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Abstract The present chapter is a synthesis of the authors™ data on the design and
use of extended-release formulations of herbicides and fungicides embedded in a
degradable matrix of polyhydroxyalkanoates (PHA). The structure and physico-
chemical properties of the experimental formulations and the kinetics of their deg-
radation in soil and pesticide release have been reported. The favorable effects of the
application of the experimental pesticide formulations in laboratory soil ecosystems
in wheat plant communities infected with Fusarium plant pathogen and weeds have
been described.
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1 Introduction

Increased accumulation of toxic and unrecyclable waste products caused by uncon-
trolled use of chemicals is one of the main global environmental problems. A way
to meet this challenge is to expand the use of tools and methods of biotechnology,
which may help to protect beneficial biota and enhance productivity in agriculture
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as well as reduce toxic impacts of chemicals on agroecosystems and the whole bio-
sphere (Gavrilescu et al. 2015). Intensive farming involves the use of enormous
amounts of various chemicals to control weeds, pests. and pathogens of crops.
However, most of these substances are accumulated in biological objects, contami-
nate soil and water environments, harm living organisms, and upset the balance in
natural ecosystems (Carvalho 2017).

One of the new directions aimed at reducing the risk of uncontrolled spread and
accumulation of pesticides in the environment is the development and use of pesti-
cides with a controlled release of the active substance embedded in a biodegradable
matrix or covered by biodegradable coating. Nanotechnology is currently an impor-
tant tool for increasing agricultural productivity. Nanotechnology-based systems
perform an active compound sustained release, keeping between minimal concen-
tration and maximum safe concentration. The nanotechnology-based systems
reduce the amount of active compound required for biological response, also reduc-
ing environmental contamination risks, energy consumption, and labor costs
(Oliveira et al. 2018, 2019).

An important component of the creation of such formulations is the availability
of suitable materials with the following properties (Yusoff et al. 2016; Sarkar
et al. 2018)

+ ability to fit into the environment and global biosphere cycles, ie.
degradability:

= safety for living organisms and the environment;

+ prolonged (weeks and months) presence in the environment and controlled deg-
radation, during which non-toxic products are formed:

+ chemical compatbility with fertilizers and pesticides:

+ processability by generally accessible methods, which are also compatible with
technologies for the production of fertilizers and pesticides.

Encapsulation of pesticides is a relatively new approach, although the first papers
were published in the 1990s (Greene et al. 1992). Interest in such research is increas-
ing every year. The authors of those studies noted the following advantages of using
pesticide controlled-delivery systems:

+ prolonged action due to continuous release of pesticides at a level sufficient for
effective function over a long period;

+ fewer treatments due to prolonged action after a single application:

+ shorter time needed to apply such pesticides:

* lower contamination of the environment;

+ longer activity of pesticides unstable in the agueous medium;

+ conversion of the liquid pesticide into the solid formulation, which simplifies
shipping and decreases flammability of the formulation;

+ lower toxicity to biota due to the reduction of pesticide mobility in scil and,
therefore, lower accumulation in the food chain.

The key ingredient for the construction of slow-release formulations is the avail-
ability of the appropriate biodegradable carrier. Thus, it is important to find and
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investigate materials with the necessary properties. The materials extensively stud-
ied as matrices for embedding agrochemicals are synthetic nondegradable polymers
(polystyrene, polyacrylamide, polyethylene acrylate, polyamide, polyurethane,
polycyanoacrylate) (Sarkar et al. 2018). One of the new research areas is the use of
new pesticides formulations with controlled and targeted release of pesticide encap-
sulated in biodegradable polymer matrix (Grillo et al. 2014: Roy et al. 2014). In the
environment, the polymer matrix undergoes degradation by soil microorganisms
and there is gradual pesticide release into the environment (Ong and Sudesh 2016).
The use of such products will help to reduce the amount of pesticides used and
ensure the controlled delivery of pesticides during the whole growing season of the
plant, preventing sharp releases into the environment that occur when plants are
treated with free pesticides. These formulations can only be constructed if materials
with the following properties are readily available.

Achievements in science and technology determine a wider use of products syn-
thesized in biotechnological processes. Production of environmentally friendly
materials possessing new useful properties remains one of the main problems today.
The diversity of polymers with widely varving sterec-configuration and molecular
weight and the feasibility of producing various composites with different materials
create the basis for obtaining a wide range of new materials with valuable proper-
ties. Recently, there has been growing interest in biopolymers (polymers of biologi-
cal origin). There are two major kinds of biopolymers: polymers synthesized by
biological systems (microorganisms) and chemically synthesized polymers based
on biological feedstocks (amino acids, sugars, fats) (Chanprateep 2010).

2  Polyhvdroxvalkanoates as a Basis for Pesticide Deposition

Among the biodegradable polymers that have already been developed or are being
developed now for various applications, including medical ones, there are aliphatic
polyesters, polyurethanes, polyamides, polylactides, polyglycolactides, silicon,
polyethylene terephthalate, etc. These polymers are promising materials for fabri-
cating biomedical devices, controlled drug delivery systems, degradable packaging
for food and drinks, products for agriculture and public utilities (Lobo et al. 2011
Heng et al. 2017; Keskin et al. 2017).

