Pea Seeds

For the experiments, pea seeds (Pisum sativum L.) commercially available in Poland
(Specialist Seed Farm Grzesiak—polish producer of seed materials) and intended for sowing
were used. Polish name of the plant is groch siewny cukrowy Ildwiecki. Pea seeds were selected
for the research due to the convenient size and shape of seeds and quick germination.

2.5. Methods

The presence of formed SiO, coatings and their adhesion to the seeds’ surface was
observed using a scanning electron microscope SEM S-3400N HITACHI (Hitachi High-
Technologies Corporation, Tokyo, Japan) equipped with an energy dispersive X-ray (EDX)
detector. The samples (coated seeds) were placed on an aluminum holder by using double-
sided carbon tape intended for SEM measurements. The samples were not covered with any
layer of conductive material (neither carbon nor gold) so as not to introduce an additional
layer on the seeds. Measurements were made in the low vacuum mode, which allowed to
protect the seeds from drying out and damage that would occur in the normal operation of
the microscope in high vacuum. This technique of low vacuum mode is advantageous for
the observation of specimens such as biological samples, moist samples, liquids, polymers,
and ceramics [36]. The parameters selected in order to obtain a good quality image of the
seeds were: energy of the primary beam 10 kV, chamber pressure of 40 Pa, and a working
distance in the range 8.5-12 mm. The low vacuum mode in the microscope is combined
with the backscattered electron (BSE) detector.

3. Results
3.1. SiO; Coatings Deposited in Different Conditions

The first approach to obtain SiO; layers on pea seeds was their immersion in the SiO;
sol for various periods of time: 5, 15, and 30 min. During the immersion, the sol was
kept in an ultrasonic cleaner (5, 15, and 30 min) or on a magnetic stirrer (5 min). The SEM
micrographs of prepared coatings are presented in Figure 2. There are micrographs with
different magnifications, and the thicknesses of the layers are marked on the images.

As can be seen in the presented micrographs, the formed SiO; layer is cracked and
in some places, it even fell off the seed surface. Thus, the seeds are often without coating
or with its remains. This effect is observed for each seed regardless of the length of time
of immersion in the sol (5, 10, or 30 min) and the method of mixing (ultrasonic cleaner or
magnetic stirrer). It is difficult to determine the effect of the time the seed was immersed in
the sol on the thickness of the formed coatings because they do not have the same thickness
over the entire surface of the tested seed. The measured thickness of the various fragments
ranged from 3 to 20 um. The pea seeds do not have a perfectly spherical shape or an even
surface. For this reason, the applied layers, even if they cover the entire grain, do not
have the same thickness. The seed also lives after applying the coating and over time,
especially in dry conditions, the seed loses water, shrinks, and forms “wrinkles” on the
surface. In some places the surface of the seed is sunken and forms pits where more sol has
accumulated during the application, hence a thicker layer was then formed. Unfortunately,
in these places, cracks in the coating begin, which then spread over almost the entire surface
of the seed. This is clearly visible in the SEM images. The coating fragments from the
well are thicker and become thinner as they come to the flat surface. In addition, the Si
content (20-50 wt. %) determined by the EDX measurement varies depending on the layer
thickness. Thicker sections of the coating contain more Si, and with thinner coatings, less Si.
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Figure 2. SEM micrographs of the pea seeds after different time of SiO; sol deposition: 5 min—
ultrasonic bath (first raw); 10 min—ultrasonic bath (second raw); 30 min—ultrasonic bath (third raw);
and 5 min in a container on a magnetic stirrer (fourth raw).

Of course, the thickness determined from the SEM image is not perfect. The broken
layer fragments lie at different angles, hence the measurement of their thickness is error
prone. It is difficult to find a fragment that is oriented perfectly perpendicular to the
camera. The micrographs with the marked thicknesses presented in Figure 1 showed the
best orientation of the broken fragments of the coatings that have been found. It was also
observed that the underside of the coating reflects the topography of the seed surface. It
was visible on the pieces of coating turned upside down.

The state of the surface of the pea seeds presented in Figure 1 changes under the
influence of the treatment in the SiO; sols. It is caused by the formation of a coating that
covered the surface relief. This confirms that the SiO; coating must be deposited on the
surface of the seeds.

In summarizing, the layers obtained by immersing the seeds in the sol are thick and
break quickly. In order to improve the quality of these coatings, an attempt has been made
to deposit a thinner layer. For this purpose, the seeds, after applying pure SiO; sol (5 min
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immersion time in an ultrasonic cleaner or on a magnetic stirrer), were immersed in EtOH
in an ultrasonic cleaner for 5 or 10 min. In our earlier studies, the coating deposited on the
lentil grains and treated in this way became thinner. In the case of peas, this procedure
failed because the coating was completely washed out. EDX analysis did not show the
presence of Si.

