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A micro-spray-based high-throughput screening system for
bioplastic-degrading microorganisms

Identifying efficient bioplastic-digesting microorganisms is
necessary to accelerate the decomposition of biodegradable
plastics. Herein, a high-throughput, straightforward micro-
spray-based microorganism screening system is presented,;
this whole screening process only takes 1to 5 days. Bioplastic
microparticles are sprayed on a translucent agar screening
plate. Micro-sprayed bioplastic samples require a minimal
effective dose (15 mg) and share a large interface with
microorganisms. The plastic-degrading activity of microbes
results in a transparent clear zone around the colony in
contrast to the translucent zone, thereby being readily
recognizable.
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Designing efficient plastic-digesting microorganisms is necessary
to accelerate the decomposition of biodegradable plastics leaking
into outer environments. However, screening of microorganisms
for hydrophobic plastics is labor-intensive and time-consuming.
Herein, a high-throughput, straightforward micro-spray-based
screening system is presented; the whole process only takes 1-5
days using a minimal amount of polymers. Bioplastic microparti-
cles sprayed on an agar plate share a large interface with microor-
ganisms, and therefore their discovery is readily recognizable. This
method inspires finding new microorganisms that digest conven-
tional plastics known as non-degradable plastics.

Over 360 million tons of plastics are produced annually world-
wide." The annual generation of plastic waste worldwide is
estimated at approximately 150 million tons.”> However, the re-
cycling rate only accounts for less than 9% of the plastic pro-
duced.? Plastic wastes are mainly managed by disposal in land-
fills or by incineration.*® A massive amount of non-degradable
plastics is accumulating and intensifying the destruction of
the ecosystem.®™

As an alternative to non-degradable plastics, biodegradable
plastics have been developed. Biodegradable plastics are
mainly produced from renewable biomass raw materials or
partially from fossil resources.’®'" Biodegradable plastics are
utilized as a source of carbon and energy by microorganisms
present in the environment and are completely decomposed
into CO,, H,0, and biomass." The global production capacity
of biodegradable plastics reached 1.23 million tons in 2020."
It accounts for approximately 60% of the total 2.11 million
tons of global bioplastic production including bio-based/non-
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biodegradable bioplastics. Polylactic acid (PLA),"* polybutylene
succinate (PBS),"> poly(butylene adipate-co-terephthalate)
(PBAT),"® and polyhydroxyalkanoate (PHA)""'® make up a large
portion of the total production of biodegradable plastics."**°

The degradation of plastics depends not only on the chemi-
cal structure of the polymer, but also on environmental
conditions.>**" To date, studies on bioplastic decomposition
have been limited in the sense that a majority of them aim to
understand the degradability of representative biodegradable
plastics such as PLA, PBS, PBAT, and PHA in particular
environments, especially under composting conditions that
have abundant organic matter and microorganisms.**°
However, current studies are not focused on the fundamental
mechanisms of biodegradation of biodegradable plastics when
they are exposed to unfertile conditions or extreme environ-
ments such as deep sea, deserts, low- and high-temperature
areas, and underground anaerobic zones. New biodegradable
plastics with reinforced mechanical properties have been
invented because traditional bioplastics have undesirable
mechanical properties.”’ >° To determine the biodegradation
mechanisms of synthetic polymers and to estimate and
control the by-products after the use of these polymers in the
environment, studies on bioplastic-degrading microorganisms
are essential. Therefore, it is important to determine microor-
ganisms capable of plastic decomposition that are naturally
present in the environment or by modifying existing organ-
isms in order to successfully explore the end-of-life process of
plastics. In addition, the discovery of novel microbes can
provide a platform that can be used to produce value-added
products from alternative feedstock through metabolic
pathway redesign.*”

The need for biodegradable plastics is expected to increase
continuously, and their wastes are already being buried in
landfills or treated in industrial composting plants.*’
Currently, at the composting stage, there is a need to accelerate
bioplastic degradation using high-concentration microbial
solutions with excellent decomposition activities, which will
contribute to efficient waste management.***?
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Microorganisms that degrade plastics can be discovered and
isolated from the natural environment wvia a screening
process.”** Innovative methods based on metagenomic libraries
are currently being developed, but their applications are still
limited.***” The conventional culture-based screening method
consists of (i) collection of diverse natural substrata, (ii) prepa-
ration of a culture medium that contains plastic as the sole
carbon source, (iii) inoculation of microbes on the medium, and
(iv) colony isolation. Among other screening methods, this is the
most fundamental and straightforward method for the discovery
and isolation of novel microorganisms with specific bioplastic-
degrading activities.*®**° However, the major challenge of this
method is that it is labor intensive and time-consuming.

