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Abstract Slow-release formulations of the herbicide
metribuzin (MET) embedded in the polymer matrix of degrad-
able poly-3-hydroxybutyrate | P(3HB)] in the form of micro-
particles, films, microgranules, and pellets were developed
and tested. The kinetics of polymer degradation, MET release,
and accumulation in soil were studied in laboratory soil
microecosystems with higher plants. The study shows that
MLET release can be controlled by using different techniques
of constructing formulations and by varying MET loading.
MET accumulation in soil occurs gradually, as the polymer
is degraded. The average P(3HB) degradation rates were de-
termined by the geometry of the formulation, reaching 0.17,
0.12, 0.04, and 0.05 mg/day after 60 days for microparticles,
films, microgranules, and pellets, respectively. The herbicidal
activitics of P(3HBYMET formulations and commercial for-
mulation Sencor Ultra were tested on the Agrostis stolonifera
and Setaria macrocheata plants. The parameters used to eval-
uate the herbicidal activity were plant density and the weight
of fresh green biomass measured at days 10, 20, and 30 after
sowing. All PGHBYMET formulations had pronounced her-
bicidal activity, which varied depending on MET loading and
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the stage of the experiment. In the carly phases of the exper-
iment, the herbicidal effect of PG3HB)YMILZT formulations with
the lowest MLT loading (10 %) was comparable with that of
the commercial formulation. The herbicidal effect of P(3HB)/
MLET formulations with higher MET loadings (25 and 50 %)
at later stages of the experiment were stronger than the effect
of Sencor Ultra.
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Introduction

Weeds cause great damage to agriculture, and herbicides con-
stitute the most extensively used group of pesticides (40-50 %
of the total amount of the globally used pesticides), their com-
mercial varicties accounting for about 40 9% of all commercial
pesticides. Weed control using herbicides is one of the major
components of modern efficient agriculture. However, herbi-
cides persist in the soil, posing a hazard to human health,
lcading to the emergence of herbicide-resistant weed species,
threatening the stability of agroccosystems, and in some cases
leaving the ground almost permanently barren,
S-1,3,5-triazines arc commeonly used broad-spectrum se-
lective herbicides, which do not persist for a very long time
in soil. Metribuzin (MLET) is a pre-emergence and post-
emergence herbicide based on the derivative of 1,2,4-triazine,
which is used to treat soya, potato, and tomato. MET has a
systemic cffect against many undesirable plants in vegetable
and grain crop ficlds, and both have a foliar action and can
penetrate into plants through their roots; this is a pre- and post-
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emergence herbicide. MET inhibits plant photosynthesis.
MLET has been used by many rescarchers for constructing
slow-release formulations based on various synthetic and nat-
ural materials: polyvinylchloride, carboxymethyl cellulosce
(Kumar ct al. 2010a), acrylamide (Sahoo ct al. 2014),
methacrylic acid combined with ethylene glycol and
dimethacrylate (Zhang et al. 2009), sepiolite (Magqueda ct al.
2008), alginate (Flores-Céspedes et al. 2013), phosphatidyl-
choline (Undabeytia ct al. 2011), kraft lignin (Chowdhury
2014), lignin/polycthylene glycol blends (Fernandez-Pérez
ct al. 2011, 2015), chitin, cellulose, starch (Fernandez-Pérez
ctal. 2010; Rehab et al. 2002), bentonite, and activated carbon
(McCormick 1985). Release kinetics of metribuzin embedded
in different matcrials was studied in laboratory systems (sterile
water, soil) (Fernandez-Pérez ct al. 2010, 2015; Flores-
Céspedes ct al. 2013; Kumar et al. 2010a; Maqueda ct al.
2008: McCormick 1985; Rchab et al. 2002; Sahoo ct al.
2014; Zhang ct al. 2009); the duration of MET release varied
within a very wide range, between several tens of hours and
several tens of days. 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
delivery systems for this herbicide. The majority of studics
described experiments with MET released into water, and just
a few authors used soil (Ferndndez-Pérez ct al. 2010, 2015;
Flores-Céspedes et al. 2013; Kumar ct al. 2010a; Maqueda
ct al. 2008; McCormick 1985; Rchab et al. 2002; Sahoo
et al. 2014; Zhang et al. 2009).

Much rescarch effort has focused recently on constructing
new formulations and investigating their behavior in the envi-
ronment. The main purpose of such studics is to produce less
toxic and more selective pesticides and reduce the rate of
pesticide application. Degradable polymers of various origing
arc being tested as materials for constructing pesticide carriers.
Special attention is being given to biodegradable polyesters
such as polyhydroxyalkanoates (PHAs)—microbial polyes-
ters that have many useful propertics. These polymers are
degraded in biological media by natural microflora to carbon
dioxide and water under acrobic conditions and to water and
methane under anacrobic ones. Production of PHAs is a rap-
idly developing branch of the industry of degradable
bioplastics, and they arc regarded as candidates to eventually
replace synthetic polymers (Chen 2010; lenczak ct al. 2013
Kaur and Roy 2015; Volova et al. 2013a).

A scarch of the literature revealed fow studies that reported
the use of PHAS to construct slow-release eco-friendly pesticide
formulations. One of the first studics reported the usc of degrad-
able films of poly-3-hydroxybutyrate as a matrix for embedding
pesticides Ronilan (the active ingredient vinclozolin, or (RS)-5-
vinyl-5-methyl-3-(3.5-dichlorophenyl)-1,3-vinyloxazolidine-
2.4-dione) and Sumilex (the active ingredient procymidone, or
N-(3.5-dichlorophenyl)-1,2-dimethylcyclopropanel,2-
dicarboximide), which cffectively suppressed phytopathogenic
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fungus B. cinerea (Savenkova et al. 2002). In a study conducted
by our team, hexachlorocyclohexane and lindane were embed-
ded in PHA to investigate polymer degradation kinctics and
pesticide release into soil (Voinova et al. 2009; Volova ct al.
2008). Suave ct al. (2010) reported encapsulation of pesticide
malathion in microspheres of poly-3-hydroxybutyrate/poly(e-
caprolactone). Other authors reported encapsulation of pesticides
ametrine and atrazine in microspheres of the 3-hydroxybutyrate/
3-hydroxyvalcrate copolymer (Grillo et al. 2010, 2011; Lobo
ct al. 2011). In a more recent study, Prudnikova et al. (2013)
described embedding of herbicide Zellek Super in poly-3-
hydroxybutyrate (P(3HB)/3HV) microgranules and films to pre-
pare slow-release formulations. In our recent study, polymer
P(3HB) was used as a matrix in slow-release formulations of
the herbicide MIZT. Physical PG3HB)/MIET mixtures in the form
of solutions, powders, and emulsions were used to construct
different metribuzin formulations (films, granules, pellets, and
microparticles). SEM, X-ray, and DSC proved the stability of
these formulations incubated in sterile water in vitro for long
periods of time (up to 49 days). Metribuzin release into water
from the polymer matrix was also studied. By varying the shape
of formulations (microparticles, granules, films, and pellets), we
were able to control the release time of metribuzin, increasing or
decreasing it (Volova ct al. 2016).

The purpose of this study was to preparc and characterize
controlled release metribuzin formulations and to study their
microbiclogical and herbicidal activity.