Another action taken to obtain thinner layers was diluting the starting sol. The sol was
diluted with EtOH (96%) or distilled water in 1:4 by volume ratios (samples 025EtOH and
025H,0, respectively) and 1:2 by volume ratios (samples 05EtOH and 05H,O, respectively).
The SEM micrographs of the coatings formed with diluted sols are presented in Figure 3.

OkV 11.0mm x2.00k SE

Figure 3. SEM micrographs of the pea seeds after diluted SiO; sol deposition: 025EtOH (first raw),
025H,0 (second raw), 05EtOH (third raw), and 05H,O (fourth raw).

The more diluted sols created better (continuous) layers. The best layer was obtained
using SiO; sol diluted 1:4 by volume ratios with EtOH (025EtOH, Figure 2, first raw). The
resulting layer was thin, and it reflected the texture of the seed surface. The presence of
the S5iO; layer was confirmed by the EDX test, which indicated the presence of Si. The
Si content in this layer was in the range of 8-21% by weight. This was less than the Si
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content in the layers obtained by immersing the grain in undiluted sol (25-38 wt. % Si).
The coating obtained by diluting the sol in the same volumetric ratios but with water
(025H,0, Figure 3, second raw) was also thinner than the coating formed from undiluted
sol but heterogeneous. On one side of the seed, the layer was thicker and cracked during
drying. Cracks are visible in the micrographs from SEM, some of the cracked coating
came off. Content of Si in this coating was in the range 5-17 wt. %. Both kinds of coatings
prepared from the sols diluted 1:2 (05EtOH and 05H,0) were cracked to a significant degree
regardless of the used solvent (EtOH and H;O). Some fragments were also missing. The
EDX analysis for some points of 05EtOH cracked coatings showed 41-46 wt. % Si. This
part of the cracked coating was in the hollows of the seed (Figure 3, third raw), hence it
was thicker and contained more Si. It was also the reason that this coating was the most
fractured and lacking in continuity.

The EDX analysis for 05H,O showed 15-23 wt. % of Si. This coating was also cracked
and showed local defects. The coating thicknesses shown in Figure 3 do not reflect the
entire coating. The thickness of the cracked layer fragments was estimated at 2-6 pm. No
thicker fragments could be measured as they fell off or were misoriented.

3.2. Seed Germination Test

For the germination test, seeds coated with a pure SiO, sol and a SiO, sol doped with
commercial Azofoska fertilizer were selected. The coatings were prepared by immersion of
the seeds in the proper sol for 5 min. After the immersion in SiO,-fertilizer sol, one group of
seeds was immersed in EtOH (96%) solution for 5 min; the second group of seeds was not
subjected to this procedure. The intention was to obtain a SiO,-fertilizer coating of varying
thickness. The layer should be thinner after dipping in EtOH. Pea seeds from an original
bag (without any artificial coating) were used as a control in this test. In summarizing, four
groups of seeds were subjected to the germination test:

(1) seeds covered with pure SiO; sol;

(2) seeds covered with SiO,-fertilizer sol—immersed in EtOH (thinner coating);

(8) seeds covered with SiO,-fertilizer sol—not immersed in EtOH (thicker coating);
(4) seeds without coating as control.

Each group consisted of six seeds of different sizes and weights, as presented in
Figure 4. Five seeds of each group were assigned for the germination test, and one seed from
each group (marked with SEM) was not subjected to the germination test as it was intended
for the SEM test to see the surface of the seed (coating) before the sprouting process. Photos
and SEM micrographs of the sprouted seeds are presented in Figures 5 and 7, respectively,
and SEM micrographs of seeds not subjected to the germination test are presented in
Figure 6.

The seeds that have sprouted and developed first leaves are marked with a leaf on the
charts in Figure 4 and they are clearly visible in Figure 5. The seeds that have not sprouted
at all during the germination test are marked with “x” on the charts. They were generally
small seeds, but this was not always the case. Also in natural conditions, not all seeds
germinate either. Some do not, for various reasons. The seeds did not sprout evenly, but
that is also normal. Some seeds have germinated but have very slowly developed leaves,
they are marked with “+”.