Today. polyesters of monocarbon acids, polylactides (PLA) and polyglycolides
(PGA), are the most widely used biodegradable polymers. The second most popular
type of biodegradable polymers is polyhydroxyalkanoates (PHAs)}—polymers of
hydroxy-derived alkanoic acids. PHAs have lots of attractive properties including
biodegradability and biocompatibility that make them promising materials for vari-
ous applications, including biomedical ones (Sudesh and Hideki 2010; Volova et al.
2013, 2017b: Singh et al. 2012). PHAs have significant advantages in comparison
with other biomaterials (Chen 20100:
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+ the high biocompatibility of PHAs, polyhydroxybutyrate in particular, is
accounted for by the fact that the monomers constituting this polymer—hydroxy-
butyric acid—are natural metabolites of body cells and tissues:

+ PHAs undergo true biological degradation, which occurs via the cellular and the
humoral pathways: the resulting monomers of hydroxybutyric acid do not cause
abrupt acidification of tissues and. therefore, do not give rise to any pronounced
inflammatory reaction;

+ PHA bioresorption rates are much lower than those of polylactides and polygly-
colides; PHA-based implants can function in vivo for 2-3 years, depending on
their form and implantation site; moreover, PHA degradation can be controlled:

+ PHAs are produced by direct fermentation; no multistage technology is needed
(monomer synthesis, polymerization. addition of plasticizers and modifying
COMPONENts);

+ PHAs can be synthesized on such feedstocks as sugars, organic acids, alcohols,
mixtures of CO; and H;. products of plant biomass hydrolysis, industrial wastes
of sugar and palm oil production, hydrogen-containing products of processing of
brown coals and hydrolysis lignin:

+ PHAs constitute a family of polymers of various chemical structures, consisting
of monomers containing 412 and more carbon units, including high-crystallinity
thermoplastic materials and rubber-like elastomers:

+ PHA properties {crystallinity, mechanical strength, temperature characteristics,
and biodegradation rates) can be controlled by varying the composition of the
culture medium and tailoring the chemical structure of the polymer;

* PHAs can be processed from various phase states (powder, solution, gel, melt)
using conventional technigues.

PHAs are very promising polymers as, being thermoplastic, like polypropylene
and polyethylene, they also have antioxidant and optical properties as well as piezo-
electricity. PHAs are highly biocompatible and can be biodegraded in biological
media. In addition to poly(3-hydroxybutyrate) (PF{3HB)), there are various PHA
copolymers, which, depending on their monomeric composition, have different
basic properties (degree of crystallinity, melting point. plasticity, mechanical
strength, biodegradation rate, ete.). The properties of PHA polymers provide wide
prospects for applications in various fields (public and agriculture, medicine and
pharmacology, electronics, etc.).

PHAs are used to manufacture agricultural devices. These are films for green-
houses, packages for fertilizers and vegetables, pots. nets, ropes, etc. A new and
environmentally important PHA application may be delivery of pesticides and fer-
tilizers. Researchers of the Siberian Federal University and the Institute of
Biophysics SB RAS were the first to prove that PHA can be used as a degradable
base providing controlled release of fungicides and herbicides during the growing
season of plants { Yolova et al. 2008); pre-emergence formulations have been devel-
oped. That provided a basis for the new important use of PHAs—construction of
slow-release formulations, in which chemicals for crop protection would be embed-
ded in the matrix of these degradable polymers.
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The ability of polyhydroxyalkanoates to break down in biological media is one
of their most valuable properties. PHAs are degraded to water and CO; or to meth-
ane and water under aerobic and anaerobic conditions, respectively. Biodegradation
of PHAs in the environment is carried out by extracellular depolymerases of micro-
organisms. Depolymerases are characterized by different molecular organization
and specificity to substrate.

The analysis of the available literature shows that rather few authors reported on
integrated studies of various aspects of PHA degradation, which is a very complex
process. Most of the studies were performed in the laboratory, and they mainly dealt
with the mechanism of interaction between the PHA supramolecular structure and
PHA-depolymerizing enzymes, the structure and molecular organization of various
depolymerases and microorganisms secreting extracellular PHA depolymerases.

An important question is the pattern of polymer breakdown in the natural envi-
ronment. Extensive pioneering research on PHA biodegradation behavior in natural
soil ecosystems was performed at the Siberian Federal University and Institute of
Biophysics 3B RAS.

We studied the kinetics and laws of the degradation of PHA in natural ecosys-
tems in various regions and received answers to key questions of the PHA biodeg-
radation process:

— which microorganisms are the most effective PHA degraders:

— how do the PHA properties change during degradation:

— how do environmental conditions (temperature, salinity, oxygen availability, pH.
etc.) affect this process:

— how the process of PHA degradation will be affected by weather and climate of
different regions.

PHA degradation influenced the total counts of microorganisms and composition
of soil microflora. The microbial community formed on the polymer surface and the
soil microbial community were different in the composition and percentages of the
species. By employing the clear zone technigue, we, for the first time, showed that
each of the PHA types studied had specific degraders. PHA degradation behavior
was studied in different environments: Siberian soils under broadleaved and conif-
erous trees, tropical soils (in the environs of Hanoi and Nha Trang), seawater (the
South China Sea), a brackish lake (Lake Shira), and freshwater recreational water
bodies in Siberia. Those studies showed that degradation occurred at different rates
depending on the polymer composition, shape of the specimen (film or 3D con-
struct), climate and weather conditions, and microbial community composition. The
time over which the polymer loses 50% of its mass may vary between 68.5 and
270 days in Siberian soils, between 16 and 380 days in tropical soils of Vietnam,
between 73 and 324 days in the brackish lake (Shira), between 127 and 220 days in
the seawater of the South China Sea, and between 17 and 65.9 days in freshwater
lakes (Prudnikova and Volova 2012). (Reprinted by permission from Springer
Mature Customer Service Center GmbH: Springer Nature, Microbial Ecology.
Microbial degradation of polyhydroxyalkancates with different chemical
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compositions and their biodegradability, Volova TG, Prudnikova 8V, Vinogradova
OM, Syrvacheva DA, Shishatskaya EI 2017).