View Article Online
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To improve the screening efficiency, especially in the ii-iv
processes, the culture medium should satisfy the conditions
given in Fig. 1A. Briefly, (1) the target carbon source, ie. the
plastic sample, should be evenly distributed throughout the
medium with a large interface area so that the interaction with
microorganisms and the decomposition efficiency are
improved, (2) the medium should be capable of allowing clear
visual detection to easily detect the degradation activity of
microorganisms, (3) the medium should be non-toxic to
prevent the inhibition of microbes, (4) the medium should be
able to supply nutrients other than carbon sources appropri-
ately, and (5) the medium should be economical in terms of
time, cost, and its quantity used.
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Fig. 1 An overview of screening for bioplastic-degrading microorganisms. (A) Plate-based microorganism screening from environmental consor-

tium and its requirements.

(B) Preparation of micro-spray-based screening plates for screening bioplastic-degrading microorganisms. (C)

Comparison of solid agar media containing plastic in the form of sprayed micro-sprayed particles, film, powder, and emulsion.
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However, plastics, including bioplastics, are generally not
soluble in water, which makes the preparation of plastic-con-
taining media a fastidious, time-consuming, and labor-inten-
sive task. It is difficult to homogeneously distribute plastics
while ensuring a large surface area among water, nutrients,
and microorganisms on solid media to produce an effective
screening medium. The emulsion method is cumbersome to
optimize as it is intricate and requires sophisticated pro-
cedures and skilled operators, and many plastics are not appli-
cable for this method.**** 1t is also difficult to exclude sol-
vents or surfactants that may have potential cytotoxicity. The
emulsion particles are mainly inside the solid medium rather
than on the surface. The bulk film method is simple to
produce in contrast to the emulsion method but offers a
limited surface area between microorganisms and the plastic
sample, which decreases the biodegradation efficiency and
increases the experimental duration.”® Due to the lack of
preparation methods for selective media, studies on the
screening of degrading microbes have been limited. Therefore,
the production of efficient screening plates is important in
reducing the experimental workload for the isolation of bio-
plastic-degrading microorganisms.

In this study, we propose a new approach for the efficient
screening of bioplastic-degrading microorganisms by spraying
a biodegradable plastic solution dissolved in an appropriate
organic solvent on agar plates. The environmental inoculum,
such as a soil suspension, seawater, or river sample, was also
sprayed on the plastic microparticles and allowed to be evenly
distributed over the agar plate. After incubation, the formation
of a clear zone around each colony was easily detected and
these colonies were selected as strains possessing plastic-
decomposition activities. Microparticles of biodegradable plas-
tics were thus introduced on a solidified agar medium through
an air-blowing spray (Fig. 1B). PLA, PBS, PBAT, and PHA were
dissolved in chloroform to form the solutions for spraying. The
polymer solutions were sprayed using 25G core/8G sheath
nozzles with compressed air at a pressure of 140 kPa. To totally
inhibit any toxic effects on the microorganisms, chloroform was
fully evaporated in a fume hood at room temperature
(20-25 °C). Inoculation was done by spraying the inoculum on
the plates, as conventional inoculation methods such as streak-
ing or spreading are likely to peel off the plastic particles, since
the plastic microparticles on the agar plate were not firmly fixed
to the basal media. Conditions for the spray-based inoculation
were optimized in terms of serial dilution and spray time. Then,
the inoculated screening plates were cultured in an incubator,
and colonies forming clear zones were selected as strains that
produce plastic-degrading enzymes. The entire process for
screening with the micro-spray system can be found in Movie
S1.1 Compared to other preparation methods, such as blending
with powders or emulsion or applying plastic films, the micro-
spray-based screening plate method facilitated easier prepa-
ration of plates and allowed the plastic particles to be homoge-
neously distributed throughout the plate surface (Fig. 1C).