Materials and methods
Chemicals

The herbicide used was MET |CyH4N408] (State Standard
Sample 7713-99—the state standard accepted in Russia
(Blok-1, Russia), 99.7 % purc). As the control, we used
Sencor Ultra, which contains metribuzin as the active ingredi-
ent (600 g/kg), purchased from Bayer CropScience.

Production of P(3HB)

Polymer P(3HB) was used as a degradable matrix for embed-
ding the herbicide. The polymer was synthesized in the
Laboratory of Chemoautotrophic Biosynthesis at the
Institute of Biophysics SB RAS by using bactcrium
Cupriavidus eutrophus B10646, batch-cultured under strictly
aseptic conditions in a 7.5-L BioFlo/CelliGen115 fermenta-
tion system (“New Brunswick,” USA) following the proce-
dure developed by Volova et al. (2013b, 2014). Polymer was
extracted from cells with chloroform, and the extracts were
precipitated using hexane. The extracted polymers were
redissolved and precipitated again three to four times to pre-
pare homogencous specimens. The purity of the polymer was
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determined by chromatography of methyl esters of fatty acids
on an Agilent 7890A chromatograph mass spectrometer
(Agilent Technologics, USA).

Preparation of sustained-release MET formulations

P(3HB) was used as the matrix for preparing films, pellets,
microgranules, and microparticles. Each polymer matrix was
loaded with 10, 25, and 50 % (w/w) metribuzin. The choice of
these loadings was based on metribuzin concentrations in the
formulations commonly used in agriculture (0.180-0.96 kg/
ha). Three concentrations of Sencor Ultra added to the soil in
the control corresponded to metribuzin concentrations in the
experimental formulations, i.c., 3, 7.5, and 15 pg MET/g soil.
The techniques employed to construct PG3HB)/MET blends
and their properties arc described in detail clsewhere (Volova
ct al. 2016).

Films were prepared as follows: a chloroform selution con-
taining 2 % (w/v) of P(3HB) was mixed with the metribuzin
solutions (the polymer/herbicide mass ratios in the film were
90:10, 75:25, and 50:50). The polymer/metribuzin solution
systems were placed onto the MR Hei-Standart magnetic stir-
rer (Heidolph, Germany) operated at a speed of 300 rpm for 2—
3 h (until completely dissolved). The homogencous polymer/
metribuzin solution was filtered and poured into the degreased
mold under a bell glass (to protect it from draught and dust).
The films stayed under the bell glass for 24 h at room temper-
ature, and then, they were placed into a vacuum drying cabinct
(Labconco, USA) for 3—4 days, until complete solvent evap-
oration took place. The films were then weighed on an ana-
lytical balance. The film thickness was measured with an
EDM-25-0.001 digital micrometer (LEGIONLER, Germany).
The films were 25 = 0.3 pm thick. Squares of 25 mm® in arca
(5 mm % 5 mm) were then cut from the film.

Polymer microgranules loaded with metribuzin were pre-
pared from a solution of the herbicide and P(3HB) in chloro-
form. The system was mixed to achieve homogeneity, by
using a Silent Crusher high-speed homogenizer (Heidolph,
Germany). A Pumpdrive 5001 peristaltic pump (Heidolph,
Germany) was used to drop the polymer/metribuzin solutions
into a sedimentation tank that contained hexane, where the
polymer was crystallized and granules formed. Polymer con-
centration in the solution = 10 % (w/v), needle size = 20G, and
thickness of the precipitate layer (h) = 200 mm. Three types of
microcapsules containing different proportions of herbicide
were prepared. In the first batch of microcapsules, the
polymer/herbicide mass ratio was 90:10; in the second, the
mass ratio was 75:25; and in the third, the mass ratio was
50:50. The average diameter of the granules with the MET
encapsulation efficiency close to 100 % was 2-3 mm.

ML T-loaded pellets were prepared as follows: the polymer
was ground in a ZM 200 ultracentrifugal mill (Retsch,
Germany). The fractional composition of the polymeric

powder was determined by using an AS 200 control analytical
sieve shaker (Retsch, Germany); apparent density of the frac-
tions was determined with PT-TD 200 Touch (Retsch,
Germany). Samples of the P3HB and MET powders were
weighed on an analytical balance, mixed at polymer/
metribuzin ratios of 90:10, 75:25, and 50:50, and then homog-
enized with a laboratory stirrer for 2 min. Pellets were pre-
pared from the PAHB/MET powder by cold pressing, using a
laboratory bench-top hand-operated screw press (Carl Zeiss
Jena, Germany) under pressing force of 6000 F. Pellets pre-
pared from polymer powder and MET were 3 mm in diameter
and | mm thick.

Microparticles were prepared by the emulsion technique.
Polymer emulsion was prepared as follows. The oil phase,
represented by a 2 9% P(3HB) solution with different propor-
tions of MET in chloroform, was combined with the aqueous
phase—polyvinyl alcohol (PVA) solution (Sigma, USA, M,,
30 kDa)-and mixed for 24 h at a speed of 750 tpm, until
complete solvent evaporation took place. Microparticles
10 pm or more in diameter were prepared with an MR Hei-
Standard magnetic stirrer (Heidolph, Germany), taking into
account the previously determined effects of the type of the
emulsion and agitation speed on the particle diameter. After
solvent evaporation, microparticles were collected by centri-
fugation (Centrifuge 5810 R, 5417 R, Eppendorf, Germany,
10,000 rpm), rinsed, and freeze-dried (Alpha 1-2 LD plus,
Christ®, Germany).

A physicochemical study

Initial substances in the form of powders (ME'T and P(3HB))
and MET formulations constructed as films, granules, pellets,
and microparticles were examined by using state-of-the-art
physicochemical methods. Thermal analysis was performed
with a DSC-1 differential scanning calorimeter (Mettler
Toledo). Samples of films, powders, granules, and pellets
(4.0 = 0.2 mg) were placed m aluminum crucibles and heated
at 5 °C/min. 'The melting point ('1,,;,) and thermal decompo-
sition temperature (1ge,,) were determined from exothermic
peaks on thermograms, using the Starl: software. The mea-
surement crror was —1.5 °C between —20 and 200 °C and
=2.5 °C between 200 and 300 °C.

X-ray structure analysis and determination of the degree of
crystallinity (C,, %) of films, powders, or pellets were per-
formed using an X-ray spectrometer (D8 Advance, Bruker
Corporation, Bremen, Germany) (graphitc monochromator
on a reflected beam) in a scan-step mode, with a 0.04 °C step
and cxposurc time 2 s, to measure intensity at point, The
instrument was operated at 40 kV x 40 pA. The measurcment
accuracy was 2 %.

Morphology of the microparticles and films was studied by
electron microscopy, using an S-3500 scanning clectron mi-
croscope (Hitachi, Japan). Samples of granules and pellets
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were examined under a 'I'™™ 3000 clectron microscope
(Hitachi, Japan). Platinum sputter coating of the specimens
was conducted in an Emitech K575XD Turbo Sputter
Coater (Quorum Technologies Limited, UK).