The studies of PHA degradation in different soils showed that the following con-
ditions affect the degradation of PHA: polymer composition, its geometry and the
technique used to process it, weather conditions, the type of the ecosystem and its
microbial component in particular. as the factor determining the mechanism of PHA
biodegradation: preferential attack of the amorphous regions of the polymer or
equal degradation of both crystalline and amorphous phases. PHA degrading micro-
organisms that dominate microbial populations in some soil ecosystems have been
isolated and identified.

The data on the degradation of PHA under natural conditions are very important
and they form the basis for the use of these polymers as a basis (matrix) for the
deposit of pesticides in order to create long-term and targeted plant protection
products.

3 Experimental Formulations of the Fungicide Tebuconazole

and Their Efficacy

Fungicides are necessary for modern high-performance crop farming to protect
crops from pests and diseases. The total crop loss in the world from pests is about
35%. and it is even higher in developing countries (48%). Approximately 1/3 of
these losses are due to plant diseases caused by bacteria, fungi, and viruses, which
reduce the quality of products and cause poisoning of animals and people.
Mycotoxins, which are produced by some disease agents, pose a serious danger.
One of the most common diseases of crops is fusarium infection, caused by a soil
pathogenic fungus belonging to the genus Fusarium. The use of fungicides leads to
a fusarium infection decrease and reduction of mycotoxin content in grain.
Triazoles are the largest group of fungicides that can be used for treating plants
in the early stages of the disease development or for preventive treatment. One of
the widely used triazoles nowadays is tebuconazole (TEB ). TEB is a broad-spectrum
systemic fungicide against crop diseases (fusarium infection, rust, rots, powdery
mildew, and others), some diseases of grapes. sova bean, rapeseed, sunflower, and
vegetables. TEB inhibits the process of ergosterol biosynthesis in the cell mem-
branes of plant pathogenic fungi. resulting in the disruption of cell membranes,
causing the death of pathogen. Studies addressing the use of PHA as a matrix for
embedding pesticides are few. The use of the P(3HBE/3 HV) copolymer for produc-
tion of microspheres loaded with the ametrine and atrazine herbicides was shown by
Lobo et al. 201 1 Grillo et al. 201 1. Suave et al. (2010) reported encapsulation of the
malathion insecticide in microspheres from P(3HB) blended with polycaprolactone.
There is no information in the available literature on the use of PHA as a matrix for
embedding fungicides. Commercial formulations of TEB, represented by suspen-
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sions or emulsions used for spraying plants, are used widely. The fungicide is
released from these formulations too guickly, which affects its effectiveness, and the
fungicide has to be applied again. Thus, in order to increase the effectiveness of
TEB and reduce its harmful effects on the environment, new formulations with
controlled release of TEB are needed.

To construct environmentally friendly forms of TEB, biodegradable polymer
P(3HB) was used as a matrix. The procedure for creating slow-release formulations
of TEB in the form of films and pellets was described by Volova et al. (2016a).
P3HB/TEE formulations were studied using X-ray structure analysis. differential
scanning calorimetry, and Fourier transform infrared spectroscopy. Another study
described TEB release from P3AHB/TEB formulations into sterile distilled water and
soil (Volova et al. 2017a). The fungicidal effect of PAHB/TEB formulations against
the plant pathogen Fusarium verticillioides (formerly Fusarium moniliforme) was
compared with that of Raxil Ultra (commercial formulation) (Volova et al. 2017a).
In the first 2—4 weeks after the application, there was a noticeable fungicidal effect
of the PAHB/TEB formulations, and it lasted for 8 weeks. In addition, no significant
impact of experimental formulations on the soil aboriginal microflora was revealed.
TEB release was found to depend on the TEB loading and the geometry of the for-
mulation constructed, and TEB release in the soil occurred gradually, as P(3HB)
was degraded.

Particular attention was paid to the study of potential for designing embedded
target-delivery formulations of polymeric fungicides by nanotechnology-based sys-
tems (Shershneva et al. 20119).

The surface morphology of the PI3HBVTEBR microparticles was studied using
scanning electron microscopy (SEM) (Fig. 1a. b). SEM analysis showed the pres-
ence of large undissolved crystals of TEB on the surface of microparticles. That was
probably caused by the high concentration of TEB. which did not dissolve com-
pletely because of the presence of high-molecular-weight chains of P(3HB) in the
solution. With the TEB increase in microparticles from 10 to 50%, the amount of
TEB crystals on the surface of microparticles increased too. Apparently. the increase
in encapsulation efficiency resulted from the high adsorption of TEB crystals on the
surface of microparticles with the initial 30% TEB concentration in the solution
(Table 1}.

Moreover. a direct relationship between the TEB loading and the average diam-
eter of microparticles was noted: with TEB loading increased from 10 to 50%, the
average diameter of microparticles increased from 41.3 to 71.7 pm (Table 1). By
contrast, as the TEB loading was increased, the yield of microparticles, regardless
of the polymer initial mass, decreased. As for zeta potential, no effect of the TEB
loading on the zeta potential was detected (Table 1).

