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ABSTRACT: Bioplastics are known to have many benefits for the environment, such as slowing down global warming
by reducing greenhouse gases and preventing environmental pollution caused by plastic waste. Due to these advantages, it is
considered a future-oriented industry, with diverse studies progressing for its widespread use. However, despite its numerous
actual and potential uses, the high production costs hinder bioplastic from completely replacing conventional plastics. Therefore,
the focus of this research was to develop a method to increase the production efficiency of PHA (Polyhydroxyalkanoates), a
natural polymer with high similarity to synthetic plastic, using coffee extract waste. This not only solves the existing environmental
problems caused by coffee waste, but also serves as a rich carbon source for bacteria to increase the PHA production rate. Through
this experiment, B. Megaterium was successfully selected as our choice of PHA producing soil bacteria. Also, coffee oil was
efficiently extracted using a stovetop espresso maker and the inclusion of 3 % coftee oil was found to significantly increase PHA
production in B. Megaterium. In conclusion, this research not only provides a solution for this coffee waste problem, but also

improves the production of PHA in bacteria and possibly reduces the production costs of bioplastics.
KEYWORDS: Microbiology; Environmental Microbiology; Soil Bacteria; Bioplastic; PHA.

B Introduction This causes the need for more bacteria in the production of
Lack of nutrients in an environment can often lead to bioplastic.®
competition within bacterial populations. In these conditions, Due to this reason, many researchers have been searching for
bacteria utilize numerous strategies, one of which is storing a prospective, inexpensive substrate that may provide fatty acids,
nutrients not only for the enhancement of their own as they are utilized during a B-oxidation pathway that directly
survival, but also to deprive its competitors of them."! PHA produces acetyl-CoA, a precursor of PHA production.* Plant
(Polyhydroxyalkanoates) is able to fulfill their role as storage oils are highly suitable because out of the other inexpensive
units for cells in challenging environmental conditions by carbon sources, the theoretical yield of PHA production from
storing excess carbon and energy.? Thus, harsh conditions plant oils is found to be up to 1.0 g of PHA per gram of plant
or presence of nutrients may be a determining factor in the oil, which is a much higher quantity than others.”
frequent occurrence of PHA in bacteria. As a substance derived from a plant, coffee oil is composed of
PHA, a type of natural polymer, is a prokaryotic storage high quantities of carbon atoms per weight.'® Therefore, it was
macromolecule, which is collected as water insoluble granules utilized in the experiment because it had the greatest production
in bacteria cytoplasm.> PHA is composed of repeating of PHA out of the other possible waste or inexpensive oils.'* In
monomers of B-hydroxyalkanoic acids joined by bonds the coffee industry, most of the ground coffee wastes are either
between the carboxyl group and the hydroxyl group.* S¢~-PHA burned or discharged into the environment.'? As the industry
consists of monomers of three to five carbon atoms, exhibiting grows, the burden of disposal also seems to be exacerbated. The
thermoplastic properties. Mc/~-PHA consists of monomers of use of coffee oil as a carbon source can therefore be beneficial
six to 16 carbons and demonstrates latex-like features. Blends in multiple ways, as it not only provides a solution for the
of these properties help make up for the unfavorable drawbacks coffee waste problem, but also improves the production of
that may be present when produced as bioplastic. Still, PHA has PHA in bacteria and possibly reduces the production costs of
numerous benefits, such as biodegradability, biocompatibility, bioplastics.
availability in numerous renewable resources, and the highest B Methods
similarity to standard chemically synthesized plastics, and this Agar plate preparation for soil bacteria:
has led to the popularity of its integration in the production of Nile red staining was used to specify the types of bacte-
sustainable products.” ria that would contain PHA. 5 mg per 1 mL of the solvent,
In order to become an adequate replacement for normal DSMO, was first used to make the Nile red stock solution.™
plastics, the production costs need to be minimized, while the Then, 1.5 g of agar, 2.5 g of LB, 50 mL of water, and 50 pL of
productivity is maximized.® When producing biodegradable the Nile Red stock solution were combined and microwaved
plastic from soil bacteria, one major problem that greatly to make the solution on an agar plate. To ensure that all plates
increases the costs is the lack of a sufficient carbon source.” had an equal amount of solution, 9 mL was poured in each
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of the 5 agar plates. and the elbow movement. A micro servo
was positioned on the wrist part and a high torque servo on
the elbow part.