The process of seed germination starts with the uptake of water by the seed through
imbibition. The first sprouts appeared on the second day after sowing, but not on all
seeds. The sprouts had all the seeds of the reference sample and the sample with a thicker
layer of sol-fertilizer. For the remaining samples, three germinated seeds were observed.
A total of 7 days after sowing, the reference sample had four seeds—plover and 1 seed
with a sprout (its growth stopped at this stage). Three out of five seeds covered with the
5i0; layer (without fertilizer) developed seedlings, the other two did not germinate at
all. The seeds covered with a thinner layer of sol-fertilizer developed three seedlings, one
seed stopped at the sprout stage, and one seed did not sprout at all. The best-developed
seedlings were observed for seeds covered with a thicker layer of SiO,-fertilizer sol. All
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five seeds developed pretty seedlings. During the germination test, no plant died (nor
withered). The photos of the samples are presented in Figure 5.

seeds without coating - control seeds with pure SiO, coating

seeds with SiO,-fertilizer coating seeds with SiO,-fertilizer coating
(immersed in EtOH) (immersed in EtOH)

seed weight (g)
seed weight (g)

Figure 4. Weights of the seeds chosen for the germination test: “leaf”—seed sprouted and develop-
ment; “+”—seed sprouted; “ x”—seed not sprouted; “SEM”—seed intended for SEM test.

Seeds - reference sample Seeds — sol-gel coatings

Seeds — sol-gel coatings Seeds — sol-gel coatings
with fertilizer (thinner) with fertilizer (thicker)

Figure 5. Photos of the researched seeds one week after sowing.



Polymers 2022, 14, 4119

10 of 15

1mm x100 SE

Figure 6. SEM micrographs of the pea seeds not subjected to a germination test: first row—pure
seed (without SiO; coating); second row—seed with SiO, coating; third row—seed with thinner
SiO,-fertilizer coating; and fourth row—seed with thicker SiO,-fertilizer coating.

After one week, the 5i0O; coated seeds not intended for the germination test and the
air-dried sprouted seeds were tested by SEM.

3.2.1. SEM Test of the Seeds Not Subjected to a Germination Test

The pea seeds immersed in different sols (with and without fertilizer) were covered
by coatings formed by the SiO, network. The presence of these coatings was confirmed
by SEM micrographs, and EDX analysis. The relief of the seed surface was clearly visible
in the images of pure seeds (Figure 6, first row) and it became invisible under the applied
5i0; layer. The SEM micrographs of the pea seeds covered with SiO, coatings reflects the
condition of the seed prior to germination test and are presented in the Figure 6. These are
the same seeds marked as SEM in Figure 4.

As is observed in the SEM micrographs, the coated layer is not continuous and does
not uniformly cover the entire surface of the seed. The coatings consisted of a pure SiO,
layer, and a thinner SiO,-fertilizer layer are cracked but do not fall off the seed. The worst
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adhesion had the thicker layers of SiO,-fertilizer, which was significantly cracked and fell
completely off in some places, revealing the surface of the seed.

The pure pea seed contains carbon, oxygen, magnesium, silicon, potassium, calcium,
and traces of aluminum. These elements were determined by the EDX method, but they
were not observed on the coated seeds. The EDX analysis confirms the presence of the SiO;
layer on the surface of the seeds. The amount of Si measured for the seeds coated by the
Si0O; layer clearly increased as compared to the Si content observed for pure seed. The pure
seeds had a Si content of 2-7 wt. %; SiO,-coated seeds had a Si content of 23 to 36 wt. %.

3.2.2. Seeds after Germination

After the germination test, the seeds that developed sprouts were examined with the
SEM and EDX analyses. The obtained SEM micrographs are presented in Figure 7.

R
100um

10.0kV 10.6mm x100 SE

10.0kV 10.7 X 500um 10.0kV 11.1mm

Figure 7. SEM micrographs of the pea seeds after germination test: first row—seed with pure SiO,
coating; second row—seed with thinner SiO,-fertilizer coating; and third row—seed with thicker
S5i0,-fertilizer coating.

The germination and development of seedlings drastically changes the seeds. The
seeds break and falls apart. These changes obviously affect the outer SiO, coating, which
deteriorates and falls off. This effect was observed for all sprouted seeds. No shell fragments
floating in the solution in a Petri dish were observed with the naked eye.
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4. Discussion

The silica coatings pure and doped with different substance (fertilizer) could be easily
produced by the sol-gel method. It is known that silica coatings show good adhesion to
various materials (metallic substrate [37], textile fabrics [38], polymers [39], and others [40]),
thereby the idea to apply them on seeds emerged. Reagents used in a sol-gel synthesis (silica
precursor and water) as well as ethanol as a by-product, are not harmful to seeds, but the
idea of using sol-gel coatings for seeds modifications is poorly presented in the literature.
The thin sol-gel layers formed from silica sols with different pH values and different
starting TEOS concentrations were studied as a material for barley seeds coating [27]. It
was observed that seed treatment in silica sols (regardless of their pH value) enable the
creation of silica coatings on the seed surface and these coatings did not adversely affect
the seeds. All coated barley seeds showed a tendency toward root and sprout growth [27].