Evaluation of the size distributions of microparticles showed that, as a percent-
age, particles with a diameter of about 50 pm prevailed over all concentrations of
TEB loading. The proportion of the smallest particles with a diameter of 25 pm
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Fig. 1 SEM images of
P(3HBVTEB
microparticles before (a, b)
and after (¢} exposure to
the soil: bars—200 pm (a,
¢) and 2 pm (b)

221314 NL O50 300 200w

000 8933 00 N DN 00 0w
semmred by KAL S8 of RAS

Table 1 Charactenstics of P(3HBYTEB microparticles with different amounts of TEB

Encapsulation Yield of Average diameter | Zeta potential
Sample efficiency (%) particles (%) (pm) (mV)
P(3HBY 59 709 413 -357+20
TEB-10
P(3HBYV 65 63.0 63.2 -326+09
TEB-25
P(3HBY 86 585 77 -353+2.1
TEB-50
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increased while the TEB load was reduced to 10%. Conversely, with an increase in
TEB loading to 30%. the proportion of large microparticles with a diameter of
125 pm and more increased significantly. Thus, the average diameter of the mic-
roparticles increased with the load of TEB from 41.3 to 71.7 pm. The emulsion
technique makes it possible to obtain nanoscale microparticles that can penetrate
plant tissue and are suitable for post-harvest processing and protection from damage
to the aerial parts of plants (Ding et al. 2011; Qian et al. 2013). Larger microparti-
cles obtained in our research can be used for pre-sowing treatment of seeds or pre-
emergence introduction of fungicides into the soil together with the seeds.

TEB release from P(3HB /TEB microparticles into sterile distilled water and soil
was studied. TEB release from microparticles in distilled water during 60 days is
indicated in Fig. 2. TEB release from microparticles with the TEB loading of 25 and
50% was similar. A possible reason for this may be low water solubility of TEB. This
is probably associated with the low water solubility of TEB. and therefore. when the
concentration of TEB in water reached its highest possible level, the rate of TEB
release from the microparticles with 25 and 50% of TEB loading slowed down. TEB
crystals were found on the surface of the 50% loaded microparticles at the end of the
experiment, suggesting partial TEB release from microparticles, and thus, pro-
longed release of TEB was achieved. By the end of the experiment. TEB release
from microparticles with 10, 25, and 50% of TEB was 43, 38, and 25%, respec-
tively. Thus, the reason for slow TEB release from microparticles is apparently low
water solubility of TEB. These results suggest that release of the fungicide can be
regulated by changing TEB content in microparticles.

The exposure of TEB-loaded microparticles in soil microcosms led to the degra-
dation of the polymer matrix of microparticles and a more intensive TEB release
into the soil compared with the release to water. Obvious changes in the morphol-
ogy of microparticles after 21 days of exposure can be seen on SEM images: partial
destruction, the appearance of surface erosion. hollows, and cavities (Fig. Ic). After
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Fig. 2 Release kinetics of TEB from P{O3HBNTER microparticles with 10, 23, and 50% of TEB
loadings
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35 days. the microparticles degraded by 80% and looked like small fragments of
irregular shape with through holes and tunnels.

Antifungal activity of P(AHBYTEB formulations with the TEB loading of 25%
was studied in experiments with pathogenic fungl Fusarium verticillioides. This
species of Fusarium genus is dangerous for people, because it not only damages the
grain yield, but also produces mycotoxin (fumonisin), causes mycoses in immuno-
compromised people and has oncogenic potential (Voss et al. 2002).

The experiment was performed in vitro by growing Fusarium verticillioides on
malt-extract agar in Petri dishes. As a positive control. 200 pL of commercial fungi-
cide Raxil Ultra (Bayer AG, Germany) containing 120 mg L-' of TEB was added to
an agar-well. This dose was consistent with the load of TEB in the formulations.
The experiment showed that the growing zone of the F. verticillivides decreased by
two to three times under the influence of commercial fungicide and experimental
TEB formulations. No significant differences were observed between the diameters
of colonies in the positive control group and in the group of PO3HB)YTEB micropar-
ticles. Thus, the antifungal activity of P(3HB)/microparticles is comparable with the
antifungal activity of commercial TEB, and it follows that experimental formula-
tions of embedded TEEB hold promise for constructing long-term formula-
tions of TEB.

The efficacy of P(AHBWTEB formulations was investigated in rhizosphere soil
of wheat plants infected by plant pathogen F verticillicides (Volova et al. 2018).
TEB was embedded in degradable microbial polymer, P{3HB). designed as micro-
granules and films. Germination test of wheat seeds on the nutrient medium showed
the presence of phytopathogenic fungi Fusarium, Bipolaris, and Alternaria. The
total contamination of wheat seeds reached 9.5%. and 5.6% of which were Fusarium
species. Thus, internal seed infection leads to the development of seedling disease
in the early stages, inhibits the growth of plants, and reduces their productivity.

The developed experimental formulations of P(3HB)WTEB were placed into the
soil simultaneously with the sowing of wheat seeds, and their fungicidal activity
was compared with the effect of traditional used preparations: pre-sowing treatment
of seed or soil treatment with Raxil Ultra. In the experiment with the initially
infected seeds and low level of background fusarium infection (3.1 x 108 CFU g-1),
the experimental P(3HB W TEB formulations did not differ in root pathogens sup-
pression from commercial fungicide Raxil Ultra. However, in simulated conditions
of high infectious load of the soil with pathogenic fungi F. verticillioides. the fungi-
cidal activity of the P{3HBYTEB formulations exceeded the effectiveness of the
commercial fungicide. Before the experiment, the number of introduced Fusarium
fungi reached one million per/g soil (including F. verticillipides and minor species),
while the number of saprotrophic fungi was 25.2 x |0F CFU g-'. Due to competitive
relationships in microbiocenosis, the total counts of Fusariam genus decreased to
21.2 = 10° CFU g-'in the negative control after 30 days. For the same reason the
total counts of saprotrophic fungi have been reduced to 4.9 x 10° CFU g-'. The
counts of saprotrophic and phytopathogenic fungi were 9.2 x 10} and
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8.4 x 107 CFU g-', respectively, when Raxil Ultra was used. Therefore, fungicidal
activity of P(3HB VTEB formulations in soil with a high concentration of F. verticil-
lipides was higher than when using commercial fungicide.