Optimization of culture condition:

In order to determine the most favorable concentration,
three different concentrations were tested on separate plates.
A soil sample containing about 40-50 g was first collected
in a 50 mL tube from Seoul, Dogok-dong. Then, 0.1 g of
this soil sample was measured and moved to a labeled 15 mL
tube. 10 mL of deionized water was then added into this tube
using a pipet to create a solution with a soil concentration
of 1:100. To mix thoroughly, the solution was vortexed for
30 min. Then, 1 mL of the solution was evenly distributed
on an agar plate using a spreader to make a 1:1,000 sample.
'The remaining solution was used to further dilute the sample
to 1:10,000, 1:50,000 and 1:100,000 plate samples. After
slightly drying them, the agar plates were placed in a 37 °C
incubator for approximately 16 hours.

Coffee oil extraction from coffee ground:

To prepare the extraction, coffee grounds were dried at
60 °C for 72 hours. Then, to extract hydrophobic coffee oil,
50 mL of N-hexane, which is also a hydrophobic solvent,
was placed in the water tank of a stovetop espresso maker.
The filter basket contained 20 grams of the dried coffee
grounds, while the upper chamber was left empty. The maker
was placed on a hot plate stirrer at 69 °C for 10 minutes to
prevent overheating the N-hexane, which has a boiling point
of 68 °C.

Selection of PHA producing bacteria:

When the Nile red agar plates were placed under blue light,
the bacteria containing PHA turned pink or red. Out of the
hundreds of bacterial colonies, five of the most vibrant pink
or red colonies were selected, making sure some of these had
varying qualities to guarantee different bacterium types. As a
negative control, one colony, which was neither pink nor red,
was selected to show the difference in PHA producing rates.
These 6 selections were then labeled with a marker on the
back of the plate.

PHA extraction from soil bacteria:

To extract the PHA, first, 1 mL of LB solution was placed
in 1.5 mL tubes. Then, frozen bacteria stocks were thawed to
room temperature and seeded into the 1 mL LB media, along
with 0 %, 1.5 % and 3 % coffee oil. Once the bacteria were
cultured in a 37 °C shaking incubator for 16 hours, the tubes
were centrifuged for 5 minutes at 4,000 g. After 5 minutes,
bacteria were collected as a pellet and the remaining solution
was carefully removed. Then, 100 pL of chloroform was added
to resuspend the bacteria. Once the chloroform was removed,
500 pL of chloroform was added. Bacteria were then incu-
bated at 60 °C to completely dissolve the pellet. The samples
were further vortexed for 10 min, centrifuged at 13,000 g for
5 min. and then carefully moved to a new 1.5 mL tube. 500
pL of chilled methanol was added to the solution to obtain
pure PHA by methanol precipitation. When the final solu-
tion was dried in the drying oven for 60 °C overnight, PHA
was obtained in a form of white powder.

Identification of bacteria strain with BLAST sequence align-
ment:

DNA was extracted and 16S ribosomal RNA gene was spe-
cifically amplified by polymerase chain reaction (PCR). After
the amplified sequence was analyzed by Sanger sequencing,
about 700 bp of nucleotide sequence were identified. Then,
this DNA sequence was inserted in nucleotide BLAST as a
query sequence.

B Results and Discussion
Optimizing the concentration of bacteria to grow on an agar

plate:

The objective of this experiment was to determine the
optimal concentration of bacteria when cultured on an agar
plate. This was an essential step to be established prior to the
rest of the study because if the concentration of bacteria was
too high, lack of space would inhibit the growth of different
bacterial colonies. On the other hand, if the concentration of
bacteria was too low, the chance of the agar plate contain-
ing bacteria with PHA would be decreased. Determining the
optimal condition would also be essential because the con-
centrations that are either too high or too low would make
it difficult to extract the bacteria after the Nile Red Staining.
The soil was diluted in water with concentrations of 1:1,000,
1:10,000, 1:50,000, and 1:100,000. After the four solutions
were spread evenly on agar plates and placed in the incubator
for 16 hours, the optimal concentration was determined to be

within 1:10,000 and 1:50,000 (Figure 1).
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Figure 1: Effect of four different dilution conditions on the number of
colonies in an agar plate. The optimal dilution condition was found to be
between 1:10,000 and 1:50,000, which shows that more than 40 bacterial

colonies were clearly separated from one another.