The morphology of the sprayed PLA microparticles on the
agar plate was affected by the polymer concentration (0.5 to

This journal is © The Royal Society of Chemistry 2021
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3 wt%) and spraying time (1-10 min). As shown in the scan-
ning electron microscopy (SEM) images (Fig. 2A), PLA solu-
tions of 0.5 and 1 wt% formed spherical beads with a diameter
of 7.31 + 2.38 and 12.87 + 5.03 pm, respectively, while 2 and
3 wt% solutions produced bundles consisting of 0.09 + 0.02
and 0.28 + 0.08 pm fibers in diameter, respectively (Fig. S17).
The viscosity values of the PLA solutions with 0.5, 1, 2, and
3 wt% were 0.065, 0.075, 0.131, and 0.161 Pa s, respectively. A
polymer solution with a viscosity less than 0.100 Pa s is likely
to produce spherical beads. In the high-concentration polymer
spray, the nozzle was clogged frequently owing to solvent evap-
oration and viscosity. Therefore, spraying of a relatively low
concentration solution in which fibers are rarely produced is
suitable for the fabrication of the screening plate.

The number of spherical PLA microparticles placed on the
surface increased with the spray time, while the size of the
PLA microparticles did not significantly change (Fig. 2B). This
means that the quantity of relatively regular-sized plastic par-
ticles on the medium plate can be controlled through the
spray time. Furthermore, it is noteworthy that even if the par-
ticles overlap with each other, they do not merge into a single
lump but are piled up, one by one, owing to fast solvent evap-
oration (Fig. 2C, left). This phenomenon increases the surface
area to volume ratio of the particles.

The micro-sprayed particles of PLA, PBS, PBAT, and PHA
from the 1 wt% polymer solution had a mean diameter of 17.6
+ 12.8, 15.8 £ 9.9, 9.8 = 5.8, and 17.1 + 9.8 pm, respectively
(Fig. 2C, right). The diameter of the micro-sprayed particles
was one order of magnitude smaller than those of the ground
PLA powder, which was found to be 662 + 157 pm. Plastic
microparticles with large surface areas are more likely to be
utilized more efficiently by microorganisms than bulk films or
powders. In addition, it takes only 15 mg of the plastic sample
to fabricate a screening plate. Therefore, microorganism
screening can be accomplished using a minimal amount of a
newly synthesized polymer.

After plastic microparticle spraying, the transparent surface
of the solid medium changed to translucent (Fig. 2D). The
plastic-sprayed and unprocessed surfaces of the agar plate
could thus be readily distinguished with the naked eye. This is
advantageous in isolating plastic decomposition strains, as a
clear visual change reveals if the plastic present on the surface
is getting degraded by bioplastic-degrading strains. As shown
in Fig. 2E, the polystyrene screening plate was also successfully
formed by applying the spray method using chloroform solu-
tion. Furthermore, it was confirmed that a screening plate
could be made by spraying polystyrene dissolved in not only
chloroform but also tetrahydrofuran, dichloromethane and
ethyl acetate. With these results, the method proposed here is
a versatile and simple method that can be used for microbial
screening of a wide range of plastics, even petroleum-based
conventional plastics.

To discover and isolate bioplastic-degrading microorgan-
isms using a plastic micro-sprayed screening plate, an appro-
priate method is required for applying the inoculum onto the
plate. This is because hydrophobic plastic microparticles have

Green Chem., 2021, 23, 5429-5436 | 5431
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Fig. 2 The SEM images of sprayed plastic particles with different concentrations and spraying time. (A) The morphology of PLA microparticles
sprayed for 5 min with polymer concentrations of 0.5, 1, 2, and 3 wt% in the solution. (B) The morphology of PLA microparticles sprayed with 1 wt%
solution for 1, 2, 5 and 10 min. (C) Micro-plastic particles of PLA, PBS, PBAT, and PHA. Left, shape; right, size distribution (n = 30). Box-and-Whisker
plots represent the interquartile range with outliers (®) and mean (¢). Middle line inside the box represents the median. Whiskers extend to the furth-
est point within 1.5 times the interquartile range. (D) Photographs of solution sprayed agar plates. Only the right side of the agar plates was sprayed
with the plastic solutions. (E) Photographs of solution sprayed agar plates with PS. PS solutions were prepared with chloroform (CHF), tetrahydro-

furan (THF), dichloromethane (DCM) and ethyl acetate (EA).