The infection of seeds and plants in contaminated soil by plant pathogens cause
significant damage of roots. Nevertheless, even in case with naturally infected soil.
Fusarium infection was also found in the first 10 days in all groups of plants, includ-
ing the groups with TEB treated soil. This happened due to the fact that the seeds
were infected with phytopathogenic microscopic fungi, and the infection had
already appeared at an early stage of the seedlings. Then. the infection of plant roots
not treated with fungicide increased. From 10 to 30 days, the number of plants
infected with root rot increased (from 17 to 30% of the total number of tested
plants). It was shown that infection caused by fungi of the genus Fusarium made its
main contribution to the etiology of root rot (50-80% of all infections).

So. TEB is an effective fungicide used to protect different cereal crops. However,
triazole fungicides. including TEB. are phytotoxic. Fungicides of triazole group
suppress biosynthesis of ergosterol in cell membranes of pathogens and cause their
death. Thus, crops infected by Fusarium and treated with triazole fungicides are
affected by two negative factors: phytopathogens and pesticides. To identify the
mechanism of the damaging effect of these factors, culture of Triticum aestivim
infected with phytopathogens (Alternaria, Fusarium) and treated with triazole fun-
gicides (tebuconazole) was used. The morphology of root apexes with population of
border cells and the composition of exometabolites (proline. carbonylated proteins,
and malonic dialdehyde) were analyzed (Shishatskaya et al. 2018). Proline (an inte-
gral indicator of the activity of antioxidant root systems), carbonylated proteins
(CP). and malonic dialdehyde (MDA) are the indicators of the level of oxidative
modification of proteins and activity of membrane lipids peroxidation.

At Day 10, the contents of MDA, CF, and proline in roots of the control wheat
plants (group 1, without TEB application) did not differ significantly from their
contents in plants roots of groups 2 (the treatment with Raxil Ultra applied to the
soil) and 3 (the treatment with seeds pretreated with Raxil Ultra). At Day 20, the
amount of MDA and proline in roots of group 1 increased considerably (by a factor
of 8.5 and by a factor of 19) compared to Day 10, while CP decreased slightly (by a
factor of 1.8). At Day 30, proline content in the roots of group | decreased dramati-
cally, while MDA and CP contents did not change significantly. In group 2, contents
of MDA, CF, and proline in the roots did not differ significantly from the control.
suggesting that phytotoxic effects of TEB were softened as soil contamination with
phytopathogens decreased. However, in group 3, contents of proline, MDA, and CP
in the roots were higher than in group 1 by a factor of 2.2, 2.0, and 1.7, respectively.
That was indicative of the activation of phytotoxic stress and free radical processes,
as the effect of TEB used to pretreat the seeds before sowing must have been
exhausted by Day 30. This study showed that the effect of TEB on redox homeosta-
sis in wheat roots varied depending on the growth stage of plant and was consider-
ably different in ecosystems with plants and soil infected by Fusarium
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phytopathogens. At Day 20 of plant growth, during the tillering stage, TEB pro-
duced the strongest phytotoxic effect on wheat plants.

The results of evaluating the productivity of wheat communities in experiment
with high degree of soil infection and root damage caused by rot are shown in
Fig. 3. At Day 10, the aboveground biomass of wheat plants was comparable in the
negative and positive control groups and in the treatment groups (F(3HBYTEB mic-
roparticles). At Day 30, in the group with Raxil, the aboveground biomass reached
190 g m2, while in the treatment groups it was higher (230-240 g m™3).

The fungicidal activity of the experimental slow-release formulations of TEB
embedded in the matrix of degradable P{3HB) against fusarium infection of wheat
was comparable to that of TEB in commercial formulation Raxil in early stages
(Day 10}. In the later stages. P(3HB J'TEBE formulations more effectively suppressed
the development of Fusarium in soil and inhibited the growth of plant root rot.

4 Experimental Formulations of Herbicides and Evaluation

of Their Efficacy

[Weeds cause great damage to agriculture. and herbicides constitute the most exten-
sively used group of pesticides (40-50%), their commercial varieties accounting for
about 40% of all commercial pesticides. Weed control using herbicides is one of the
major components of modern efficient agriculture. However, herbicides. as well as
other pesticides, persist in the soil, posing a hazard to human health, leading to the
emergence of herbicide-resistant weed species, threatening the stability of agroeco-
systems and leaving the ground almost permanently barren. Much research effort
has been recently focused on constructing new formulations and investigating their
behavior in the environment. The main purpose of such studies is to produce less
toxic and more selective pesticides and reduce the rate of pesticide application.]
(Reprinted by permission from Springer Mature Customer Service Center GmbH:
Springer  Mature, Environmental Science and Pollution  Research,
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Poly(3-hydroxybutyrate Ymetribuzin - formulations: characterization, controlled
release properties, herbicidal activity, and effect on soil microorganisms, Volova T,
Zhila N, Kiselev E. Prudnikova 5. Vinogradova O, Nikolaeva E, Shumilova A.
Shershneva A, Shishatskaya E, 2016).