Selection of PHA producing bacteria:

When shone under the light, differences in fluorescence
were able to be classified. Smaller colonies seemed to have
stronger shades of red, while larger groups tended to have
lighter shades. Overall, the colonies that exhibited red shades
seemed to have a comparably faded outline. (Figure 2)
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Figure 2: Selection of PHA-producing bacteria by Nile red staining. The
figure illustrates the two most suitable concentrations under a blue light.
PHA-producing bacteria can be distinguished by red colonies.
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Images of selected bacteria:

Next, the tip of a pipet was used to select six isolated single
colonies: 5 colonies exhibiting red or pink color and 1 negative
control colony. These colonies were diluted in 1 mL of water.
2 pL of each selected colony was placed under the microscope
to confirm that each sample exhibited only one phenotype, as
it would help guarantee that there was no cross contamina-
tion. For the experiment, colony #1 was used due to its highest
vibrancy in redness from the Nile red staining. As shown in
Figure 3, the bacteria from colony #1 have long, string-like
figures, and when zoomed in further, short sticks-like shapes
joined to create its twisting figure.
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Figure 3: Microscope images of six selected bacterial colonies exhibiting
different phenotypes. Each colony had one corresponding shape, indicating
no cross contamination occurred. The arrow indicates the position of bacteria

in the image. Scale bar = 10 pm.

Coffee oil extraction from coffee grounds:

'The stovetop espresso maker that was used for the extraction
had three compartments: the water tank, where the N-hexane
solvent was placed, the filter basket, where the coffee grounds
were placed, and the upper chamber, where the coffee oil would
be collected. (Figure 4).

The lid in the upper chamber had a small hole that allowed
air to pass through, while the water tank was tightly sealed to
generate pressure difference. To summarize how the stovetop
espresso maker works, when heated, the hydrophobic solution
would vaporize in the water tank, attracting the oil in the cof-
fee grounds as it passes through the filter basket, then it turns
back into liquid form as the pressure drops in the upper cham-
ber, creating coffee oil.

Once the coffee oil was extracted by a stovetop espresso
maker, N-hexane, which originally had a clear color, now had
a brown tint to it, which darkened each time the extraction
process was repeated three times."

e
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Figure 4: Schematic drawing of stovetop espresso maker as an extractor for
coffee oil.

Effect of coffee 0il on PHA production:

The white powder in each petri dish in Figure 5A shows the
extracted PHA from the bacteria. Figure 5A shows how the
white powder increases as the percentage of coffee oil supple-
mentation increases. This indicates that the coffee oil enhances
PHA production in bacteria.
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Figure 5: Enhanced PHA production in bacteria by coffee oil
supplementation. (A) The image of purified PHA from bacteria. (B)
Quantification of PHA production after supplementation with 0%, 1.5%,
3% coffee oil extract. Unpaired t-test was used to identify the statistical
significance. (** indicates p-value less than 0.01).

When the extracted coffee oil was added to the LB solution,
it was found that PHA production increased as the percentage
of coffee oil increased. When the coffee oil was absent, the
PHA production was about 0.015 g, but when 1.5 % of the
solution was coffee oil, the PHA production increased to 0.023
g. The PHA production increased even further with 3 % coffee
oil to 0.035 g. (Figure 5B) In this experiment, 3% coffee oil
supplementation during bacterial culture showed the highest
PHA production.

Bacillus megaterium strain A6-G 16S ribosomal RNA gene, partial sequence
Sequence ID: MT588737.1 Length: 1290 Number of Matches: 1