Additionally in the presented research, the sol-gel coating applied to the surface of
the pea seeds does not interfere with the germination and development of the seedling.
The sol-gel coated seeds showed vital activity and sprouted. The fact that some coated
seeds have not germinated at all or stopped developing at the sprout stage is a natural
effect. In nature, not all seeds germinate and develop into the final plant form. Some of
the seeds may not be viable because they are empty (they do not have an embryo) or the
embryo does not have enough growth potential to overcome the mechanical restraint of
the natural seed coat and endosperm [41]. These reasons have nothing to do with the
artificial coatings produced on the seeds. The sol-gel coatings deposited on the surface of
the seeds did not limit the development of sprouts, which formed the first leaves within
a week. Sometimes the produced coatings could be cracked and defected. It is worth
mentioning that cracks in the coating are not critical, but what is more important is the
adhesion of the coating to the seed surface. A crack in the layer may facilitate germination
and sprout development through increased water uptake. The presence of sufficient water
is important to initiate the enzyme activity and metabolism of the seed, so before the seed
can germinate it must collect water from its surroundings. Natural changes occurring in the
seeds during germination (water imbibition, swelling of water and gas) cause the bursting
of the seed coat [42]. Additionally in the germination test presented here, the processes
of water imbibition and swelling caused the total destruction of the sol-gel silica coating
that cracked and detached from the surface of the seeds. It is clearly visible in the photos
presented in Figure 7. Once the coating has broken, the nutrients can enter the soil and
nourish the seedling. Probably thanks to this, the seedlings of seeds covered with a thicker
5i0; coating with fertilizer developed the most and all the seeds germinated. The coating
partially peeled off, but the nutrients released in the vicinity of the seed fed the developing
sprout of the pea. In the case of seeds covered with a thinner layer of gel, some of the
micronutrients could be washed out during immersion in EtOH.

The main component of SiO, coatings is silicon. Silicon is the second most abundant
element in soil and mainly exists as silica and silicates, the forms, which cannot be absorbed
by plants [43]. Plants absorb and utilize Si in the form of orthosilicic acid Si[OH]4, but
the dissolution of Si from soil minerals is a possible but slow process [44]. Although Si
has not been classified as an essential element, it is found in all terrestrial plants. Its role
is indisputable. It is claimed that Si takes part in alleviating various biotic and abiotic
stresses in plants (salinity, drought, and heavy metal toxicity) [43-46]. There is evidence
that Si also significantly increases germination characteristics (e.g., germination percentage,
germination rate, and shoot length) [43]. Thus, the sol-gel technology and prepared coatings
could contribute to the improvement of seed quality.

It seems that the proper composing of the seed coating may have a significant influence
on germination rate and growth of the plant at the initial phase of development. By
supplying water and minerals, the coating can create almost ideal conditions for the
development of the seedling, giving an advantage over other seedlings right from the
start. Generally, in the tested cereals, coating significantly reduced germination rate and
total germination as compared to uncoated seeds [17]. It was also studied an influence
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of coat thickness and composition on the germination rate. Thicker coating, larger than
75% of the total grain size, showed germination rates close to those of uncoated seed.
Coating with the thickness below 50% reduced germination rates. The seed coatings also
help to prevent seed ageing [21]. The artificial coating formed on the surface of the seeds
provides a physical barrier to reduce the loss of nutrients as well as to reduce the diffusion
of gases between the seeds and the external environment. All these effects help maintain a
favourable environment inside the seeds.

The sol-gel coatings formed on the seeds surface generally do not harm them, even if in
the first stages of plant development (germination) there are no significant differences from
the control groups, they may appear in the later stages of plant growth. The sol obtained in
the sol-gel process consists of water and alcohol (most often ethanol), so soaking the seeds in
this sol hydrates them, and the presence of ethanol can provide protection against microbes.