Molecular weight and molecular weight distribution of the
mitial P(3HB) and MET and of P(3HB) and MLT in the for-
mulations were investigated by gel permeation chromatogra-
phy with an Agilent Technologies 1260 Infinity system
(Germany), using Agilent PS-H EasiVial calibration stan-
dards, cnabling scparation of polymers with a wide range of
molecular weights: 200-3,000,000 Da. The measurement ac-
curacy was 2 %.

The MET formulations were investigated by mcthods cor-
responding to their gecometries (films, granules, pellets, micro-
particles). The film thickness was measured with a digital
micrometer (LEGIONER EDM-25-0.001, Germany).
Granules were examined by determining their size and mor-
phology. The sizes and &-potential of microparticles were
measured with a Zetasizer Nano ZS (Malvern, UK). Size
range maximum (diameter) was between 0.3 nm and 10 um.
Size range suitable for measurement (diameter) of zeta poten-
tial was between 3.8 nm and 100 um. Conductivity accuracy
was +/—10 %.

Laboratory ecosystems with higher plants

Herbicidal activity of the P(3HB)/MET formulations loaded
with 10, 25, and 50 % MET was studied in the laboratory
ccosystems with higher plants. Plastic containers were filled
with field soil, which was used to grow two species of weeds:
perennial creeping bentgrass (Agrostis stolonifera) and foxtail
(Setaria macrocheaia). PGGHBYMET formulations and plant
sceds were simultancously buried in the soil. Plants were
grown in a Conviron A1000 environmental chamber
(Canada) under stable ambient conditions: lighting under a
121.:12D photoperiod, a temperature of 25-28 °C, and humid-
ity of 65 %. Two groups were used as controls: in the positive
control, the herbicide Sencor Ultra with metribuzin concentra-
tions corresponding to those of the experimental formulations
was buried in the soil; in the negative control, no herbicide
was added. A long-term experiment (60 days) was conducted,
with the condition and growth of the plants photo-monitored
every week. Plant growth and productivity were evaluated by
measuring fresh green biomass. The green biomass of the
weeds was cutoff near the ground every 7 days and weighed
on the analytical balance of accuracy class 1 (Ohaus
Discovery, Switzerland); the weighed portion of the plants
() per area (m?®) was calculated. The density of the weeds
was calculated based on the number of plants in a 54-cm?
container, converted to m”. PGGHB/MET) fungicidal activity
was cvaluated based on the time of plant death and the number
of dead plants.
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Soil characterization

The agrogenically transformed soil (the village of Minino, the
Krasnoyarsk Territory, Siberia, Russia) was placed into 250-
mm’ plastic containers (200 g soil per container). The soil was
cryogenic-micellar agro-chernozem with high humus content
in the 0-20-cm layer (7.9-9.6 %). 'The soil was weakly alka-
line (pH 7.1-7.8), with high total exchangcable bases (40.0—
45.2 mequiv/100 g). The soil contained nitrate nitrogen N-
NOs, 6 mg'kg, and P-0s, 6, and K>0, 22 mg/100 g soil (ac-
cording to Machigin).

A microhiological study

Microbial analysis of the soil in laboratory systems was
conducted by using generally accepted methods. The
number of ammonifying and copiotrophic bacteria (CFU/
g soil) was determined on fish-peptone agar (FPA), the
number of mineral nitrogen-assimilating prototrophic bac-
teria was determined on starch and ammonia agar (SAA),
nitrogen-fixing bacteria were counted on Ashby’s medi-
um, oligotrophs were counted on soil extract agar (SA),
and the number of micromycetes was determined on the
wort agar (WA) (Netrusov et al. 2005). Mincralization
cocfficient was determined as a ratio between microorgan-
isms assimilating mineral nitrogen and ammonifying bac-
teria. Oligotrophy cocfficient was determined as a ratio of
oligotrophic to ammonifying bacteria. Pure cultures of
bacteria were isolated from soil samples and tested by
conventional methods, based on their cultural and mor-
phological propertics and using standard biochemical tests
mentioned in identification kcys (Brenner et al. 2005;
Dworkin et al. 2006). Deminant microorganisms were
identified using MIKROLATEST® ID identification kits
and 168 rRNA gene sequence analysis. Soil microscopic
fungi were identified by their micro- and macro-
morphological features (the structure and color of colo-
nics, the structure of mycelium, the particularity of
anamorph and telcomorph stages) (Sutton et al. 2001;
Watanabe 2002).

The soil had high mincralization and oligotrophy coeffi-
cients (1.52 and 11.74, respectively), indicating soil maturity
and low contents of available nitrogen forms. The number of
copiotrophic bacteria was 16.3 = 5.1 million CFUs/g soil—1.5
and 11.7 times lower than the number of prototrophic and oli-
gotrophic bacteria, respectively, while the number of nitrogen
fixing bacteria was very high (26.1 — 4.7 million CFUs/g soil).

A study of MET release from P(3HB)/MET formulations
and degradation of P(3HB)

After 10, 20, 30, 45, and 60 days of the experiment, specimens
were taken out of the soil and MET concentration in the soil
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was measured. The amount of metribuzin released (RA) was
determined as percentage of the metribuzin encapsulated in
the polymer matrix, using the following formula (lig. 1):

RA — r/EA x 100 % (1)

where EA is the cncapsulated amount (mg), and r is the
amount released (mg).

For describing herbicide release kinetics from different for-
mulations, we used the Korsmeyer—Peppas model (1iq. 2):

M, /M, — K1" )

Here, M, is the amount of the herbicide released at time 4,
and M, is the amount of the herbicide released over a very
long time, which generally corresponds to the initial loading.
K is a kinctic constant, and n is the diffusional exponent. At
n= 0.5, herbicide is released via diffusion, in accordance with
the Fickian diffusion mechanism. At n = 1, the release mech-
anism is described as the case 1l transport, determined by
relaxation processes and transitions in the carrier rather than
by diffusion laws. This type of release occurs when the diffu-
sion layer is dissolved and the matrix is partly destroyed and
degraded. Values of n between 0.5 and 1 indicate the super-
position or anomalous release. For the case of cylindrical pel-
lets, 0.45 < n corresponds to a Fickian diffusion mechanism,
0.45 < n < 0.89 to non-Fickian transport, n = (.89 to casc Il
(rclaxation) transport, and n > 0.89 to super case 11 transport.
To find the exponent #1, the portion of the release curve where
MiiM, < 0.6 should only be used (Peppas and Narasimhan
2014; Ritger and Peppas 1987).

To measure residual (undegraded) polymer, the specimens
(three in a bag) were removed from the soil, thoroughly rinsed
in distilled water, dricd to constant weight, and weighed on the
analytical balance of accuracy class | (Ohaus Discovery,
Switzerland). Lvaluation of polymer biodegradation was
based on the mass loss of the specimen.