Triazines are commonly used broad-spectrum selective herbicides, which do not
persist for a very long time in soil. Metribuzin (MET) is a pre-emergence and post-
emergence herbicide which is used to treat different crops and has high biological
activity in various climate zones (Fedtke 1981). [MET has been used by many
researchers as a herbicide for constructing slow-release formulations based on vari-
ous synthetic and natural materials: polyvinylchloride, carboxymethyl cellulose
{Kumar et al. 2010a). acrylamide (Sahoo et al. 2014), methacrylic acid combined
with ethylene glycol and dimethacrylate (Zhang et al. 2009), sepiolite (Magueda
et al. 2008), alginate (Flores-Céspedes et al. 2013), phosphatidylcholine {Undabeytia
et al. 2011), kraft lignin (Chowdhury 2004}, lignin/polyethylene glycol blends
(Femindez-Pérez et al. 2011, 20135), chitin, cellulose, starch (Fernindez-Pérez et al.
2010; Rehab et al. 2002), bentonite, activated carbon (McCormick [985), etc. Thus,
by varying the shape of the carrier, the technique employed to construct it, and the
material used. one can influence MET release kinetics and design-controlled deliv-
ery systems for this herbicide.] (Reprinted by permission from Springer Mature
Customer Service Center GmbH: Springer Nature, Environmental Science and
Pollution Research, Poly{3-hydroxybutyrateVmetribuzin formulations: character-
ization, controlled release properties. herbicidal activity, and effect on soil microor-
ganisms, Yolova T, Zhila N, Kiselev E, Prudnikova 8, Vinogradova O, Nikolaeva E,
Shumilova A, Shershneva A, Shishatskaya E, 2016).

Degradable polymers of various origins are being tested as materials for con-
structing pesticide carriers. A review of current literature shows that polymers based
on derivatives of carbonic acids have attracted the attention of many researchers.
Special attention is given to polyhydroxyalkanoates (PHAs)}—microbial polymers
having many useful properties. [Production of polyhydroxyalkanoates (PHAs) is a
rapidly developing branch of the industry of degradable bioplastics, and they are
regarded as candidates to eventually replace synthetic polymers (Chen 2010
lenczak et al. 2013; Kaur and Roy 2015; Volova et al. 2013).] (Reprinted by permis-
sion from Springer Nature Customer Service Center GmbH: Springer Mature,
Environmental Science and Pollution Research, Poly(3-hydroxybutyrate)/
metribuzin formulations: characterization, controlled release properties, herbicidal
activity, and effect on soil microorganisms, Volova T, Zhila N, Kiselev E, Prudnikova
5. Vinogradova O, Nikolaeva E, Shumilova A, Shershneva A, Shishatskaya E. 2016).

The purpose of this study was to investigate the herbicidal activity of MET
embedded in the polymer matrix based on degradable poly(3-hydroxybutyrate)
[P{(3HB)] by exposing in laboratory soil ecosystems with higher plants. For the first
time construction and investigation of slow-release MET formulations of different
geometries with metribuzin embedded in the P(3HB) were described in Volova et al.
(2016b). The P(3HBYMET mixtures {powders, solutions, and emulsions) were
used to construct MET-loaded pellets. films. granules, and microparticles and tested.
Using X-ray, DSC, and FTTR. methods the absence of chemical bonds between the
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components of MET and P{3HB) has been shown. [The kinetics of polymer degra-
dation, MET release. and accumulation in soil were studied in laboratory soil micro-
ecosystems with higher plants. The study showed that MET release can be controlled
by using different techniques of constructing formulations and by varying MET
loading. The herbicidal activities of POAHBYMET formulations and commercial
formulation Sencor Ultra were tested on the Agrostis stolonifera and Setaria macro-
cheata plants. All PHBYMET formulations had pronounced herbicidal activity.
which varied depending on MET loading and the stage of the experiment {Volova
et al. 2016¢).] (Reprinted by permission from Springer Nature Customer Service
Center GmbH: Springer Nature, Environmental Science and Pollution Research.
Poly(3-hydroxybutyrate /metribuzin - formulations: characterization, controlled
release properties, herbicidal activity, and effect on soil microorganisms, Volova T,
Zhila N, Kiselev E. Prudnikova 5. Vinogradova O, Nikolaeva E. Shumilova A.
Shershneva A, Shishatskaya E, 2016). Moreover. the herbicidal activity of P(3HB )/
MET microgranules and films was tested against weeds such as Chenopodium
album and Melilotus albus in the presence of wheat (Trificum aestivum, cv.
Altaiskaya 70) (Zhila et al. 2017). The experimental P(3HBWMET formulations
showed pronounced herbicidal activity against these weeds. The effectiveness of the
experimental formulations in inhibiting the growth of Chenopodium album and
Melilotus albus was comparable to and, sometimes, higher than that of the Sencor
Ultra (commercial formulation).

Using emulsion technique, P(3HBYMET microparticles, with the 10 and 25% of
MET loadings, were prepared. The best conditions for preparing P(3HBYVMET mic-
roparticles are as follows: the concentration of P{3HB) and PVA (30 kDa) was 1%.
agitation speed was 750 rpm. The average size of microparticles P(3BHB)YMET with
the 10 and 25% of MET loadings was comparable—54 pm (Table 2). The SEM
analysis showed that the microparticles, regardless of their size, had a wrinkled
surface.

[The value of the E-potential, which is an important parameter of particles char-
acterizing their stability in solutions, was —26.2 and — 33.2 mV for the microparti-
cles with the 10 and 25% MET loadings, respectively. The yield of the particles
from emulsions with different MET loadings was rather high, more than 60%. but

Table 2 Characteristics of the POOHBVMET microparticles with the 10 and 25% of MET loadings
MET loadings  |EE*(%)  |¥*(%) | The average size (um) | E-potential (mV)

P{3HBYMET microparticles
109 21 ThS 340 —A0E+23
25% 1% 716 344 26220

*EE—is the efficiency of MET encapsulation in the microparticles. EE was calculated vsing the
following formuola: EE = (M_JM_ ) = 100%, where M__ is the mass of MET encapsulated in
P3HB) (mg) and M, 15 the initial mass of MET (mg)

b¥_the microparticles vield {percent of the PIZ3HB) mass used to construct microparticles). ¥ was
calculated wsing the following formula: ¥ = (M /M) = 100%, where M, is the mass of the
P3HBVYMET microparticles, mg, and M, is the mass of P(3HB) and MET used for microparticles

preparing, mg
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MET encapsulation efficiency was low, 18-21%.] (Reprinted by permission from
Springer Nature Customer Service Center GmbH: Springer Nature, Environmental
Science and Pollution Research, Poly(3-hydroxybutyrate Vmetribuzin formulations:
characterization, controlled release properties. herbicidal activity, and effect on soil
microorganisms, Volova T, Zhila N, Kiselev E, Prudnikova 8. Vinogradova O,
Nikolaeva E. Shumilova A, Shershneva A, Shishatskaya E, 2016).