5. Conclusions

The SiO; sols (pure and doped with fertilizer Azofoska) were deposited on the pea
seeds surface by their immersion in the proper sol mixed by an ultrasonic cleaner or
magnetic stirrer. Regardless of the method of mixing and the time when the seeds were
immersed in the sol, the obtained coatings turned out to be heterogeneous, quite thick
(3-20 pm), and cracked. Many fragments of the coating fell off completely, exposing the
surface of the seed, and in some places the coating still holds despite the present cracks.
The heterogeneity in the thickness of the coatings may be due to the shape of the grains,
which are not perfectly flat but contain pits. More sol accumulates in these cavities and
thus, the thick layer shrinks and cracks during drying. A way to obtain thinner coating
was to use sols diluted with water or EtOH. The continuous SiO, layer was obtained using
SiO; sol diluted 1:4 with EtOH.

The germination test showed that the treatment of pea seeds in silica sols had no
negative effect on the development and growth of the sprouts. The seeds covered with
5i0,-coatings germinated at the same time as the control seeds (without coating). The SEM
micrographs clearly show that all the coatings on the seeds completely cracked during the
germination test, but this was due to the swelling and disintegration of the seed. The seeds
covered with a thicker layer of SiO; with fertilizer turned out to be the best developed one
week after sowing.

Using SiO; coatings with Azofoska fertilizer showed that after depositing such coat-
ings, the seeds still show vitality and an ability to germinate. The use of such a protective
and nourishing coating on the seed surface is intended to enhance its growth and develop-
ment potential in order to obtain higher yields. These activities are in line with the trends of
searching for agricultural technologies that increase yields and reduce the negative impact
on the environment.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the paper.

Conflicts of Interest: The authors declare no conflict of interest.

1. Shang, Y.; Hasan, M.K.; Ahammed, G.J.; Li, M.; Yin, H.; Zhou, J. Applications of Nanotechnology in Plant Growth and Crop
Protection: A Review. Molecules 2019, 24, 2558. [CrossRef] [PubMed]

2. Elemike, E.E.; Uzoh, LM.; Onwudiwe, D.C.; Babalola, O.O. The Role of Nanotechnology in the Fortification of Plant Nutrients
and Improvement of Crop Production. Appl. Sci. 2019, 9, 499. [CrossRef]

3. Pirzada, T.; de Farias, B.V.; Mathew, R.; Guenther, R.H.; Byrd, M.V,; Sit, T.L.; Pal, L.; Opperman, C.H.; Khan, S.A. Recent advances
in biodegradable matrices for active ingredient release in crop protection: Towards attaining sustainability in agriculture. Curr.
Opin. Colloid Interface Sci. 2020, 48, 121-136. [CrossRef] [PubMed]

4. Pedrini, S.; Merritt, D.J.; Stevens, J.; Dixon, K. Seed Coating: Science or Marketing Spin? Trends Plant Sci. 2017, 22, 106-116.

[CrossRef]


http://doi.org/10.3390/molecules24142558
http://www.ncbi.nlm.nih.gov/pubmed/31337070
http://doi.org/10.3390/app9030499
http://doi.org/10.1016/j.cocis.2020.05.002
http://www.ncbi.nlm.nih.gov/pubmed/33013179
http://doi.org/10.1016/j.tplants.2016.11.002

Polymers 2022, 14, 4119 14 of 15

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Pedrini, S.; Balestrazzi, A.; Madsen, M.D.; Bhalsing, K.; Hardegree, S.P.; Dixon, K.W.; Kildisheva, O.A. Seed enhancement: Getting
seeds restoration-ready. Restor. Ecol. 2020, 28, S266-5275. [CrossRef]

Afzal, I; Javed, T.; Amirkhani, M.; Taylor, A.G. Modern Seed Technology: Seed Coating Delivery Systems for Enhancing Seed
and Crop Performance. Agriculture 2020, 10, 526. [CrossRef]

Ruiz-de-la-Cruz, G.; Aguirre-Mancilla, C.L.; Godinez-Garrido, N.A.; Osornio-Flores, N.M.; Torres-Castillo, J.A. Chitosan mixed
with beneficial fungal Condidia or fungicide for bean (Phaseolus vulgaris L.) seed coating. Interciencia 2017, 42, 307-312.