MET analysis

Metribuzin was isolated from soil in accordance with the
Procedural Guidelines (MUK 4.1.1405-03) (Procedural
Guidelines 2006). MIZT was extracted with acctone from the
total mass of the soil three times. Before extraction, the soil
was air-dried for 48 h. The cxtracts were placed into the sep-
arating funnel, and distilled water, NaCl, a 10 % aqucous
solution of KOH, and dichloromethane were added to the
funnel. The lower, dichloromethane, layer was passed through
anhydrous sodium sulfate. Extraction and filtration were per-
formed two more times. The solvent was removed from the
filtrate using a Rotavapor R-210 rotary evaporator
(Switzerland), and the residue was dissolved in the known
volume of acctone; MET was determined by gas chromatog-
raphy. MIZT content in formulations was determined as

follows. The formulation was dissolved in chloroform.
Polymer was precipitated with a double volume of hexane.
Solvents containing MLT were passed through anhydrous so-
dium sulfate. The solvents were removed using a Rotavapor
R-210 rotary evaporator (Switzerland), and the residuc was
dissolved in the known volume of acctone. Detection and
determination of MLET was performed using a gas chromato-
graph cquipped with a mass spectrometer (7890/5975C,
Agilent Technologies, USA), using a capillary column, under
varied temperature. The chromategraphy conditions were as
follows: an HP-5MS capillary column, 30 m long, and
(.25 mm in diameter; carrier gas—helium, flow rate 1.2 mL/
min; sample introduction temperature 220 °C; initial temper-
ature of chromatography 150 °C; temperature rise to 310 °C at
10 °C/min; transfer line temperature 230 °C, ion source tem-
peraturc 150 °C, clectron impact mode at 70 ¢V, fragment scan
from m/z 50 to m/z 550 with a 0.5-s cycle time. The peak
corresponding to metribuzin was detected by mass spectrom-
cter. The State Standard Sample No. 7713-99 was used. It is
the state standard accepted in Russia: 99.7 % pure. Calibration
curve was prepared by using a wide range of concentrations of
metribuzin in acctone (0.1-4.2 ug/uL). The range of lincar
detection was obtained for a wide varicty of concentrations:
between 0.1 and 4.2 pg/uL. The standard error of the method
was no more than 3 %.

Statistical analysis

Three replicates of the experimental data were averaged, and
their standard deviations were calculated by using the standard
software package of Microsoft Iixcel. To compare the means
of all release data and to assess statistical significance between
them, cither onc-way analysis of variance (ANOVA) or an
unpaired two-tailed 7 test was carried out at 5 % significance
level.

Results and discussion

Characterization of slow-release ME'T' formulations
PBHBYMET

Formulations of metribuzin embedded in the P(3HB) matrix,
with different MET loadings, were prepared (Suppl. Figs. |
and 2). The size of microparticles was influenced by MET
loading: the average sizes of 10 and 25 %-loaded microparti-
cles were similar to cach other—54 pm; as the loading was
increased to 50 %, the average diameter of the particles in-
creased to 70.7 pm. However, no relationship was found be-
tween the value of the &-potential, which is an important pa-
rameter of particles characterizing their stability in solutions,
and the loading of microparticles with metribuzin; &-potential
of the particles with different MET loadings varied within a
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narrow range, between —26.2 and —33.2 mV. The yield of the
particles from emulsions with different metribuzin loadings
was rather high, more than 60 9%, but MET encapsulation
cfficiency was low, no more than 33 %.

Measurements of the initial substances (polymer and
MET) and the experimental P(3HBYMLT formulations
by DSC and X-ray (Suppl. Table) did not reveal any
significant cffect of MET on the physicochemical proper-
tics and, hence, performance of the polymer. The results
of mecasurements showed that the blending of the
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Fig. 1 Degradation dynamics of PAHB/MET microparticles (a), films
(h), granules (c), and pellets (d) incubated in soil
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components did not cause their chemical binding, but
produced a physical PGHB)/MLT mixture. X-ray struc-
turc analysis of P(3HB)/MLET formulations showed an
about 10 % decrcase in the degree of crystallinity (C,)
of the pellets, microgranules, and microparticles com-
pared with the initial polymer (74 %) and MET (90 %);
the decrcase in the C, of the films was more significant,
reaching 51 %. Thus, the embedding of metribuzin into
the polymer influenced crystallization of the polymer,
making it somewhat more amorphous.
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25, and 50 % of the polymer weight in Jaboratory soil microecosystems
with high plants
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Molecular weight properties of P(3HB) used to construct
PGHBYMET formulations of various shapes were compared
with those of the initial polymer (Suppl. Table). The chro-
matograms of P(3HB), MET, and P(3HBYMLT formulations
did not show any changes in the weight average and number
average molecular weights (M, and M,) and polydispersity
caused by preparation of the formulations.

Kinetics of ME'T release from P(3HB)/ME'T formulations
and degradation of P(3HB)

All microparticles, irrespective of the amount of metribuzin
loading, werc almost complctely degraded after 3040 days of
incubation in soil (Fig. 1); the average degradation rates of the
microparticles with the 10, 25, and 50 % MET loadings were
0.15, 0.17, and 0.18 mg/day, respectively.

Films showed the second highest degradation rate. After
1 month of incubation in soil, their residual mass was about
25,15, and 10 % of the initial mass of the films with 10, 25,
and 50 9% metribuzin loadings, respectively. The degradation
rates of the films loaded with 10, 25, and 50 % of metribuzin
were slower than those of the microparticles: 0.09 = 0.004,
0.10 = 0.005, and 0.18 = 0.01 mg/day, respectively.
Degradation rates of the granules were even lower: after
60 days of incubation in soil, their residual mass was 80, 60,
and 40 % of the initial mass, and the average degradation rates
were 0.02 = 0.003, 0.04 = 0.002, and 0.06 = 0.002 mg/day at
metribuzin loadings of 10, 25, and 50 %, respectively. Similar
mass loss dynamics was observed for the pellets, with the
average degradation rates of 0.02 — 0.001, 0.04 — 0.002, and

0.08 ~ 0.003 mg/day. The higher degradation rate of the films
compared with microgranules made of P(3HB-co-3HV) and
loaded with herbicide Zellek Super was determined in our
previous study (Prudnikova et al. 2013). As the polymeric
matrix was degraded, molecular weight of the polymer de-
creased, while its polydispersity and degree of crystallinity
increased, suggesting preferential disintegration of the amor-
phous phases of the polymer.

The dynamics of degradation of the polymer matrix,
which determines MET release, influenced herbicide con-
centration in soil (Fig. 2). The highest concentrations of
MET were released from microparticles and films, which
were comparable with metribuzin concentration in soil
from Sencor Ultra, and were measured after 20-30 days
of incubation of the formulations loaded at 50, 25, and
10 % MET. Concentrations reached about 15, 6.9-7.5,
and 2.8-3 pg/g soil, respectively. For microgranules,
MET concentration in the soil was somewhat lower—
7+0.68,3 = 0.48, and 0.5 ~ 0.03 pg/g soil after 20-30 days
of incubation of the formulations loaded at 50, 25, and
10 9% MLT; by the end of the experiment, the highest
MLT concentration in soil had reached 9.1 = 0.19 pg/g soil
in the experiment with the 50 % MLUT loading. Similar
MET release and concentrations in soil were obtained for
pellcts. Amount of the MET relcased from these forms was
the lowest in the initial phase (about 30 days), rcaching
0.2—4.2 pg/g soil by the end of the experiment. Thus,
MET release to soil was determined by the loading degree
and shape of the formulation. The 100 % rclease of MET
was observed from the microparticles, which were