Range 1: 19 to 718 GenBank Graphics

Score Expect Identities Gaps Strand
1293 bits(700) 0.0 700/700(100%) 0/700(0%) Plus/Plus
Query 1 GCAGTCGAGCGACTGATTAGAAGCTTGCTTCTATGACGT TAGCGGCGGACGGGTGAGTAA B0
LECELEEEEEEEL b e e el
Shict 18  GCAGTCGAGCGACTGATTAGAAGCTTGCTTCTATGACGTTAGCGGCGGACGGGTGAGTAA 78
Query 61  CACGTGGGCAACCTGCCTGTAAGACTGGGATAACTTCGGGAAACCGAAGCTAATACCGGA 120
LECLLEEEEEE T E e e e e e e inrr
Sbjct 79  CACGTGGGCAACCTGCCTGTAAGACTGGGATAACTTCGGGAAACCGAAGCTAATACCGGA 138
Query 121 TAGGATCTTCTCCTTCATGGGAGATGATTGAAAGATGGTTTCGGCTATCACTTACAGATG 180
FECEELEEEELEEE e e e e e e e e errrnry
Sbjct 139 TAGGATCTTCTCCTTCATGGGAGATGATTGAAAGATGGTTTCGGCTATCACTTACAGATG 198
Query 181 GGCCCGCGGTGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCATAGC 240
LLCLEEELEEEEE e e e e e e e e eyl
Sbjct 199 GGCCCGCGGTGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCATAGC 258
ey 21 ST o0
Shict 259 CGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAG 318
ey 0 ST e o
Sbict 319 GCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTG 378
Query 361 ATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTACAAGAGTAACTG 420
FECEEEEEEEEEEEE e b e e e e b eyl
Shict 379 ATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTACAAGAGTAACTG 438
Query 421 CTTGTACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGG 480
LELEEEEEEEEEEE e e e e e e el
Sbjct 439 CTTGTACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGG 498
Query 481 TAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTT 540
LECEEEEREEEEEEE L e e e e e eyl
Sbjct 499 TAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTT 558
Query 541 TCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGGAA 600
LECRECELEEEELEE e e e e e L e e e e
Sbict 553 TCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGGAA 618
Query 601 CTTGAGTGCAGAAGAGAAAAGCGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTG 660
LLLEELEEEEETE e e e b e ey
Shict 619 CTTGAGTGCAGAAGAGAAAAGCGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTG 678
Query 661 GAGGAACACCAGTGGCGAAGGCGGCTTTTTGGTCTGTAAC 700
LELEEEETEEE LT
Sbict 679 GAGGAACACCAGTGGCGAAGGCGGCTTTTTGGTCTGTAAC 718

Figure 5: Nucleotide Blast DNA sequence alignment analysis shows that
colony #1 bacteria DNA is identical to B. Megaterium 16S ribosomal RNA.
Query is an input sequence analyzed from colony # 1 bacteria. Subject
(Sbjct) is a sequence searched within a database.
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BLAST program allows DNA sequences from all organ-
isms including bacteria to be searched.” Since many organisms’
genomic sequences are already identified and saved in the ge-
nome databases, BLAST is able to provide the best matching
sequence from these databases for bacterial identification.
When the best matching sequence result was analyzed, the
DNA sequence from colony #1 was found to be identical to
B. Megaterium 16S ribosomal RNA (Figure 6). This DNA
analysis result indicates that the identity of colony #1 is B.
Megaterium.

B Conclusion
When conducting this experiment, the concentration of

bacteria that would be ideal for growth on the agar plate was
first determined. While these were left to grow, the coftee
ground waste was utilized to extract coffee oil. Once the op-
timized concentration was specified, the soil bacteria was left
to grow in the Nile red agar plate. The reddest colony, which
has been identified as B. Megaterium by DNA sequencing, was
then selected and prepared for PHA isolation. Three trials of
three different concentrations of coffee oil were conducted for
reliable results. Through procedures including centrifugation,
chloroform washing, and methanol precipitation, pure PHA
was obtained. Once this final solution was dried, the PHA was
in a form of powder in petri dishes. As the percentage of coftee
oil increased, the PHA production also increased, indicating
that coffee oil increased the efficiency of the PHA production.

Like most experiments, however, this experiment also had
some limitations and compromises. One was the utilization of
N-hexane during the coffee oil extraction process. N-hexane
is commonly used to extract oils but is also known to have
harmful effects on humans. Exposure to such substances may
result in damage ranging from central nervous system effects
to polyneuropathy in humans." In future studies, finding a
substitute for N-hexane will help enhance the quality of this
bioplastic.

To conclude, not only is this method both a highly efficient
and cost-effective way to produce PHA, but it also reuses
wasted coffee grounds during the production of coffee oil.
This issue pertains highly to the authors, as South Korea is
ranked third in producing the most plastic waste per person
and has coffee consumption rates increasing by 20.3%." In
the future, this innovative solution may help alleviate the det-
rimental effects of such problems in South Korea, and possibly,
the Earth’s environment.
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