Ayesha, M.S.; Suryanarayanan, T.S.; Nataraja, K.N.; Prasad, R.P.; Shaanker, R.U. Seed Treatment With Systemic Fungicides: Time
for Review. Front. Plant Sci. 2021, 12, 654512. [CrossRef]

Sharma, K.K.; Singh, U.S.; Sharma, P.; Ashish Kumar, A.; Sharma, L. Seed treatments for sustainable agriculture—A review. J.
Appl. Nat. Sci. 2015, 7, 521-539. [CrossRef]

Avelar, S.A.G.; de Sousa, EV,; Fiss, G.; Baudet, L.; Peske, S.T. The use of film coating on the performance of treated corn seed. Rev.
Bras. Sementes 2012, 34, 186-192. [CrossRef]

Klarod, K.; Anoma Dongsansuk, A.; Piepho, H.-P.; Siri, B. Seed coating with plant nutrients enhances germination and seedling
growth, and promotes total dehydrogenase activity during seed germination in tomato (Lycopersicon esculentum). Seed Sci. Technol.
2021, 49, 107-124. [CrossRef]

Rocha, I.; Ma, Y.; Souza-Alonso, P.; Vosatka, M.; Freitas, H.; Oliveira, R.S. Seed Coating: A Tool for Delivering Beneficial Microbes
to Agricultural Crops. Front. Plant Sci. 2019, 10, 1357. [CrossRef] [PubMed]

O’Callaghan, M. Microbial inoculation of seed for improved crop performance: Issues and opportunities. Appl. Microbiol.
Biotechnol. 2016, 100, 5729-5746. [CrossRef] [PubMed]

Vercelheze, A.E.S.; Marim, B.M.; Oliveira, A.L.M.; Mali, S. Development of biodegradable coatings for maize seeds and their
application for Azospirillum brasilense immobilization. Appl. Microbiol. Biotechnol. 2019, 103, 2193-2203. [CrossRef] [PubMed]
Ma, Y. Seed coating with beneficial microorganisms for precision agriculture. Biotechnol. Adv. 2019, 37, 107423. [CrossRef]
Zvinavashe, A.T.; Lim, E.; Sun, H.; Marelli, B. A bioinspired approach to engineer seed microenvironment to boost germination
and mitigate soil salinity. Proc. Natl. Acad. Sci. USA 2019, 116, 25555-25561. [CrossRef]

Gorim, L.; Asch, F. Effects of Composition and Share of Seed Coatings on the Mobilization Efficiency of Cereal Seeds during
Germination. J. Agron. Crop Sci. 2012, 198, 81-91. [CrossRef]

Elshafie, H.S.; Camele, I. Applications of Absorbent Polymers for Sustainable Plant Protection and Crop Yield. Sustainability 2021,
13, 3253. [CrossRef]

Pathak, V.; Ambrose, R.PK. Starch-based biodegradable hydrogel as seed coating for corn to improve early growth under water
shortage. J. Appl. Polym. Sci. 2019, 137, 48523. [CrossRef]

Huang, Q.; Qian, X,; Jiang, T.; Zheng, X. Effect of chitosan and guar gum based composite edible coating on quality of mushroom
(Lentinus edodes) during postharvest storage. Sci. Hortic. 2019, 253, 382-389. [CrossRef]

Adak, T.; Kumar, J.; Shakil, N.A.; Pandey, S. Role of nano-range amphiphilic polymers in seed quality enhancement of soybean
and imidacloprid retention capacity on seed coatings. J. Sci. Food Agric. 2016, 96, 4351-4357. [CrossRef] [PubMed]

Tavares, L.C.; de Aratjo Rufino, C.; Dorr, C.S.; Barros, A.C.S.A.; Peske, S.T. Performance of lowland rice seeds coated with
dolomitic limestone and aluminum silicate. Rev. Bras. Sementes 2012, 34, 202-211. [CrossRef]

Javed, T.; Afzal, I.; Mauro, R.P. Seed Coating in Direct Seeded Rice: An Innovative and Sustainable Approach to Enhance Grain
Yield and Weed Management under Submerged Conditions. Sustainability 2021, 13, 2190. [CrossRef]

Mattos, B.D.; Tardy, B.L.; Pezhman, M.; Kdmadrdinen, T.; Linder, M.; Schreiner, W.H.; Magalhaes, W.L.E.; Rojas, O.]. Controlled
biocide release from hierarchically-structured biogenic silica: Surface chemistry to tune release rate and responsiveness. Sci. Rep.
2018, 8, 5555. [CrossRef] [PubMed]

Kaziema, A.E.; Gaoa, Y.; Zhanga, Y.; Qina, X.; Xiaoa, Y.; Zhanga, Y.; Youa, H; Lia, J.; He, S. x-Amylase triggered carriers based on
cyclodextrin anchored hollow mesoporous silica for enhancing insecticidal activity of avermectin against Plutella xylostella. J.
Hazard. Mater. 2018, 359, 213-221. [CrossRef]