relatively weak adhesion towards the hydrophilic agar surface.
Thus, general inoculation methods such as spreading or
streaking were not suitable. To avoid damaging the plastic
microparticle layer, microorganisms derived from the environ-
ment were inoculated on the plastic screening plates by the
micro-spray method. The microbial inoculum spray process
utilized environmental samples or microbial culture media
which was sprayed evenly on the surface of solid media by uti-
lizing an air-brush with an air pressure of 70 kPa. Through
this process, the bacterial cells were placed on or around
plastic particles. The SEM image shows that the bacterial cells
were placed on or around the PLA particles by the spray inocu-
lation method (Fig. S27).

It is necessary to investigate whether the plastic microparti-
cle-sprayed plate is a suitable environment for living microor-
ganisms by assessing if the residual organic solvent and the
pressure during micro-spray have a negative effect on bacterial
cells. Serially diluted Escherichia coli was inoculated and cul-
tured on PLA particle-sprayed screening plates were made
from a nutrientrich Luria-Bertani (LB) agar plate, while
unprocessed LB agar plates with E. coli were used as a negative
control. All the plates were incubated at 37 °C overnight. The

5432 | Green Chem.,, 2021, 23, 5429-5436

residual solvents and pressure during spraying did not induce
a negative effect on the growth of microorganisms, as the
number of colonies between the negative control and plastic
micro-sprayed plates were roughly the same. The number of
colonies from 100 pL of 10" diluted E. coli culture was 623 and
703 in the non-treated LB plate and PLA screening plate,
respectively. Colony counting was performed using the Image]
software. From 100 pL of 10° diluted culture, 16 + 4.6 and 14 +
2 colonies were detected in the non-treated and PLA screening
plates, respectively (Fig. S31). This was done by manually
counting three replicates. There were no significant differences
between the two types of solid agar media plates in terms of
the number of colonies. The effects of air pressure and organic
solvent during spraying on microorganisms were also evalu-
ated against Gram-positive bacteria (Staphylococcus aureus) and
yeast (Saccharomyces cerevisiae). As shown in Fig. S4,1 there
was no significant difference in colony formation between the
plates tested for each strain. Therefore, it was confirmed that
there is no inhibitory effect on the growth of microorganisms
from the plastic particles or residual solvents, and bacteria
could efficiently proliferate due to proper nutrient supplemen-
tation on plastic micro-sprayed solid media. In addition, since

This journal is © The Royal Society of Chemistry 2021
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intervention is minimized, the risk of contamination can be
avoided, and the possibility that any toxic emulsifiers or
organic solvents that may have a negative effect on the growth
and reproduction of microorganisms in the media is avoided.
In our proposed method, the organic solvent is immediately
evaporated during the spraying of the plastic solution.** Even
if trace amounts of the organic solvent remain, the residual
solvent can be removed through an additional evaporation
process.

Before screening wild microorganisms from the environ-
ment, we evaluated the screening performance of the plastic-
particle-sprayed screening plate using a previously reported
PLA-degrading  strain, = Amycolatopsis  orientalis  spp.
orientalis.">"® The reference strain (KCTC 9412) was obtained
from the Korean Collection for Type Cultures (KCTC)
(Jeongeup, Jeollabuk-do, Republic of Korea). The strain was
streaked on a carbon-free agar plate, followed by spraying with
the PLA solution. Here, A. orientalis spp. was directly exposed
to chloroform gas. The tested plate was incubated at 30 °C
until the colonies and clear zones were formed. The degra-
dation of PLA by A. orientalis spp. was observed as clear zones
after 4 days of incubation (Fig. 3A). These results show that the
developed screening plate can screen microorganisms capable
of biodegradation. This also indicates that if microbial cells
are directly exposed to chloroform gas during spraying, it
would be at a sub-toxic level. Although, in the actual screening
experiments, the chloroform is completely dried after spraying,
and then the inoculum is sprayed.