Table 1 Constants characterizing

metribuzin release, according to Type of PGHBYMLET formulation; MIET loading, % K () n R? 15 (days)
cquation M/M, = K", from the
experimental PGHB)YMET Kinetics of metribuzin release irom microparticles
formulations of diflerent 10 0.0013 0.98 0.99 21
seometries, loaded at 10, 25, and
i i 25 0.0024 091 0.99 21
laboratory soil ecosystems with 50 0.0021 0.99 0.99 10
plants Kinetics of metribuzin release from films
10 0.103 0.27 0.92 30
25 0.005 0.77 0.96 21
50 0.0002 1.10 0.96 10
Kinetics of metribuzin release from microgranules
10 0.020 0.24 0.82 60
25 0.019 0.47 0.99 45
50 0.021 0.46 0.91 45
Kinetics of metribuzin release from pressed pellets
10 0.010 0.28 0.97 60
25 0.0001 0.99 0.99 60
50 0.0004 0.85 0.99 60

M, the amount of the herbicide released over time £, M. the amount of the herbicide corresponding to the initial
loading, K a kinetic constant, which contains structural and geometric data on the formulation, » the parameter
characterizing the mechanism of the release of the herbicide, 15, the time of release of more than 50 % herbicide
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completely degraded during the experiment. Granules and
pellets were degraded at slower rates, which affected MLT
release. MET release to soil occurred with the slowest rate
(22-23 Y% of the loaded amount) from 10 % loaded gran-
ules and pellets, which were only 20-25 % degraded. We
showed the relationship between herbicide release rate and
the level of loading and the type of the form in a previous

study, in which we investigated P(3HB-co-3HV)
microgranules and films loaded with the herbicide
(Prudnikova ct al. 2013).

Constant K and cxponent n, characterizing kinctics of
metribuzin release from the experimental PGHBYMET
formulations, which were obtained by using the
Korsmeyer-Peppas model, are given in Table 1. The time

Table 2 The density of plants and weight of fresh green biomass o the weeds grown in the laboratory microecosystems with slow-release P(3HB)/
MET formulations
Type of PBHBYMET formulation; 10 days 20 days 30 days 10 days 20 days 30 days
MET loading (%)
Biomass of Agrostis stolonifera (g/m”) Density of Agrostis stolonifeva (number/m?)
Microparticles
10 9.03 £ 0.47 4.08 = 0.28 3536 L 424 1597 + 175
25 6.40 = 0.37 326 = 0.15 2506 = 223 1276 ~ 166
50 4.70 £ 0.20 1.49 = 0.06 1840 = 145 583 £ 352
Films
10 20.07 = 1.60 9.24 = 0.55 436 = 0.19 7859 = 865 3618 = 290
25 14.4]1 = 1.01 7.94 = 048 5642 = 670 2209 = 199
50 1241 = 0.75 4839 - 435
Microgranules
10 17.10 = 1.33 1042 = 0.83 3122022 6696 = 870 4080 = 326 1221=
25 1541 = 0.93 7.16 = 0.58 6030 = 540 2803 = 252
50 11.07 = 0.78 4.86 = 0.23 4334 - 475 1903 = 133
Pellets
10 1740 =119 10.24 = 0.72 536 =027 6696 = 604 4009 = 480 2098 = 187
25 15.41 = 0.93 9.94 - 0.70 3.02 2013 6030 - 840 3892 = 500 1182 = 154
50 1241 = 0.87 8.40 = 059 1.12 = 0.05 4859 - 401 3289 = 462 438 = 31
Control () 7281 £ 510 152.0 = 10.63 198.0 = 15.02 46,296 = 6020 46,296 = 6940 60,306 = 8443
Control (+) 21.28 £ 1.26 10.64 = 0.84 5.32 2032 8333 = 750 6481 = 713 2090 = 187
Biomass of Setaria macrocheata (g.fm“?) Density of Setaria macrocheata (numbcr.fmz)
Microparticles
10 29.63 = 1.76 741 = 81
25 1642 = 1.15 370 = 33
50
Films
10 20.63 — 1.58 7.61 =052 741 = 67 185 = 23
25 16.40 = 1.15 555 + 61
50 29.63 = 1.47 741 = 89
Microgranules
10 22.8] =~ 1.80 1644 = 1.15 7.61 = 047 555 50 370 = 48 185 = 17
25 16.40 = 1.14 821 = 056 370 ~ 44 185+ 16
50 16.40 = 0.97 821 2050 370 = 38 185 = 17
Pellets
10 29.63 = 2.30 2283 = 1.37 16.44 = 0.97 741 = 89 5535250 370 = 30
25 2841 L 1.96 22.83.+£1.29 16.44 = 0.81 741 = 70 555 L 48 370 = 36
50 29.63 £ 2.07 1481 = 1.08 741 = 65 370 = 40
Control () 32648 = 28.37 482355 0 37.61 35742501 7962 = 955 7962 = 916 7962 = 876
Control (+) 29.62 = 1.67 PR e 741 = 59 555 - 58
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Fig. 3 'The eficet of free _ 1000
metribuzin on the total counts of’ ‘E_,_" After 7 days 4 After 60 days
microorganisms in plant-free soil: = L :
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when metribuzin is released with the highest rate is char-
acterized by parameter £'—the time needed for the her-
bicide content of the specimen to reach M/M, < 0.5.
Metribuzin release from microparticles was characterized
by the anomalous case Il transport. The values of the
exponent at different loadings varied between 0.91 and
0.99. Constant K, which contains diffusion cocfficient
and structural and geometric data on the formulations,
varied between 0.0013 and 0.0024/h as the loading was
increased. Metribuzin embedded in microgranules was re-
leased via diffusion, in accordance with the Fickian diffu-
sion mechanism. The mode of metribuzin release from the
films and pellets differed depending on the loading. At the
10 % loading, the values of the exponent were (.27 for
films and 0.28 for pellets. At higher loadings, metribuzin
release was characterized by the superposition of the case
11 transport. Constant K decrcased as cxponent n in-
creased. This rclationship was reported by Akbuga
(1993), Quadir et al. (2003), and Sato et al. (1997).

Changges in constant K for films and pellets suggested struc-
tural inhomogeneity of the specimens that had the same ge-
ometry but different MET loadings. That was also supported
by SEM images, which showed druses of larger arcas, and by
the increased degradation rates of the formulations with great-
er MET loadings. Degradation of films and pellets led to a
change in the mechanism of metribuzin release.

The time when metribuzin is released with the highest rate
is characterized by parameter f50. This parameter varics

g

Fig. 4 'The effect of different
forms of metribuzin on the total
counts of microorganisms in the
thizosphere (Setaria pumila):
ammonilying (A), prototrophic
(P), oligotrophic (O), and
nitrogen-fixing (N) bacteria

oy
=]
o

The number of bacteria, 10%cfu-g!
8

1

HInitial soil

tIP(3HB)/MET granules

depending on the shape of the specimen and loading: as the
loading is increased, the value of #54 is decreased (lable 2).
Thus, variations in this parameter suggest the possibility of
controlling the herbicide release rate by choosing the proper
technique to produce the formulation and by varying its shape.

Microbiological study

As microorganisms play an essential role in pesticide cycling
and transformation, we studied the effect of metribuzin on the
structure of microbial communities in laboratory systems.
Studies of toxicity of metribuzin showed that suppression of
plant growth was due to the toxic cffects on symbiotic micro-
organisms Rhizobium sp. MRL3, Bradyrhizobium sp. MRM6,
and Pseudomonas aeruginosa PS] isolated from the soil un-
der lentil, mung bean, and mustard, respectively (Ahemad and
Khan 2011a, b).