Siddiqui, M.H.; Al-Whaibi, M.H. Role of nano-SiO, in germination of tomato (Lycopersicum esculentum seeds Mill.). Saudi J. Biol.
Sci. 2014, 21, 13-17. [CrossRef]

Shilova, O.A.; Khamova, T.V,; Panova, G.G.; Anikina, L.M.; Artem’eva, A.M.; Kornyukhin, D.L. Using the Sol-Gel Technology for
the Treatment of Barley Seeds. Glass Phys. Chem. 2018, 44, 26-32. [CrossRef]

Neethirajan, S.; Gordon, R.; Wang, L. Potential of silica bodies (phytoliths) for nanotechnology. Trends Biotechnol. 2009, 27, 461-467.
[CrossRef]

Kato, K.; Lee, S.; Nagata, F. Efficient enzyme encapsulation inside sol-gel silica sheets prepared by poly-L-lysine as a catalyst. J.
Asian Ceram. Soc. 2020, 8, 396-406. [CrossRef]

Reategui, E.; Kasinkas, L.; Kniesz, K.; Lefebvre, M.A.; Aksan, A. Silica-PEG gel immobilization of mammalian cells. ]. Mater.
Chem. B 2014, 2, 7440-7448. [CrossRef]

Benson, J.J.; Sakkos, J.K.; Radian, A.; Wackett, L.P.; Aksan, A. Enhanced biodegradation of atrazine by bacteria encapsulated in
organically modified silica gels. J. Colloid Interf. Sci. 2018, 510, 57-68. [CrossRef] [PubMed]

Homburg, S.V.; Venkanna, D.; Kraushaar, K.; Kruse, O.; Kroke, E.; Patel, A.V. Entrapment and growth of Chlamydomonas
reinhardtii in biocompatible silica, Hydrogels. Colloids Surf. B Biointerfaces 2019, 173, 233-241. [CrossRef] [PubMed]


http://doi.org/10.1111/rec.13184
http://doi.org/10.3390/agriculture10110526
http://doi.org/10.3389/fpls.2021.654512
http://doi.org/10.31018/jans.v7i1.641
http://doi.org/10.1590/S0101-31222012000200001
http://doi.org/10.15258/sst.2021.49.2.03
http://doi.org/10.3389/fpls.2019.01357
http://www.ncbi.nlm.nih.gov/pubmed/31781135
http://doi.org/10.1007/s00253-016-7590-9
http://www.ncbi.nlm.nih.gov/pubmed/27188775
http://doi.org/10.1007/s00253-019-09646-w
http://www.ncbi.nlm.nih.gov/pubmed/30685816
http://doi.org/10.1016/j.biotechadv.2019.107423
http://doi.org/10.1073/pnas.1915902116
http://doi.org/10.1111/j.1439-037X.2011.00490.x
http://doi.org/10.3390/su13063253
http://doi.org/10.1002/app.48523
http://doi.org/10.1016/j.scienta.2019.04.062
http://doi.org/10.1002/jsfa.7643
http://www.ncbi.nlm.nih.gov/pubmed/26804312
http://doi.org/10.1590/S0101-31222012000200003
http://doi.org/10.3390/su13042190
http://doi.org/10.1038/s41598-018-23921-2
http://www.ncbi.nlm.nih.gov/pubmed/29615806
http://doi.org/10.1016/j.jhazmat.2018.07.059
http://doi.org/10.1016/j.sjbs.2013.04.005
http://doi.org/10.1134/S108765961801011X
http://doi.org/10.1016/j.tibtech.2009.05.002
http://doi.org/10.1080/21870764.2020.1747167
http://doi.org/10.1039/C4TB00812J
http://doi.org/10.1016/j.jcis.2017.09.044
http://www.ncbi.nlm.nih.gov/pubmed/28934611
http://doi.org/10.1016/j.colsurfb.2018.09.075
http://www.ncbi.nlm.nih.gov/pubmed/30300829

Polymers 2022, 14, 4119 15 of 15

33.

34.

35.
36.

37.
38.

39.

40.

41.

42.
43.

44.

45.

46.