MET release from the P(3HBVMET microparticles with 25% of MET loading in
sterile distilled water was studied. By the end of the experiment (49 days). about
95% of MET embedded in the polymer matrix were released from the microparti-
cles (25% of MET loading). As P(3HB) does not dissolve and does not hydrolyze in
water, MET was passively released from the polymer matrix as well, diffusing
through the pores. The MET release rate from microparticles in the first 3 days was
7.7 mg d-! reduced to 1.5 mg d-! in the next 11 days. The lowest MET release rate
{0.2-0.27 mg d~') was at the end of the experiment.

For describing metribuzin release from microparticles, the Korsmeyer-Peppas
madel was used:

M, I M, = Kt"

M, is the MET amount released at time ¢, M, is the MET amount released over a
very long time (it generally corresponds to the initial MET amount). K is a kinetic
constant and 1 is the diffusional exponent.

Exponent n was 0405, which suggests MET diffusion from polymer matrix
according to Fick's law. The value of K was 0.081 h-'. The {-potential and morphol-
ogy of the microparticles incubated in water did not change. Moreover, no signifi-
cant changes in physicochemical properties were detected (crystallinity degree and
temperature parameters).

[Kinetics of MET release from P(3HBVMET microparticles and degradation of
Pi3HB) were studied in laboratory soil microecosystems with higher plants. All
microparticles, irrespective of the amount of metribuzin loading, were almost com-
pletely degraded after 3040 days of incubation in soil (Fig. 4); the average degra-
dation rates of the microparticles with the 10 and 23% MET loadings were .15 and
0.17 mg d-', respectively. As the polymer matrix was degraded, molecular weight of
the polymer decreased, while its polydispersity and degree of crystallinity increased.
suggesting preferential disintegration of the amorphous phases of the polymer.

The dynamics of degradation of the polymer matrix, which determines MET
release. influenced herbicide accumulation in soil (Fig. 4). The MET concentrations
released from microparticles were comparable with metribuzin concentration in soil
from Sencor Ultra and were measured after 20-30 days of incubation of the formu-
lations loaded at 25 and 10% MET. Concentrations reached about 4.8-6.8 and
1.5-2.4 pg ¢! soil, respectively. Thus, the 100% release of MET was observed from
the microparticles, which were completely degraded during the experiment. The
relationship between herbicide release rate and the level of loading was shown in a
previous study (Prudnikova et al. 2013).
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Fig. 4 Degradabion dvnamics of PUIHB WMET microparticles with 10 and 25% of MET loadings
in soil (histograms) and MET release (curves) from them into the soil in laboratory conditions

Constant K and exponent s, characterizing kinetics of metribuzin release from
the PI3HBWMET microparticles were obtained by using the Korsmeyer-Peppas
model. Metribuzin release from microparticles was characterized by the anomalous
case-11 transport. The values of the diffusional exponent (n) at 10 and 25% loadings
were (.98 and 0.91, respectively. Constant K. which contains diffusion coefficient
and structural and geometric data on the formulations, was 0.0013 and (L0024 b~ at
10 and 253% loadings, respectively.| (Reprinted by permission from Springer Mature
Customer Service Center GmbH: Springer Mature, Environmental Science and
Pollution Research, Poly(3-hydroxybutyrateWmetribuzin formulations: character-
ization, controlled release properties, herbicidal activity, and effect on soil microor-
ganisms, Volova T, Zhila N, Kiselev E, Prudnikova 8. Vinogradova O, Nikolaeva E.
Shumilova A, Shershneva A, Shishatskaya E, 2016). Parameter t5 characterizes the
time when MET is released with the highest rate. The values of the ts at 10 and 25%
of MET loadings were 21 days.

[The weeds Agrostis stolonifera and Setaria macrocheata were used to study the
herbicidal activity of the P(3HBYMET microparticles. P{3HB YMET microparticles
had comparable effects on the plants (Fig. 5). [In the previous study. we also showed
that formulations of the herbicide Zellek Super shaped as microgranules and films
successfully suppressed the growth of Agrostis stelonifera (Prudnikova et al. 2013).
Moreover, the effectiveness of MET embedded in carboxy methyl cellulose—kaolin-
ite composite (CMC-KAQ) against weeds growing in wheat crops was shown in the
field experiment by Kumar et al. (2010a, b).

The herbicidal effect of the experimental P(3HB)YMET microparticles on the
plants was stronger than the effect achieved in the positive control (Sencor Ultra).
The analysis of the parameters of MET effect on the plant density and the weight of
fresh green biomass showed that PO3HBYMET microparticles exhibited herbicidal



Matural Degradable Polyhydroxyalkanoates as the Basis for Creation of Prolonged. . 17

= mecopaokes (IWET 1075 micmopehcies IMET 25%

20
= oonirad [+) wggntrgl ‘l'l.k B
150 S0000
100 40000 + I
X - I 20000 i .
50 EI— L e
e [ i E =
_ 6 g
20 £ TeW
o ]
d = 5000
511 g
o I . & 2500
R i 0
10 days 2 days A4 days 20 days 30 days
T = priTope e OVET 108 e atsibe (MET 2590 10000 - D