Free metribuzin was added to the plant-free soil at con-
centrations of 3, 7.5, and 15 ug MET/g soil. In 7 days
after application, no significant cffect on the number of
microorganisms was identified, but long-term effects of
the herbicide (after 60 days) decreased the number of
bacteria at all concentrations used. The number of
ammonifying bacteria decreased by a factor of 1.8-3.6,
prototrophic bacteria by a factor of 6.2-8.7, and nitrogen
fixing bacteria by a factor of 1.5-2 compared with the
herbicide-free soil (Fig. 3).

After 60 days

OMET 15
®2P(3HB)/MET 3D-forms

gP(3HB)/MET fims
B P(3HB)/MET microparticles
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Fig. 5 'The effect of different Initial soil
forms of' metribuzin on taxonomic
composition of bacterial
community in the thizosphere
(Setaria pumila)

P(3HB)/MET
granules

Incubation of P(3HBYMLET formulations with different
concentrations of metribuzin in plant-free soil increased the
total number of bacteria by a factor of 2.7-3.4 compared with
the initial soil. Thus, the growth of microorganism populations
in the soil was influenced by the presence of the additional
substrate, P(3HB), and slow release of metribuzin from for-
mulations, which reduced the time of exposure to high herbi-
cide concentrations. Ultimately, that reduced the inhibitory
effect of metribuzin on soil microflora.

Fig. 6 'The efiect of different Initial soil
{forms of metribuzin on taxonomic
composition of soil {fungi in the
thizosphere (Setaria pumila)

P(3HB)/MET
granules

) Springer
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Different results were obtained in experiments with MET
added to the soil ecosystems with higher plants. The addition
of metribuzin as Sencor Ultra (3, 7.5, and 15 pg MET/g soil)
did not significantly change the total counts of soil bacteria and

fungi, i.c., MET did not cither inhibit or stimulate the growth of

microorganisms cven at the highest concentration. The MLET
added as a component of PGGHB)/MLET formulations stimulat-
ed the development of soil microflora: by the end of the exper-
iment (60 days), the total counts of organotrophs and nitrogen-
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Fig. 7 Photographs of Agrostis stolonifera (a) Setarvia macrocheata (b) grown under laboratory conditions using PGAHBYMET films with MET
loadings of' 10 (3), 25 (4), and 50 % (3) of the polymer weight relative to negative control (1) and positive control (2)

626  fixing bacteria had increased by a factor of 1.5-13.8 compared The study of taxonomic diversity of soil microorganisms 629
627 to their counts in the initial soil (Fig. 4). Thus, soil oligotrophy ~ showed that the proportions of species in the microbial com- 630
628 cocfficient decrcased by a factor of 8-15. munity had also changed with the introduction of MET. 631
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Fig. 7 (continued)

Morphological, physiclogical, and biochemical studies and
molecular genetic examination of the 16S and 285 rRNA gene
fragments showed that the initial soil microbial community was
dominated by actinobacteria (24 %, including 19 % of
Streptomyces), Arthrobacter (18 %) and Corynebacterium

) Springer

(12 %) specics; Pseudoxanthomonas were the major Gram-
negative bacilli (12 %) (Fig. 5). By the end of the experiment
(60 days), the composition of bacteria influenced by Sencor
Ultra had changed duc to an increase in the percentages of
Corynebacterium (19-22 %), Arthrobacter (20-24 9), and
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Bacillus (15-17 %). The percentage of Pseudomonas increased
to 5-8 %, but the total percent of Gram-negative bacilli de-
creased by 10-12 9% and actinobacteria decreased too (by 8-
15 %). The addition of PGGHBYMET formulations increased
the percentage of Gram-negative bacilli, including
Pseudomonas, Pseudoxanthomonas, Stenotrophomonas, and
Variovorax, to 31-33 9%. The proportion of spore forming bac-
teria (Bacillus and Paenibacillus) also increased (Fig. 5).

In all soil samples, the major microscopic fungi were
Penicillium species, which constituted 52-65 % (Fig. 6).
Fungi of the genera Fusarium, Trichoderma, and Aspergillus
constituted 8—11 % of the population of microscopic fungi in
the initial soil and did not change significantly cither. In the
experiment with PGGHB)YMET formulations, an increase in the
percentages of Acremonium and Verticillium was observed.

We assume that the stimulating cffect of P(3HB)Y/MET was
causcd by poly-3-hydroxybutyrate, which was a supplemen-
tary growth substrate for soil microflora, and that was a stron-
ger factor than the inhibitory effect of MET.

Herbicidal activity of experimental PGHB)MET
formulations

The weeds A. stolonifera and S. macrocheata were used to
study the herbicidal activity of the experimental slow-release
formulations of metribuzin cmbedded in the polymer matrix
of PGHBYMET. All P(3HB)MET formulations had compa-
rable effects on the plants (Table 2). In a previous study, we
also showed that formulations of the herbicide Zellek Super
shaped as microgranules and films successfully suppressed
the growth of A. stolonifera (Prudnikova ct al. 2013).
Morcover, the effectiveness of MET embedded in carboxy
methyl cellulose-kaolinite composite (CMC-KAO) against
weeds growing in wheat crops was shown in the ficld exper-
iment by Kumar ct al. (2010b).

The herbicidal effect of the experimental P(3HB)/MET
formulations on the plants was comparable with or, in some
cases, stronger than the effect achieved in the positive control.
Analysis of the parameters of MLIT effeet on the plant density
and the weight of fresh green biomass (Table 2) showed that
all experimental P3HB)/MET formulations exhibited herbi-
cidal activity. Photographs in Fig. 7 show 4. stelonifera and
S. macrocheata plants at 10, 20, and 30 days after sowing and
herbicide application.

In the positive control, at 10 days after sowing, the plant
density and the weight of the biomass of A. siolonifera were
8333 = 750 plants/m? and 21.28 = 1.26 g/m?, at 20 days
6481 — 713 plants/m” and 10.64 — 0.84 g/m?, and at 30 days
2090 = 187 plants/m” and 5.32 = 0.32 g/m?, respectively. That
was almost five to six times lower than in the negative control.
For S. macrocheata, the difference was even more considerable.

The inhibitory effect of the experimental PGGHBYMET for-
mulations varied depending on the MET loading and the

duration of the experiment. At 10 days after sowing, the num-
ber of A. stolonifera plants and their biomass in the experi-
ment with films, microgranules, and pellets loaded with MET
at 10 % were comparable with the positive control, but in the
ccosystems with the microparticles, which were degraded in
the soil at the highest rate, these parameters were lower by
more than a factor of two. PGHB)YMLET formulations with
higher MET loadings had more pronounced herbicidal effects:
at 10 days after sowing, the biomass was lower than in the
positive control by a factor of between 1.7 and 4.1 in the
ccosystems with microparticles and films and by a factor of
between 1.3 and 1.8 in the experiments with microgranules
and pellets. At 20 days, 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
30 days, all plants were dead in the treatments and positive
control. Similar results were obtained for S. macrocheata
plants. The herbicidal activity of the PGHB)/MET formula-
tions also increased with the increase in the MET loading and
with the duration of the experiment (‘Table 2). At 10 days after
sowing, the plant density and the weight of fresh biomass were
cither comparable with or lower than the corresponding pa-
rameters in the positive control, depending on the MLET load-
ing and type of formulation. At 20 days, in the ccosystems
with P(3HB)/MET microparticles and films, almost all plants
were dead; in the ccosystems with microgranules and pellets,
the herbicidal effects were less pronounced but stronger than
in the positive control (by a factor of 1.5-2.8).