Kapusuz, D.; Durucan, C. Exploring encapsulation mechanism of DNA and mononucleotides in sol-gel derived silica. J. Biomater.
Appl. 2017, 32, 114-125. [CrossRef] [PubMed]

Fernandez-Hernan, ].P,; Torres, B.; Lopez, A.J.; Rams, J. The Role of the Sol-Gel Synthesis Process in the Biomedical Field and Its
Use to Enhance the Performance of Bioabsorbable Magnesium Implants. Gels 2022, 8, 426. [CrossRef]

Barik, TK.; Sahu, B.; Swain, V. Nanosilica—from medicine to pest control. Parasitol. Res. 2008, 103, 253-258. [CrossRef]
Ceniceros-Reyes, M.; Rodriguez, F; Perera-Mercado, Y.; Saucedo-Salazar, E.; Diaz Barriga-Castro, E. Application of the Low
Vacuum Scanning Electron Microscope to the Study of Glass-Ceramic spherical materials. Acta Microsc. 2014, 23, 78-84.
Figueira, R.B. Hybrid Sol-gel Coatings for Corrosion Mitigation: A Critical Review. Polymers 2020, 12, 689. [CrossRef]
Periyasamy, A.P.; Venkataraman, M.; Kremenakova, D.; Militky, J.; Zhou, Y. Progress in Sol-Gel Technology for the Coatings of
Fabrics. Materials 2020, 13, 1838. [CrossRef]

Startek, K.; Szczurek, A.; Tran, T.N.L.; Krzak, J.; Bachmatiuk, A.; Lukowiak, A. Structural and Functional Properties of Fluorinated
Silica Hybrid Barrier Layers on Flexible Polymeric Foil. Coatings 2021, 11, 573. [CrossRef]

Szczurek, A.; Barcikowski, M.; Leluk, K.; Babiarczuk, B.; Kaleta, J.; Krzak, J. Improvement of interaction in a composite structure
by using a sol-gel functional coating on carbon fibers. Materials 2017, 10, 990. [CrossRef]

Baskin, C.C.; Thompson, K.; Baskin, ]. M. Mistakes in germination ecology and how to avoid them. Seed Sci. Res. 2006, 16, 165-168.
[CrossRef]

Bewleyl, ].D. Seed Germination and Dormancy. Plant Cell 1997, 9, 1055-1066. [CrossRef] [PubMed]

Zhu, Y.-X.; Gong, H.-].; Yin, ].-L. Role of Silicon in Mediating Salt Tolerance in Plants: A Review. Plants 2019, 8, 147. [CrossRef]
[PubMed]

Kim, Y.-H.; Khan, A.L.; Lee, I.-]. Silicon: A duo synergy for regulating crop growth and hormonal signaling under abiotic stress
conditions. Crit. Rev. Biotechnol. 2016, 36, 1099-1109. [CrossRef] [PubMed]

Ma, J.F. Role of silicon in enhancing the resistance of plants to biotic and abiotic stresses, Role of silicon in enhancing the resistance
of plants to biotic and abiotic stresses. Soil Sci. Plant Nutr. 2004, 50, 11-18. [CrossRef]

Mostofa, M.G.; Rahman, M.M.; Ansary, M.M.U; Keya, S.S.; Abdelrahman, M.; Miah, M.G,; Tran, L.-S.P. Silicon in mitigation of
abiotic stress-induced oxidative damage in plants. Crit. Rev. Biotechnol. 2021, 41, 918-934. [CrossRef]


http://doi.org/10.1177/0885328217713104
http://www.ncbi.nlm.nih.gov/pubmed/28566001
http://doi.org/10.3390/gels8070426
http://doi.org/10.1007/s00436-008-0975-7
http://doi.org/10.3390/polym12030689
http://doi.org/10.3390/ma13081838
http://doi.org/10.3390/coatings11050573
http://doi.org/10.3390/ma10090990
http://doi.org/10.1079/SSR2006247
http://doi.org/10.1105/tpc.9.7.1055
http://www.ncbi.nlm.nih.gov/pubmed/12237375
http://doi.org/10.3390/plants8060147
http://www.ncbi.nlm.nih.gov/pubmed/31159197
http://doi.org/10.3109/07388551.2015.1084265
http://www.ncbi.nlm.nih.gov/pubmed/26381374
http://doi.org/10.1080/00380768.2004.10408447
http://doi.org/10.1080/07388551.2021.1892582

	Introduction 
	Materials and Methods 
	Chemicals 
	SiO2 Sol Synthesis 
	Preparation and Deposition of Pure SiO2 Sol 
	SiO2 Sol Dilution 

	Seed Germination Test 
	Preparation and Deposition of SiO2 Sol with Fertilizer 
	Seed Weight Changes over Time 
	Germination Test 

	Pea Seeds 
	Methods 

	Results 
	SiO2 Coatings Deposited in Different Conditions 
	Seed Germination Test 
	SEM Test of the Seeds Not Subjected to a Germination Test 
	Seeds after Germination 


	Discussion 
	Conclusions 
	References