100 - . 1000

i

- . LY

e woonired [+ m ol (- S000 I I I
00 000
L

40 = !
* E s
=
fa"j | T &0
i -
21 2 400
§ =
& 1o | g zm
a
o — B o
10 days 20 days 30 days 10 days 20 days 30 days

Fig. 5 The weight of fresh green biomass of Agrostis stolonifera (a) and Setaria macrocheata (c)
and density of Agrostis siolonifera (b) and Setaria macrocheata (d) grown in the laboratory micro-
ecosystems with POIHBYMET microparticles

activity.] (Reprinted by permission from Springer Nature Customer Service Center
GmbH: Springer Nature, Environmental Science and Pollution Research, Poly(3-
hydroxybutyrate Ymetribuzin  formulations: characterization, controlled release
properties, herbicidal activity, and effect on soil microorganisms, Volova T, Zhila N,
Kiselev E, Prudnikova 8, Vinogradova O, Nikolaeva E, Shumilova A, Shershneva A,
Shishatskaya E, 2016).

[In the positive control, 10 days after sowing. the plant density and the weight of
the biomass of Agrostis stolonifera were 8333 + 750 plants m> and
21.28 = 1.26 g m%, 20 days after sowing—6481 £ 713 and 10.64 = 0.84, and
30 days after sowing—2090 = 187 plants m~? and 5.32 + 0.32 g mr?, respectively.
That was almost five to six times lower than in the negative control. For Setaria
macrocheata, the difference was even more considerable. The inhibitory effect of
the experimental P{(3HB)YMET microparticles varied depending on the MET load-
ing and the dwration of the experiment. Ten days after sowing, the number of
Agrostis stolonifera plants and their biomass in the experiment with the micropar-
ticles were degraded in the soil at the high rate. these parameters were lower by
more than a factor of two in comparison with positive control. PFO3HBYMET mic-
roparticles with MET loading of 25% had more pronounced herbicidal effects of:
10} days afiter sowing, the biomass was lower than in the positive control by a factor
of 3.3. At Day 20 a considerable number of plants in all treatments were dead, and
the green biomass was reduced much more dramatically than in the positive control.
At Day 30 all plants were dead in the treatments and positive control. Similar results
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were obtained for Setaria macrocheata plants. The herbicidal activity of the P(3HB
MET microparticles also increased with the increase in the MET loading and with
the duration of the experiment. Ten days after sowing. the plant density and the
weight of fresh biomass were either comparable with or lower than the comrespond-
ing parameters in the positive control, depending on the MET loading. Twenty days
after sowing, in the ecosystems with P(3HB VMET microparticles, almost all plants
were dead.] (Reprinted by permission from Springer Nature Customer Service
Center GmbH: Springer Mature, Environmental Science and Pollution Research,
Poly(3-hydroxybutyrate Ymetribuzin - formulations:  characterization, controlled
release properties, herbicidal activity, and effect on soil microorganisms, Volova T,
Zhila N, Kiselev E, Prudnikova 5. Vinogradova O. Nikolaeva E, Shumilova A,
Shershneva A, Shishatskaya E, 2016).

Despite the increasing number of studies concerning slow-release herbicide for-
mulations, the main part of paper is devoted to the methods of herbicides embed-
ding and materials used as a matrix. However, there are a few data about the
herbicidal efficacy of such formulations and studies conducted with crops infested
by weed (Kumar et al. 2010b; Zhila et al. 2017). The herbicidal activity of P(3HB Y
MET microparticles with MET loadings of 10 and 25% in wheat stands Triticum
aestivim (cv. Altaiskaya 70) infested by white sweet clover Melilotus albus under
laboratory conditions was studied (Fig. 6).

The study was compared with negative (untreated) and positive (Sencor Ultra)
control. At Day 10 after sowing, the biomass and density of the plants Melilotus
albus in the negative control reached about 10 g m* and 6300 plants m-2, respec-
tively. These data were considerably higher than the corresponding values in the
positive control (5.1 g m™ and 5200 plants m~) and treatments (41004900
plants m~?), where the plants growth was evidently inhibited. At Day 20 the number
of the plants Melilotus albus decreased to 1100 and 1350 plants m—? with the treat-
ment of microparticles with MET loadings of 23 and 109%. respectively. The weed
density in the positive control was higher (about 2000 plants m~?). At the end of the
experiment (Day 50), complete suppression of plants Melilotus albus was observed
in the herbicide-treated ecosystems. Moreover, the density of Melilotus albus and
the amount of its aboveground biomass were considerably lower in the experiments
with microparticles than in the experiment with Sencor Ultra. Effective weed con-
trol caused an increase in the productivity of wheat. The aboveground biomass of
wheat reached 186-195 g m? in the experiments with the treatments with P{3HB Y/
MET microparticles. In the experiments with Sencor Ultra and in the negative con-
trol biomass was lower (167 and 136 g m™=, respectively).

Thus, these results clearly showed the effectiveness of the P(3HBYMET mic-
roparticles for weed control and also influencing the wheat growth. The activity was
significant in comparison with commercial formulations.
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Fig. 6 Photographs of wheat stands infested with Melilotus albus and treated with POHBVMET
microparticles with MET loadings of 10 and 25%

5  Conclusion

The positive results that have been obtained suggest the use of polyhydroxyalkano-
ates as a biodegradable polymer matrix to construct controlled-release pesticide
formulations. Application of such herbicidal and fungicidal formulations has been
found to be an effective means of increasing crop productivity and protecting them
against pests and pathogens. Moreover. the effect of using these formulations is
comparable or superior to the effect of using commercial pesticides. Further research
will provide the basis for reducing accumulation and uncontrolled spread of pesti-
cides in the environment and replacing synthetic plastics by biodegradable materi-
als. which can be incorporated in biosphere cycles.
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