Conclusions

Kinetics of degradation of the polymeric matrix and MET re-
lease from slow-relcase P(3HB)/MET formulations prepared as
films, pellets, microparticles, and microgranules were studied
in laboratory soil microccosystems with higher plants. The
weight loss of formulations and MET concentration in the soil
were measured. The study showed that MET release could be
regulated by the process employed to fabricate the formulations
and by the amount of MET loaded into the polymeric matrix;
MET accumulation in soil occurred gradually, as the polymer
was degraded. Analysis of soil microbial community showed
that all PGHB)MET formulations stimulated the development
of saprotrophic microorganisms, including the typical rhizo-
sphere bacteria Pseudomonas and Bacillus. In addition, the
number of nitrogen-fixing bacteria had increased compared to
their counts in the initial soil. The herbicidal activity of the
experimental MET formulations against 4. stolonifera and
Setaria pumila plants was compared with the herbicidal activity
of the commercial formulation Sencor Ultra (positive control),
while intact plants, which were not treated with MET, were
used as the negative control. Results of these experiments
showed that all PGBHB)/MLET formulations cxhibited
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pronounced herbicidal activity. The inhibitory effect of the ex-
perimental PGHB)/MLET formulations depended on the MIET
loading and duration of the experiment. In the carly stages and
at the lowest (10 %) loadings, the cffect of PGHBYMET was
comparable to that of commercial Sencor Ultra. The effects of
experimental formulations with higher MLT loadings and in
longer experiments were supetior to the effect of Sencor Ultra.
Thus, degradable poly-3-hydroxybuturate can be regarded as a
promising material for designing slow-release formulations of
the herbicide metribuzin for soil applications.

Acknowledgments  This study was supported by the Russian Science
Foundation (grant no. 14-26-00039).

Compliance with ethical standards

Conflict of interest
interest.

The authors declare that they have no conilict of

References

Ahemad M, Khan MS (2011a) Effect of pesticides on plant growth
promoting traits of greengram-symbiont, Bradyrhizobium sp.
strain MRM6. Bull Environ Contam Toxicol 86:384 388,
doi:10.1007/s00128-011-0231-1

Ahemad M, Khan MS (2011b) Toxicological assessment of selective
pesticides towards plant growth promoting activities of phosphate
solubilizing Pseudomonas aeruginosa. Acta Microbiol Immunol
Hung 58:169 187, doi:10.1556/AMicr.58.2011.3.1

Akbuga J (1993) Use of chitosonium malate as a matrix in sustamed-release
tablets. Int | Pharm 89:19 24. doi:10.1016/0378-3173{93)90303-W

Brenner, DJ, Krieg, NR, Staley, J'1, Garrity, GM (20035) Bergey's manual
of systematic bacteriology, 2nd edn. Vol 2 (The Proteobacteria).
Springer, New York

Chen G-Q (2010) Plastics completely synthesized by bacteria:
polyhydroxyalkanoates. In: Chen G-Q, Steinbiichel A (eds)
Plasties from bacteria. Natural [unctions and applications.
Springer-Verlag, Berlin. pp. 17 37

Chowdhury MA (2014) The controlled release of bivactive compounds
{from lignin and lignin-based biopolymer matrices. Int I Biol
Macromol 65:136- 147, doi:10.1016/.ijbiomac.2014.01.012

Dworkin M, Falkow S, Rosenberg I, Schleifer K-H, Stackebrandt E
(2006) The prokaryotes. Proteobacteria: alpha and beta subclasses.
Springer-Verlag, New York

Ferndndez-Pérez M, Villaitanca-Sanchez M, Flores-Céspedes F, Pérez-
Garcia S, Daza-Ferndndez 1 (2010) Prevention of chloridazon and
metribuzin pollution using lignin-based formulations. inviron
Pollut 138:1412 1419, doi:10.1016/.envpol.2009.12.040

Ferndndez-Pérez M, Villafranca-Sanchez M, Flores-Céspedes F, Daza-
Femandez 1 (201 1) Prevention ofherbicides pollution using sorbents
in controlled release formulations. In: Kortekamp A (ed) Herbicides
and environment. InTech, Rijeka, Croatia, pp. 157 172

Ferndndez-Pérez M, Villafranca-Sanchez M, Flores-Céspedes F, Daza-
Fernandez 1 (2015) Lignin-polyethylene glycol matrices and
cthylcellulose to encapsulate highly soluble herbicides. J Appl
Polym Sci 132:41422 41430. doi:10.1002/app.41422

Flores-Céspedes F, Pérez-Gareia S, Villafranca-Sanchez M, Ferndndez-
Pérez M (2013) Bentonite and anthracite in alginate-based con-
trolled release formulations to reduce leaching of chloridazon and

) Springer

metribuzin in a calcarcous soil. Chemosphere 92:918 924,
doi:10.1016/.chemosphere. 2013.03.001

Grillo R, Melo NFS, Lima R, Lourenco RW, Rosa AH, Fraceto LF (2010)
Characterization of atrazine-loaded biodegradable
poly(hydroxybutyrate-co-hydroxyvalerate) microspheres. 1 Polym
Environ 18:26 32. doi:10.1007/510924-009-01 53-8

Grillo R, Pereira AES, Melo NFS, Porto RM, Feitosa LO, Tonello PS,
Filho NLD, Rosa AH, Lima R, Fraceto LF (2011) Controlled release
sysiem or ametryn using polymer microspheres: preparation, char-
acterization and release kinetics in water. | Harzard Mater 186:1645
1651, doi:10.1016/.jhazmat.2010.12.044

lenczak JL, Schmidell W, de Aragao GMF (2013) High-cell-density cul-
ture strategics for polyhydroxyalkanoate production: a review. J Ind
Microbiol Biotechnol 40:275 286, doi:10.1007/510295-013-1236-#

Kaur G, Roy | (2015) Strategies for large-scale production of

polyhydroxyalkanoates. Chem Biochem Eng 29:157 172,
doi:10.15255/CABLEQ.2014.2255

Kumar J, Nisar K, Shakil NA, Walia 8. Parsad R (2010a) Controlled release
formulations of metribuzin: release kinetics in water and soil. I Environ
Sci Health, Part B 45:330 335, doi:10.1080/03601231003704424

Kumar J, Nisar K, Shakil NA, Sharma R (2010b) Residue and bio-
efficacy evaluation of controlled release formulations of' metribuzin
against weeds in wheat. Bull Environ Contam Toxicol 85:357 361.
doi:10.1007/500128-010-0091-0

Lobo FA, Aguirre CL, Silva MS, Grillo R, Melo NFS, Oliveira LK,
Morais LC, Campos V, Rosa AH, Fraceto LF (2011)
Poly(hydroxybutyrate-co-hydroxyvalerate) microspheres loaded
with atrazine herbicide: screening of conditions or preparation,
physic-chemical characterization, and in vitro telease studies.
Polym Bull 67:479- 495, doi:10.1007/500289-011-0447-6