To discover bioplastic-degrading microorganisms from wild
environmental samples, activated sludge samples were inocu-
lated into the PLA, PBS, PBAT, and PHA screening plates
through spraying. The plates were incubated at 30 °C until a
clear zone appeared. After 1 to 5 days, the microorganisms
generally formed colonies, which created neighboring clear
zones due to the bioplastic-degrading activity. It was possible
to visually detect these clear zones by the naked eye (Fig. 3B).
The plates containing a mixture of plastic powder or film were
cultured for the same period under the same conditions.
However, it was difficult to observe colony formation or mor-
phological changes of bioplastic samples in both the bulk film
and powder plates with the naked eye (Fig. S51). In the powder
system, the plastic powders with a diameter of <1 mm did not
provide an interfacial area as large as the microparticles, and
they settled down during the agarose solidification process. In
the bulk film system, it took a long duration for the microor-
ganisms to significantly decompose the film. These results
suggest why the discovery of novel bioplastic-degrading micro-
organisms is limited. Applying the micro-spray screening
method has the advantages of reducing the experimental work-
load, time, and cost of screening. Therefore, our approach will
significantly improve the throughput for the discovery of bio-
plastic-degrading microorganisms.

Microorganisms that were isolated from environmental
samples using the PLA screening plates were: Bacillus velezen-
sis, Bacillus subtilis, Bacillus sp., Bacillus altitudinis, Bacillus
amyloliquefaciens, and Bacillus stratosphericus. The isolates

This journal is © The Royal Society of Chemistry 2021
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from the PBS screening plate were: Marinomonas sp.,
Marinomonas primoryensis, and Pseudomonas migulae. The iso-
lates from the PBAT screening plate were Marinomonas sp.,
Bacillus sp., Aeromonas media, and Pseudomonas sp. The iso-
lates from the PHA screening plate were: Pseudomonas stutzeri,
Pseudomonas sp., Acidovorax facilis, and Vibrio sp. A clear zone
was formed around the colonies of the isolates from the
screening plates when these isolates were cultured again on
corresponding plastic micro-sprayed plates. For this, a drop of
the isolated bacterial suspension (5 pL) was spotted on the
screening plate and incubated at 30 °C, and a clear zone was
observed within 3 to 5 days of cultivation (Fig. 3C). It has been
previously reported that species belonging to Pseudomonas are
the prominent microbes associated with polymer degra-
dation.”” Besides this, the genus Bacillus specializes in adsorb-
ing and colonizing the polymer film; for example, Bacillus
licheniformis is involved in the degradation of PLA.*>*®
Moreover, extracellular lipase activity was detected in members
of the genus Marinomonas.*® Screening plate tests against
Gram-negative(E. coli), Gram-positive (S. aureus) bacteria and
yeast (S. cerevisiae) are shown in Fig. S6.T After 2 weeks of incu-
bation, there was no significant formation of recognizable to
clear-zone in the PLA, PBS, PBAT, and PHA screening plates.
Furthermore, it was confirmed that clear-zones were not
observed after the selected strains that degrade PLA, PBS,
PBAT, and PHA were inoculated on a PS screening plate and
incubated (Fig. S7f). These results are indicative of
plastic depolymerization activity by bacteria but not by the
abiotic process such as diffusion of sprayed plastic
microparticles.

We also further investigated the biodegradation of plastic
films by the isolated microorganisms mentioned above.
Isolated bacterial cultures were spread on a carbon-free solid
media, and the corresponding plastic films were placed on the
surface of the inoculated solid media. All the plates were incu-
bated at 30 °C for 2 weeks except for PHA. The PHA films were
retrieved from plates within 1 week. As shown in Fig. 3D, pits
and crevices were observed on the surface of all the retrieved
films. The PHA films were extensively damaged within 1 week.
The changes in the surface hydrophobicity of the incubated
films were analysed by measuring the water contact angle. The
surface hydrophobicity of the plastic films that were inoculated
corresponding to the bacteria was notably decreased compared
to films before incubation and incubated films without bac-
terial inoculation (Fig. 3E). To further elucidate the biodegrad-
ing abilities of screened bacteria, narrow X-ray photoelectron
spectroscopy (XPS) scans of plastic films before and after incu-
bation with screened bacteria were performed. As displayed in
Fig. 3F, the XPS results provided evidence of biodegradation.
After incubation with bacteria, the peak proportions of C-O
and O-C=O0 normalized by C-C and C-H were increased com-
pared to the pristine plastic film. The enzymatic cleavage of
ester linkages from screened bacteria formed the hydroxyl-
and carboxyl-terminated chemicals on the surface. The results
of SEM observation, water contact angle measurement, and
XPS analysis indicate that the bacteria isolated from the

Green Chem., 2021, 23, 5429-5436 | 5433
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Fig. 3 Plastic particle-coated screening plates. (A) PLA degradation activities of A. orientalis on a PLA-sprayed agar plate. (B) Clear zone formation
by bioplastic-degrading microorganisms on plastic-sprayed screening plates from environmental samples. (C) Selected bacteria cultivation. Isolated
single bacterial species were grown on plastic-sprayed agar plates. The bacteria used are listed in Table S1.1 (D) The SEM images of plastic films
degraded by isolated species. Scale bars, 10 um. (E) Water contact angle values of the plastic films before incubation (black), incubated films without
bacteria (white), and the biodegraded plastic films by the selected bacteria (grey). Error bars indicate mean + standard deviation (n = 3). *, Not mea-
surable. (F) XPS narrow-scan spectra for the C 1s of the PLA, PBS, PBAT, and PHA before (dotted line) and after (solid line) incubation with screened

bacteria.

screening plates have biodegradation activity against the
corresponding bioplastics.

Our data suggest that the strains that form a clear zone in
the screening plate are potential candidates for plastic bio-
degradation. The formation of a clear zone is a result of the
hydrolysis of water-insoluble polymers to low-molecular-weight
intermediates by microbial enzyme activities. In the biological
degradation process, the step involving the hydrolysis of water-
insoluble polymers to the formation of intermediates that
microorganisms can uptake into their metabolic pathway is

5434 | Green Chem., 2021, 23, 5429-5436

considered the rate-limiting step.”® Thus, the generation time,
growth rate, size, and degree of clearness of the clear zone are
all closely related to the hydrolysis activity of bioplastic-degrad-
ing microorganisms. Our screening strategy, utilizing the
plastic micro-spray method, allows a faster clear zone for-
mation and higher clarity by producing plastic particles with
small sizes and high surface areas.

We emphasize that this spraying-based method can also be
applied to studies on the decomposition of non-degradable
plastics. Studies on the decomposition of non-degradable plas-

This journal is © The Royal Society of Chemistry 2021
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tics, such as polyethylene, polystyrene, and polyethylene tere-
phthalate, have been largely limited due to their slow degra-
dation rates.>"*” If the surface area of the non-decomposable
plastic is maximized by applying our proposed screening
method, we hope that research on microorganisms that
degrade non-degradable plastics can also be potentially accel-
erated. Encouragingly, methods to coat non-degradable plastic
microparticles through spraying have already been well
established.>>>* In the near future, we would like to study the
screening of microorganisms that degrade conventional plas-
tics known as non-degradable using the spray-based screening
plate system.

Conclusions

The objective of this study was to develop a simple, straight-
forward and efficient method to isolate plastic degrading
microorganisms. To achieve this purpose, we developed and
optimized a method of spraying biodegradable microplastics
onto the surface of the solid media using a plastic solution.
Through this method, it was possible to obtain translucent
solid media containing plastic particles of variable diameters
on the surface within a few minutes. This method has the
advantages of being easy to reproduce and time efficient.
Microbial screening to isolate bioplastic-degrading activities
was performed using a wild environmental inoculum for the
biodegradation of PLA, PBS, PBAT, and PHA. Biodegradable
plastic-degrading bacteria such as Pseudomonas and Bacillus
were successfully isolated by utilizing our screening method.
Our micro-spray screening method has the advantage of being
applied for a wide range of applications, regardless of the type
of basal media used.

The plastic decomposition mechanisms and rates differ
depending on biotic and abiotic factors, such as degrading
microorganisms, temperature, and humidity. Therefore, bio-
plastic-degrading microorganisms and the degrading enzymes
discovered under various environmental conditions, along
with the information accumulated through the identification
of their mechanisms can be used to develop newer plastic
materials, and this is also important for the production of bio-
degradable plastics with a controllable biodegradation rate.
These plastics can therefore be more suitable for the environ-
ment as well.
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