Magqueda C, Villaverde 1, Sopefia F, Undabeytia T, Morillo E (2008)
Novel system or reducing leaching oi'the herbicide metribuzin using
clay-gel-based formulations. | Agric Food Chem 56:11941 11946,
doi:10.1021/4802364

McCormick CL (1985) Controlled activity polymers with pendent
metribuzin. Edfect of structure on hydrolytic release. Annals
New York Academy of Sciences, Macromolecules as Drugs
and as Carriers Tor Biologically Active Materials 446:76 92,
doi:10.1111/5.1749-6632.1985.1b18392.x

Netrusov Al, Egorov MA, Zakharchuk LM, Kolotilova NN (2005)
Workshop on microbiology: a textbook for students ol higher edu-
cational institutions. Academy Publ, Moscow (in Russian)

Peppas NA, Narasimhan B (2014) Mathematical models in drug delivery:
how modeling has shaped the way we design new drug delivery sys-
tems. J Control Release 190:75 81. doi:10.1016/.jconrel.2014.06.04 1

Procedural Guidelines (2006) “Opredeleniye ostatochnykh kolichesty
pestitsidov v pishchevykh produktakh, selskokhozyaistvennom

syrye 1 obyektakh okruzhayushchey sredy™ (“Determination of

residual pesticides in foods, agricultural raw materials, and en-
vironmental objects™). No. 3, Part 5. MUK 4.1.1405 03,
Mascow 2006 (in Russian)

Prudnikova SV, Boyandin AN, Kalacheva GS, Sinskey Al (2013)
Degradable polyhydroxyalkanoates as herbicide cariers. J Polym
Environ 21:675 682, doi: 10.1007/510924-012-0561-7

Quadir MA, Rahman MS, Karim MZ, Akter S, Awkat MT, Reza MS
{2003) Lvaluation of hydrophobic materials as matrices for
controlled-release drug delivery. Pak J Pharm Sci 16:17 28

Rehab A, Akelah A, El-Gamal MM (2002) Controlled-release systems
based on the intercalation of polymeric metribuzin onto montmeoril-
lonite. | Polym Sci, Part A Polym Chem 40:2513 2525,
doi:10.1002/pola. 10326

Ritger PL, Peppas NA (1987) A simple equation for deseription of solute
release. 1.Fickian and non-Fickian release from non-swellable de-
vices in the form ol slabs, spheres, cylinders or dises. J Control
Release 5:23 36, doi:10.1016/0168-3659(87)90034-4

800
801
802
803
804
305
306
80T
808
809
s10
811
812
813
814
815
816
817
818
819
820
821
822
323
8241
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
811
842
843
844
815
316
817
313
819
850
851
82
853
8
855
854
857
858
859
860
861
862
863
i



AUTHOR'S PROOF!

865
866
36T
863
369
870
871
372
873
874
875
376
877
878
879
880
881
882
883
384
885
386
887
ehale]
889
890
391
919

Inviron Sci Pollut Res

JmlID 11356_ArtlD 7636_Proof# 1 - 10/09/2016

Sahoo S, Manjaiah KM, Datta SC, Ahmed Shabeer TP, Kumar |
(2014) Kinetics of metribuzin release from bentonite-polymer
composites in water. | Environ Sc¢i Health, Part B 49:591- 600.
doi:10.1080/03601234.2014.911578

Sato H, Miyagawa Y, Okabe T, Miyajima M, Sunada H (1997)
Dissolution mechanism of diclofenac sodium from wax matrix gran-
ules. J Pharm Sci 86:929 934, doi: 10.1021/js96022 1w

Savenkova L, Gereberga Z, Muter O, Nikolaeva V, Dzene A,
Tupureina V (2002) PHB-based films as matrices {or pesti-
cides. Process Biochem 37:719 722, doi:10.1016/50032-9592
(01)00263-1

Suave 1, Dall'’Agnol 1:C, Pezzin APT. Meier MM, Silva DAK (2010)
Biodegradable microspheres of poly(3-hydroxybutyrate )/poly(:-
caprolactone) loaded with malathion pesticide: preparation, charac-
terization, and in vitro controlled release testing, J Appl Polym Sei
117:3419 3427. doi:10.1002/app. 32082

Sutton 1, Fothergill A, Rinaldi M (2001) Key pathogenic and opportu-
nistic fungi. Mir, Moscow in Russian

Undabeytia ‘1, Recio Ii, Maqueda C, Morillo l{, Gomez-Pantoja E,
Sanchez-Verdejo T (2011) Reduced metribuzin pollution with phos-
phatidylcholine clay Tormulations. Pest Manag Sci 67:271 278,
doi:10. 1002/ps.2060

Vomova ON, Kalacheva GS, Grodnitskaya 1D, Volova TG (2009) Microbial
polymers as a degradable carrier for pesticide delivery. Appl Biochem
Microbiol 45:384- 388, doi: 10.1134/S0003683809040061

Volova TG, Voinova ON, Kalacheva GS, Grodnitskaya 1D (2008)
The prospects of the use of resorbable polyesters for designing

safe pesticides. Dokladi Biologicheskikh Nauk 419:100 103 .
doi:10.1134/50012496608020099%in Russian

Volova TG, Shishatskaya El Sinskey Al (2013a) Degradable polymers:
production, properties, applications. Nova, NY

Volova T, Kiselev E, Shishatskaya 15, Zhila N, Boyandin A, Syrvacheva
D, Vinogradova Q, Kalacheva G, Vasiliev A, Peterson 1 (2013h)
Cell growth and accumulation of polyhydroxyalkanoates {from
CO; and H; of a hydrogen-oxidizing bacterium, Cupriavidus
eutrophus B-10646. Biores Technol 146:215 222, doi:10.10164.
biortech.2013.07.070

Volova T, Kiselev E, Vinogradova O, Nikolacva L5, Chistyakov A,
Sukovatiy A, Shishatskaya L (2014) A glucose-utilizing strain,
Cupriavidus euthrophus B-10646: growth kinetics, characteri-
zation and synthesis of multicomponent PHAs. PLoS One 9:1
15. doi:10.1371/journal.pone.008755]

Yolova TG, Zhila NO, Vinogradova ON, Nikolaeva D, Kiselev
I:G5, Shumilova AA, Shershneva AM, Shishatskaya 11 (2016)
Constructing herbicide metribuzin sustained-release formula-
tions based on the natural polymer poly-3-hydroxybutyrate as
a degradable matrix. | Env Sei Health, Part B 51:113 125,
doi:10.1080/03601234.2015.1092833

Watanabe 1 (2002) Pictorial atlas of soil fungi: morphologies of fungi and
key species, 2nd edn. CRC Press LLC, Boca Raton

Zhang S, Yang G, Zheng Z, Che Y (2009) On-line preconcentration
and analysis of metribuzin residues in comn fields by use ol a
molecularly imprinted polymer. Chromatographia 69:615 619,
doi:10.1365/510337-008-0862-5

) Springer

892
303
894
805
806
897
308
899
900
a01
002
003
004
905
H06
a7
008
09
910
o11
912
913
914
a1
916
L
018



